
 

 

 

 

 

 

 

 

 

Copyright 

by 

Emily Grubert 

2011 

 

 



The Thesis Committee for Emily Grubert 
Certifies that this is the approved version of the following thesis: 

 
 

Freshwater on the Island of Maui: 
System Interactions, Supply, and Demand 

 
 
 
 
 
 

 

 

APPROVED BY 
SUPERVISING COMMITTEE: 

 

 

 
Michael Webber 

Paola Passalacqua 

Carey King 

 

Supervisor: 



 
 Freshwater on the Island of Maui: 

System Interactions, Supply, and Demand 
 

 

 

by 

Emily Grubert, B.S.H; M.A. 

 

 

Thesis 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Engineering 

 

 

The University of Texas at Austin 
May 2011 



 Dedication 

 

In memory of WC Godfrey; 

and, once again, for RKP. 

 



 v 

Acknowledgements 

 

The author gratefully acknowledges the support of the Ulupono Initiative for this 

research. Many thanks also to all those on and off of Maui who shared their time and 

wisdom, especially Russell and Pam Clough, Bob Mikell, Steve Parabicoli, Lucienne de 

Naie, Garret Hew, Glenn Higashi, Howard Hanzawa, Chris Reynolds, Nancy Rumrill, 

Claire Sullivan, Mike Ribao, Brett Dieleman, Kapua Sproat, Isaac Moriwake, Jonathan 

Scheuer, Heidi Bigelow, Eric Enos, Makena Coffman, Carl Freedman, Steve Anthony, 

Charley Ice, Tova Callender, Sarah McLane, Art Medeiros, Sunnie Hueu, Ann Oliva and 

the rest of the Auwahi team, Ashlynn Stillwell, and Lindsey Rey. And, of course, many 

thanks to Michael Webber, Paola Passalacqua, and Carey King for their patient review. 

 

 

 

 

 

 

 

 

 

 

 

 

May 2011 



 vi 

Abstract 

 

 Freshwater on the Island of Maui: 
System Interactions, Supply, and Demand 

 

 

Emily Grubert, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Michael E. Webber 

 

 

This work is part of a broader, multi-year investigation of Maui Island’s 

freshwater resources. Maui Island faces multiple resource constraints, including water, 

land, energy, and capital, and these resource constraints could become relevant over the 

next forty years. Not only does Maui face potential changes to its water and other systems 

due to external factors beyond its control, like anthropogenic and other climate changes, 

but Maui also could make developmental choices that will impact how its resource 

systems interact. In particular, this work looks at Maui’s freshwater systems as they relate 

to energy, waste, and environmental systems. This report provides a foundation for future 

scenario analysis on the island that will aim to characterize potential synergies and 

hazards of choices like increased food production, local fuel production, and increased 

use of renewable energies. 
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Executive Summary 

STUDY OUTLINE AND MOTIVATION 

This report presents research done on the freshwater systems of Maui Island, 

Hawaii as they currently exist and as they might change over the next several decades in 

response to internal and external factors like political choices and climate change. The 

key findings of this research are outlined here, addressing first water demand and then 

water supply.  

Maui’s water system is linked with other major infrastructural systems, most 

notably energy and waste systems. These systems, and their present and potential 

relationships with water systems, are explored in Chapters 2 and 3. The goal of this work 

is to evaluate the adequacy of Maui’s freshwater systems to meet future potential 

demands, and so Maui’s freshwater supply and freshwater demands are described and 

assessed in Chapters 4 and 5. Scenarios for Maui’s development are outlined in Chapter 

6, and a more complete analysis of these development scenarios as they relate to Maui’s 

water supply is the subject of future work. Some major points of synergy and sensitivity 

are discussed in Chapter 7. 

The major goal of this work is to quantitatively evaluate water supply and demand 

while considering Maui’s freshwater system in the context of other infrastructures and 

environmental systems. Accordingly, no moral judgment is intended in discussions of 

water intensity, water diversion, and water usage. Also, this report follows the precedent 

of the Commission on Water Resource Management in not using diacritical marks in 

Hawaiian place names and other words because of challenges with electronic 

reproduction and searchability. 
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KEY FINDINGS 

Water availability limits some of Maui’s goals. Efforts to make the island self-

sufficient in food and fuel production will require the reallocation of large amounts of 

water from exports to agricultural products for local use. Simultaneously, cultural and 

environmental water demands could limit the extent to which Maui’s physical water 

resource is available for commercial uses. A continued decline in precipitation, rising 

temperatures, and rising sea level could significantly decrease the size of the physical 

freshwater resource. 

 

Agricultural Demand 

Biofuels and the existing sugarcane industry compete directly for land and 

water, while some diversified agriculture could develop independently. Land and 

water are limited on Maui. Large-scale biofuels production is unlikely to proceed without 

the voluntary support or decline of the existing sugarcane industry. Diversified 

agriculture competes somewhat with sugarcane for central lands and East Maui water, but 

Upcountry and West Maui lands and water systems are relatively independent. Smaller 

land plots can be used for diversified agriculture, so land that is unlikely to be used for 

biofuels could be used for diversified agriculture. 

Biofuels and diversified agriculture could increase Maui’s self-sufficiency but 

would increase local water needs for fuel and food systems. While Maui’s water 

system is highly energy-intensive, Maui’s food and fuel systems are unusually low in 

water intensity because of imports. Shifting irrigation water and other water burdens to 

local systems to achieve self-sufficiency would create new water demands on the island, 

but local benefits like energy and food security, keeping money on-island, fresher food, 

and potentially lower transportation-related carbon emissions could justify increased 
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water intensity. Maui currently exports large amounts of embodied water in raw sugar, so 

the net impact of shifting water demands from crops for export to crops for local use 

could be low even if the local water intensity of the energy system increased. 

Maui could produce sufficient sugarcane-based ethanol to supply the State of 

Hawaii’s alternative fuel standard without increasing demand for sugar irrigation 

water. An ethanol processing facility using sugarcane to produce both sugar-based and 

fiber-based (cellulosic) ethanol could produce 100 to 200 million gallons of ethanol from 

the nearly 40,000 acres currently in sugarcane on Maui Island, assuming literature-based 

biomass and ethanol yield estimates are accurate. The water used for processing ethanol 

could be largely offset by the water saved during cane washing, which would be less 

necessary if cane were harvested in ways that maximize biomass yields for cellulosic 

ethanol production. Sugarcane is Maui’s most likely energy crop and is probably also the 

least water-intensive per unit of fuel of the options under serious consideration. 

Diversified agriculture requires about half as much water per acre as 

sugarcane, whether for biofuels or for sugar production. Both land and water limit 

Maui’s ability to pursue both large-scale food and biofuel production. Though the 

potential profitability of an acre of land is different for food and fuel acreage, the water 

demand per acre is generally less for food than fuel. However, food crops tend to be less 

tolerant of the salts in brackish groundwater used for sugarcane irrigation. More total land 

is available for diversified agriculture than for sugar, since food crop choices can be 

adjusted to local soils and climate, food farms can be smaller than fuel farms, and food 

can be grown on lands that support sugar. 

Long-term declines in surface water availability could severely limit 

agriculture on Maui. Some reviews suggest that Maui’s precipitation could decline 30 

to 50 percent over the next several decades. Stream-based assessment of surface water 
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supply’s sensitivity to precipitation suggest that such large declines could render 

plantation-scale agriculture and freshwater industrial cooling infeasible. However, even 

in severe drought Maui would likely be able to supply domestic and commercial water 

needs by eliminating agriculture and importing water-intensive resources. 

 

Water Supply 

Maui’s water supply is energy-intensive, and using even more energy could 

increase water availability. About a quarter of Maui Island’s electricity is used to pump, 

treat, distribute, and heat water, a much higher fraction than the United States average of 

about 5 percent, and the absolute quantity of energy needed to supply each unit of water 

is higher than the US average. New water supplies are likely to be more energy intensive. 

Maui has significant groundwater resources that are currently inaccessible because of 

pumping and transportation costs, which are largely for electricity. While it is highly 

energy intensive, desalinated water could provide an effectively infinite water resource. 

While Maui’s goals to use more local, renewable energy sources will have uncertain 

impacts on the island’s high electricity costs relative to oil-based electricity, the absolute 

cost of energy is unlikely to decline significantly in the near future. Reallocating surface 

water from agriculture to domestic supply could reduce energy needs for the water supply 

but would probably reduce agriculture’s viability on Maui. 

Precipitation is declining on Maui, and climate change could reduce water 

supply further. Maui has experienced a 15 percent decline in precipitation over about 20 

years. This decline could be cyclical, suggesting that precipitation will increase in the 

future, or it could be a long-term, deterministic downward trend. Temperature-based 

changes in cloud base height alone do not appear to explain the decline. Maui’s average 

temperature is expected to rise in response to climate change, which will tend to increase 
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evaporation. Rising sea levels create an almost immediate response in Maui’s floating 

groundwater tables, and so higher sea levels, storms, and high tides could cause inland 

flooding, increase saline intrusion, and accelerate the rate at which surface contamination 

percolates into aquifers. 
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Chapter 1. Introduction 

 

Maui is a part of the isolated island chain of Hawaii in the north Pacific Ocean, 

just within the tropics. Maui and the other Hawaiian islands have been populated for 

centuries, remaining largely self-sufficient until very recently. After contact with the 

Western world in 1778, native Hawaiian populations were decimated. The islands and 

their economies began to join the industrialized world thereafter, relying largely on 

monocrop plantation agriculture for exporting sugarcane and pineapple. Modern Maui is 

primarily supported by the visitor industry, though sugarcane agriculture remains its 

single largest water user. The island is currently far from self sufficient in food, fuel, 

fiber, and other products, but efforts to use more renewable energy and grow more food 

locally are gaining traction. The research presented in this report seeks to characterize 

Maui’s freshwater system and the ways in which it interacts with other infrastructures 

and the environment, notably with energy, waste, land, and community systems. Further, 

this research provides a foundation for future scenario analysis to assess whether the 

water supply is or could be sufficient to support various island goals. 
 

STUDY BACKGROUND AND MOTIVATION 

Maui is a leader in managing the resource efficiency and impacts of its 

infrastructure systems: its major landfill is a brownfield site in an mined-out quarry1, its 

waste composting program has won awards2, and it has one of the highest reclaimed 

water use rates in the country. Yet, water is a major challenge for this small island in the 

middle of the Pacific Ocean. Maui’s water system is energy intensive, and the energy 
                                                
1 (Gershman, Brickner & Bratton, Inc. 2009) 
2 (Maui County Council 2004) 
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used to pump, transport, treat, and recondition Maui’s water is mainly high cost, oil-

based electricity. Maui’s water challenge also has other elements, including water 

allocation justice, properly enforcing Maui’s strong public trust protections, and 

protecting Maui’s unique cultures and ecosystems. 

Maui is heavily dependent on food, energy, and other imports. Without imports, 

the island likely would not be able to support its current resident and visitor populations 

with existing technology and with the same level of diversity in food and other consumer 

choices that it currently provides. Limits to water availability – because of energy, 

infrastructure, and information gaps – limits Maui’s ability to grow food, fuel, and fiber. 

Just as water limits Maui’s ability to provide agricultural products, so too does land. Land 

constraints pose relevant limitations, at least in terms of the physical resource, especially 

because prime lands are prime for a diverse range of users. Whether land or water is a 

more relevant limitation depends on the crop in question, as some crops have fewer 

restrictions. For example, produce can be grown on small, scattered farms, while biofuels 

are better suited to large, flat tracts of land. 

At the same time, as part of the State of Hawaii, Maui is subject to legislation to 

reduce greenhouse gas emissions, increase self-sufficiency, and increase energy security3. 

Achieving these goals is made more challenging by the fact that actions promoting one 

goal can sometimes undermine others. For example, potential local food producers 

compete with potential biofuel producers for land and water resources. 

While this work focuses on Maui’s freshwater system, characterizing system-

scale interactions among water, energy, waste, land, air, and communities is a major 

objective. Here, energy refers to food, feed, and fuel, and community impacts include 

issues like costs, culture, social goals, employment, security, and nonhuman communities 

                                                
3 (Rocky Mountain Institute 2008) 
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in ecosystems. The ability to characterize and analyze secondary and higher-order 

impacts of a decision that affects one system can promote good long-term integrated 

decisionmaking. Choices that affect water also affect energy, and vice versa; the water-

related changes to energy systems can affect land and air systems, and so on. 

The current work examines the relationships among water, energy, and waste 

infrastructures, then more closely evaluates potential freshwater demand and supply on 

Maui. Water demand is evaluated based on population and land use, with demand largely 

driven by population and agricultural activity. Interactions among water, energy, and 

waste systems are relevant for community planners and decisionmakers. Treating water 

requires energy, and sourcing fuel can require water; using energy and water generates 

wastes, which can be converted to energy or can demand energy for treatment.  

Though this research was designed to be flexible, both in the sense that multiple 

future scenarios can be analyzed and that the basic framework can be applied to other 

communities, the work is highly customized to Maui Island. Maui is unlike a single 

mainland community, with widely varying economic and climate conditions across the 

island: some parts of Maui host luxury resorts, while others are home to communities 

without electricity or running water. Some parts of Maui are desert, while others are 

tropical forests. Some of Maui’s residents rely on agriculture for their livelihoods, while 

others work in visitor-focused service industries – and about a third of the people on 

Maui at any given time are visitors4. This diversity means that water demands vary in 

size, scope, and quality requirement across the island, and seasonal differences in 

precipitation also affect demand in time. Additionally, Maui’s high degree of reliance on 

imports and unusually oil-heavy energy system mean that the characteristics of water 

                                                
4 (Hawaii Business Research Library 2011) 
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demand differ significantly from those on the mainland. Most notably, freshwater 

withdrawals for thermoelectric power plant cooling are almost zero. 

Maui is not a single community, though the entire island relies on similar water 

sources. Though the island’s population of about 140,0005 is smaller than that of many 

mainland cities, a city-focused analysis is inappropriate. So too is a model of water 

supply that would characterize typical mainland water supplies. Maui’s water supplies 

differ from typical mainland water supplies because of geographic, geologic, and 

topographic differences. Maui is an island, so it can rely on saltwater for cooling in some 

applications, and wastewater effluent flows quickly to the sea. Unlike mainland streams 

and rivers that flow into one another en route to ocean outflows, most of Maui’s streams 

flow from mountaintops to the ocean without converging with other streams6. The island 

has little reservoir storage capacity, and the majority of Maui’s groundwater is in close 

contact with underlying ocean water. Also, Hawaii’s strong public trust laws, high degree 

of species endemism, and relatively large demand for water for native cultural practices 

make conditions different from those on the mainland. Though other Hawaiian islands 

share some of the characteristics of Maui’s water supply, Maui’s water demands differ 

substantially from those on other islands. Maui is the last Hawaiian island with 

substantial demand for plantation irrigation water, and the domestic water supply 

involves more surface water than many other Hawaiian water supplies. Some of Maui’s 

major infrastructure components and their impacts on energy, water, and waste systems 

are depicted in Figure Introduction. 1. 

                                                
5 (Hawaii Business Research Library 2011) 
6 (Oki 2003) 
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Figure Introduction. 1 Infrastructure and Resources on Maui 
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Some of the challenges that Maui faces with its infrastructure are common with 

those of other communities. Energy could become more water intensive as sources like 

irrigated biofuels enter use. Water supply and treatment could become more energy 

intensive as new water supplies are sought and tighter controls on wastewater quality are 

implemented. Solid waste disposal becomes more challenging as cumulative volumes of 

waste grow with time. 

Maui also avoids some of the common water challenges facing American 

communities. Maui uses very little water for thermoelectric power cooling, and much of 

the water it does use is salty. Maui’s air quality is excellent, in part because its winds are 

strong – which also means that wind energy is less intermittent and unpredictable on 

Maui than it is in many other regions of the United States7. Maui’s reliance on imports 

means that much of the embodied water in consumables like food and fuel is sourced off-

island, so the pressure that food and fuel systems exert on local water infrastructures is 

quite small. Even some of the embodied water in Maui’s exportable goods is provided 

off-island: instead of using limited land and water resources to produce cattle feed, 

Hawaii exports about three quarters of its cattle to the mainland to be grain-finished and 

sold there8. However, Maui also exports large amounts of embodied water in the form of 

sugar. While import reliance reduces local pressure on land and water systems, it also 

poses a security risk and can be costly to the small island economy. 

Maui also faces some water, energy, and waste challenges that are unusual in 

other settings. Most of Maui’s electricity is oil-based, which means that Maui relies on an 

imported global commodity for electricity and that electricity prices are also among the 

                                                
7 (Energy Efficiency and Renewable Energy Office, DOE 2011) 
8 (Cox and Bredhoff 2003) 
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highest in the country9. High electricity prices limit water availability, particularly in high 

elevation regions where water must be pumped substantial distances and through 

significant altitude gain before use. Waste disposal is a major challenge on Maui, in part 

because of the island’s large visitor industry and high degree of species endemism, as 

waste disposal can be aesthetically undesirable and can harm habitats for species that 

exist nowhere else in the world. Wastewater can be injected into saltwater, but the 

nutrients in that wastewater can damage coral reefs and any disinfection failures can 

harm swimmers and surfers10. Landfills and the type of large-volume waste disposal that 

a biofuels industry or a desalination plant might require are unsightly, and the value of 

the visitor industry provides a strong economic incentive to keep wastes out of sight. 

Land values are high, and Maui’s economic health is strongly dependent on oil prices and 

economic conditions that allow for people to take vacations. Infrastructures that require 

scale to be cost effective, like wastewater treatment, can be difficult to deploy because of 

Maui’s dispersed population. The island’s unique cultural and ecological resources add 

layers of scrutiny to plans that could damage natural conditions or increase the risk of 

invasive species proliferation. Maui’s water supply is strongly dependent on precipitation 

conditions, as groundwater aquifers are easily damaged by saltwater intrusion and are 

more sensitive when surface water recharge is low11.  
 

DATA GAPS AND ANALYTICAL APPROACH 

Using both Maui’s common and unusual characteristics to evaluate the island’s 

water supply and demand allows for assessment of major water-related perturbations to 

the island system. For example, emphasis on irrigated bioenergy crops, dramatic 

                                                
9 (Energy Information Administration 2010) 
10 (Don't Inject - Redirect! 2010) 
11 Exhibit 3, (Commission on Water Resource Management 2010) 
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increases in local food production, and strong protection of aquatic habitats could all 

significantly alter the historical relationships among water, energy, waste, and 

environmental systems on Maui. Water demand is assessed using long-term daily average 

estimates for water use by demand class, using conservative, state-recommended values 

where they exist. Water supply is modeled based on historical supply and synthetic 

streamflows that take the possibility of changing precipitation patterns into account, at 

seasonal or monthly levels of temporal resolution. Water demands and supplies can be 

assigned to different locations on Maui Island, then matched and analyzed for 

sufficiency.  

One major challenge in assessing whether Maui has adequate water to meet its 

future demands is a lack of data and decline in data collection. The number of active 

streamflow gages and other monitoring stations on Maui has fallen dramatically over the 

past several decades, largely because of budget constraints12. Only nine streamflow 

gaging stations were active on Maui in water year 2005, with 32 active gages statewide: 

this is a dramatic reduction from the 197 continuous record stations active in Hawaii in 

196613. Rainfall data are generally available for a fee, though records for remote parts of 

Hawaii might be limited14. Groundwater data are sparse15. Though Hawaii’s population 

and concerns about the potential impact of climate change on island water supplies are 

growing, fewer data are being collected. Much information about Maui’s surface and 

groundwater resources is based on field records that might be decades old and do not 

reflect recent significant declines in precipitation and other changes16. 

                                                
12 (Wilson Okamoto Corporation 2008) 
13 (Wilson Okamoto Corporation 2008) 
14 (Wilson Okamoto Corporation 2008) 
15 (Wilson Okamoto Corporation 2008) 
16 NWIS, (USGS 2011) 
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Only limited software tools are available for municipal and community-level 

analysis that reflects the interactions among major infrastructural and environmental 

systems. For this study of Maui, several modeling approaches were considered, and 

Microsoft Excel was ultimately chosen to be the platform for scenario analysis on Maui. 

In part, Excel was chosen because it is a familiar and flexible program that is accessible 

to many people, unlike some of the more specific modeling softwares that were 

considered. Also, the temporal resolution of available data is too low to take advantage of 

the strengths of dynamic stock-and-flow models. 

Geographic information system (GIS) softwares like ArcGIS, HydroDesktop, and 

Water Evaluation And Planning (WEAP) were considered and evaluated for usefulness in 

surface water evaluation. While ArcGIS and WEAP are potentially useful tools for 

projects like this, the number of modeling decisions involved with processes like basin 

and streamline delineation makes reproduction challenging. Since an ArcGIS-based 

public online software system known as StreamStats has been developed for multiple 

states, including Hawaii, the StreamStats framework was used for consistency. While 

WEAP could be a powerful and useful tool for analyzing new water supply infrastructure 

like reservoirs and new ditches, its main advantage in this context is its ability to handle 

multiple stream systems simultaneously. This initial work only modeled the Wailoa 

Ditch. However, analyzing environmental flow scenarios at the individual stream level 

could involve WEAP in the future. 

Water demand is characterized based on an extensive literature review, and care 

was taken to express demand in terms of rates like per capita or per acre water demands 

wherever possible. Water supply modeling focused on ditch-based surface water and used 

StreamStats-derived basin characteristics and existing regression equations to make 

synthetic monthly predictions based on estimated future precipitation and historic 
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records. Where data were too limited for synthetic streamflow generation, literature 

values for water supply were used. Groundwater supply is assumed to be primarily 

limited by electricity, not water availability, up to the sustainable yield declared by the 

Commission on Water Resource Management. Reclaimed water is assumed to be 

available up to the capacity of wastewater treatment plants to produce it, but 

infrastructure is a major limiting factor. Desalination is not yet used for water supply on 

Maui, but electricity and waste disposal pose the main restrictions to future deployment.  

The research presented here builds on prior work that focused on describing and 

characterizing Maui’s built and natural freshwater systems17. That report contains more 

information about Maui’s water history and water law, and it assesses Maui’s potential to 

use existing water infrastructure like irrigation reservoirs and medium quality treated 

wastewater effluent as management tools. 

Water is both a major infrastructural and a major environmental system on Maui 

Island, and it is closely related to the island’s energy and waste systems. Maui’s 

development choices over the next several decades could have profound effects on the 

manner in which water is used and the purposes of that use, and this work aims to provide 

background, context, and data that allows for trend analysis over a variety of potential 

futures on Maui. This report first presents Maui’s water system as it relates to energy and 

waste systems on the island, then details water supply and water demand on Maui. 

Finally, scenarios for future analysis and some trends for Maui’s water system are 

described. 

                                                
17 (Grubert 2010) 
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Chapter 2.  Water and Energy on Maui 

CHAPTER EXECUTIVE SUMMARY 

Maui’s water system is unusually energy intensive, largely because of island-wide 

elevation changes that lead to high pumping needs for groundwater and water 

distribution. Coupled with high electricity prices on the island, high energy intensity 

means that many of Maui’s water sources are limited by energy availability. Conversely, 

Maui’s energy system is actually unusually low in water intensity, largely because of 

Maui’s reliance on imported transportation fuels and air-cooled oil-based electricity 

system. Biofuels could make the energy system more water intensive because of 

irrigation and on-island processing needs. However, Maui exports large amounts of 

embodied water in the form of raw sugar that could be used for local energy. Some 

renewable energies are low in water intensity, like solar photovoltaic and wind energy, 

while freshwater-cooled biomass plants and irrigated biofuels are high in water intensity 

relative to Maui’s existing energy system. 

 

INTRODUCTION 

Water and energy systems are interdependent and closely related, with the 

availability of one resource often subject to availability of the other. Water and 

wastewater plants require energy for pumping and treating water, water distribution 

systems and end users use energy to move and treat water, power plants use water for 

cooling, and fuel extraction often uses or produces water. In many areas, energy is 

limited by water because of power plant cooling needs 18 . On Maui, the reverse 

                                                
18 (EPRI 2002) 
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relationship is more relevant: Maui’s water supply is limited by electricity availability, 

while electricity generation relies on freshwater availability only to a limited extent. 

Maui’s domestic water supply is highly energy intensive, in part because of high 

elevation water demands. Maui’s oil-based electricity and transportation fuels are 

expensive19: Hawaii residents paid $36 per million btu of energy in 2008, compared with 

a US average of $21 per million btu20. The high energy demand for water pumping is 

associated with unusually high costs. Thus, Maui’s water supply – particularly its 

groundwater supply – is limited by electricity prices, or the economic availability of 

energy21. While Maui’s water system is highly energy intensive, Maui differs from many 

regions its size in that its energy system is not particularly freshwater intensive22. Fuels 

are imported, and power plants are cooled by air or salt water. Despite the current low 

water intensity of Maui’s energy system, choices like cultivating and processing irrigated 

bioenergy crops on Maui could dramatically increase the energy system’s demand for 

water.  

Water is one of Maui’s major resource constraints, though much more water 

could be available given more energy. Maui Island is unlikely to be able to provide the 

level of food and fuel resources that its current population is accustomed to without 

relying on imports, as water and land limit the production capacity of the island. Maui 

could potentially support close to its current population at subsistence or even higher 

levels23, but supporting high-end tourism and providing current food diversity would 

likely be challenging. Providing a typical American diet, including meats and non-rice 

                                                
19 (Hawaii Energy 2009) 
20 (Energy Information Administration 2010) 
21 While Maui has the infrastructural capacity to generate significantly more electricity than it currently 
does, electricity is not truly available if its costs are prohibitively high. 
22 (Torcellini, Long and Judkoff 2003) 
23 (Stannard 1989) 
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grains, would likely remain challenging even with new crop strains and efficient 

irrigation practices (see Chapter 5).  

With unlimited energy, Maui could easily supply as much water as needed by 

treating and conveying water that is currently not available for use. Groundwater that 

exists but is too expensive to pump to Maui’s higher elevations could be accessed with 

more electricity, and at the extreme, Maui could use energy to desalinate the brackish 

water and seawater that are effectively infinitely available. Surface water is the least 

energy-intensive of Maui’s potential water sources, while desalination is the most energy-

intensive (Table 1).  
 

Table 1 Energy Intensity of Water Supplies on Maui 

Water Source Electricity Intensity (kWh/million gallons) notes 
Agricultural Supply 

Surface Water 690 
on EMI system, about 450 kWh/MG 

are generated 
Groundwater 1,800 (HC&S) 

Reclaimed Water 1,300 
assuming Kihei-based distribution 

intensity 
Potable Supply 

Surface Water 1,400 pre-user energy intensity only 
Groundwater 3,500 pre-user energy intensity only 
Desalinated Water   

Seawater 25,000 no pumping, 35,000 mg/L TDS 
Brackish Water 3,500 no pumping, 1,000 mg/L TDS 

Brackish Groundwater (50 feet) 3,800 50 feet of lift, 1,000 mg/L TDS 
Brackish Groundwater (300 feet) 5,400 300 feet of lift, 1,000 mg/L TDS 

Groundwater is more energy intensive than freshwater because of pumping requirements. Desalinating brackish 
groundwater is less energy intensive than desalinating seawater. 
 

Once the water is obtained, more energy might be used to improve its quality. For 

example, brackish groundwater or seawater can be desalinated to reduce salt content, and 

surface waters are treated to remove impurities and disease-causing organisms before use 

as drinking water. After treatment, more energy is used to pump water to homes, 

businesses, and other users. This distribution energy can be much higher when water is 
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pumped a significant vertical distance than when it is pumped horizontally only. 

Wastewater treatment is required after uses like domestic and some industrial 

applications, and this treatment can also be energy intensive. The energy intensity of 

Maui’s water system is detailed in Energy for Water (page 22).  

Even as Maui faces water limitations that could be somewhat alleviated with more 

energy, Maui and the State of Hawaii are undertaking efforts to use less-polluting and 

less overall energy. Maui County’s targets for renewable energy and energy efficiency 

are higher than those of the State as a whole, at 95 percent clean energy by 202024. This 

discussion assumes that Maui’s only no-carbon electricity options are renewable 

energies, as nuclear power is currently illegal in Hawaii25,26. Maui’s extremely porous 

rock likely precludes conventional carbon storage, though basalt-based carbon dioxide 

mineralization could be possible27. The transition from electricity based on imported oil 

and air or saltwater cooling to electricity based on local resources is accompanied by 

several uncertainties for the water system. First, electricity prices dramatically affect the 

island’s water system, and Maui’s electricity prices are currently among the highest in the 

United States28. If a shift from oil-based electricity to renewables-based electricity 

increases electricity prices, Maui’s water will likely become more expensive or more 

restricted. Potential outcomes include an increased focus on water conservation, less 

agricultural activity at higher elevations (where much of the island’s diversified 

agriculture takes place), and more public pressure to reallocate cheaper surface water 

from historical users like operating and defunct plantations or environmental uses to 

                                                
24 (Maui County Energy Alliance 2009) 
25 (Hawaiian Electric Company 2011) 
26 One reason is that most of the islands, including Maui, are not large enough to allow for an adequate 
evacuation radius. 
27 (National Energy Technology Laboratory 2011) 
28 (Hawaii Energy 2009) 
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those most impacted by price increases or reductions in water availability. Alternatively, 

a shift to renewable electricity could reduce prices on Maui, either actually or simply 

relative to what oil-fired electricity prices would have been. An electricity price decrease 

could increase the supply of water on Maui. 

A second energy-related uncertainty for Maui’s water system concerns the nature 

of the renewable energy used on the island. Maui’s current electricity system uses little 

freshwater, as is discussed in more detail in Electricity (page 57). This low water use is 

due to two major factors: the main fuels used for power generation on Maui (diesel and 

residual oil) are neither extracted nor processed on Maui, so the water embodied in the 

fuels is imported, and Maui’s oil-fired power plants are mainly air-cooled, with limited 

use of salt water for cooling certain units (page 57). While some renewable energy 

technologies would maintain this low water intensity, others would dramatically increase 

water demand for energy by introducing water needs for fuel extraction and processing. 

In some cases, freshwater power plant cooling needs could increase.  

Maui’s current renewable electricity plants demonstrate higher use of local 

resources for electricity production could either increase or basically eliminate water use 

for power generation. Maui’s 30 megawatt wind farm at Kaheawa29 uses no water for 

electricity generation, while Maui’s 44 megawatt30 biomass-fired power plant uses about 

two million gallons of fresh surface water per day for cooling31. (The portion that is not 

consumed is used for further irrigation32.) The biomass currently used in the power plant 

is a waste product and is thus assumed to have no pre-processing additional water needs. 

However, irrigation water used specifically to grow biomass as an energy crop would be 

                                                
29 (First Wind 2011) 
30 (Black & Veatch 2010) 
31 exhibit 3 (Commission on Water Resource Management 2010) 
32 exhibit 3 (Commission on Water Resource Management 2010) 
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additional. More detail on Maui’s current and potential future electricity systems is in 

Water for Energy. 

Water and energy systems are structurally similar. In both cases, quantity and 

quality are important parameters. Just as seawater cannot be used for drinking, ambient 

heat cannot be used for driving cars: resource quality should be matched with resource 

use, as articulated by the Commission on Water Resource Management33. Temporal 

limitations are present for both resources as well, particularly since Maui does not have 

large amounts of storage capacity for either energy or water. Electric energy is difficult to 

store, so in general, electricity must be generated as it is demanded. Maui does have 

limited electricity storage associated with its wind farm34, and electricity storage is likely 

to become more cost effective with time, but capacity is currently limited. Liquid fuels 

like gasoline and diesel are easier to store until they are needed, but even liquid fuel 

storage requires infrastructure. Maui has only one harbor that is capable of accepting 

petroleum products35 and is limited to 270,000 barrels of stored capacity36. This storage 

capacity represents about 17 days’ worth of supply for Maui as of 200837, assuming that 

Maui uses 14 percent of Hawaii’s petroleum38. Similarly, Maui has little water storage 

capacity, though additional tanks and reservoirs have been proposed around the island to 

improve water delivery reliability and water pressures39. Like energy storage, water 

storage is possible but costly40. The lack of storage capacity for Maui’s energy and water 

systems can lead to supply shortages in times of scarcity.  

                                                
33 (Wilson Okamoto Corporation 2008) 
34 (Xtreme Power Inc. 2010) 
35 (Hawaii Natural Energy Institute 2009) 
36 (Hawaii Natural Energy Institute 2009) 
37 (Energy Information Administration 2010) 
38 (Hawaii Natural Energy Institute 2009) 
39 (Wastewater Reclamation Division and Water Resource Planning Division 2010) 
40 (Wastewater Reclamation Division and Water Resource Planning Division 2010) 
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Some types of users can tolerate short- or long-term water or energy shortages, 

such as growers of drought-resistant crops or industrial energy users that are able to shift 

their use to periods with lower system-wide demand. However, other types of users are 

sensitive to any disruption, such as those using water for essential domestic uses like 

drinking or sensitive energy users like hospitals. Storage is most important when water 

and energy resources being used are subject to intermittency: while groundwater and 

fossil fuels are generally available on demand where they exist, surface water and 

renewable fuels like wind and solar energy can be sensitive to external factors like 

weather and are thus less reliable resources. Small amounts of water and energy are vital 

to human survival, and larger amounts of water and energy can be used for additional 

activities that can be beneficial for human standards of living. In most cases, prices for 

both water and energy are considerably less than their value to the user. At the extreme, 

water and energy can become interchangeable, as water can be used to generate energy 

and energy can be used to pump and clean water. The similarities and interconnections 

between water and energy systems reveal some ways that Maui’s energy and water 

choices could be challenging or synergistic, and so the connections between Maui’s water 

and energy systems are discussed in this chapter. First, the energy used for water on Maui 

will be discussed, followed by a description of how water is or could be used for energy 

on Maui. Higher order connections like the energy used for water that is used for energy 

are also relevant in some cases, as where groundwater is used to irrigate bioenergy crops. 
  

ENERGY FOR WATER 

Large amounts of energy are used to supply, treat, move, and heat water used for 

domestic, agricultural, and other activities. Maui’s water system is particularly energy 

intensive, though Maui’s energy system is not very water intensive. This assessment of 
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the energy used for water on Maui focuses on Maui only, so although there can be 

significant amounts of water used for activities like oil production and refining, those 

water burdens accrue in places other than Maui. Most of the energy used for water on 

Maui is in the form of electricity. 
 

Estimating the Energy Used for Water on Maui 

Approximately 25 percent of Maui Island’s electricity is used for pumping, 

heating, and treating water. This estimate amounts to about 340 gigawatt hours of 

electricity and is based on data from Maui Electric Company (MECO)41, which generates 

most of the electricity on Maui Island; from the Maui County Energy Alliance42, which 

has evaluated Maui’s capacity to increase energy efficiency and the use of renewable 

electricity; and from Hawaiian Commercial and Sugar (HC&S)43, which is Maui’s largest 

independent power producer and the island’s only major self-generator. HC&S generates 

power from a bagasse-fired steam power plant and several small hydroelectric generators, 

using about 110 gigawatt hours of electricity and selling an additional 100 gigawatt hours 

to MECO44. Thus, while most information about energy use for water can be derived 

from MECO studies, the roughly 110 gigawatt hours of electricity that HC&S uses for its 

own activities are not included in the MECO figures. HC&S is not the only self-generator 

that uses electricity for water: Makena Wastewater Reclamation Facility relies in part on 

a photovoltaic array45. However, the total electricity generated by such systems is 

relatively small and is not explicitly included. 

                                                
41 (Hawaii Business Research Library 2011) 
42 (Maui County Energy Alliance 2009) 
43 (Jakeway 2007) 
44 (Jakeway 2007) 
45 (Makena Wastewater Corporation n.d.) 
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In addition to the electricity used for water on Maui Island, some thermal energy 

is used for water heating. Solar thermal water heaters for newly constructed single family 

homes have been mandatory in Hawaii since 201046. These solar thermal water heaters 

provide water heating that would otherwise be served by electricity, but the total effect on 

electricity use has not been quantified by MECO47. Maui Island uses almost no natural 

gas, and the natural gas that is used is derived from oil at Oahu refineries48, so water 

heating by natural gas can be assumed to be negligible on the island. 

Maui’s water system appears to be more energy intensive than most other United 

States systems. About 60 percent of Hawaii’s primary energy is used for electricity49. 

Assuming this ratio is also true of Maui Island, the 25 percent of Maui’s electricity being 

used for moving, treating, heating, and reconditioning water represents about 15 percent 

of Maui’s primary energy, not include solar thermal energy. Nationwide, about 4.7 

percent of primary energy is used for water systems50. Maui’s high level of dependence 

on groundwater for domestic water supply51 and significant elevation gradients add 

energy intensity to the water system versus systems in many mainland communities that 

rely on local surface water. Overall energy use on Maui is lower than it is on average in 

the United States (largely because of energy costs and a temperate climate). Perhaps 

because Hawaiian energy prices are the highest in the United States, at $36 per million 

btu, Hawaiian energy use per capita is low. Hawaii is ranked 49th of the 50 states and 

Washington, DC in terms of energy use per capita, at 220.4 million btu per person (versus 

the US average of 326.5 million btu per person)52. This lower overall energy usage tends 
                                                
46 (The Associated Press 2008) 
47 (Reynolds 2010) 
48 (The Gas Company 2009) 
49 (Department of Business, Economic Development and Tourism 2011) 
50 (Twomey 2011) 
51 (de Naie and McMahon 2005) 
52 (Energy Information Administration 2010) 
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to amplify the proportion of energy used for moving and treating water but tends to 

depress the proportion of energy used for heating relative to the mainland. 

The major uses of water considered for this assessment of energy used for water 

on Maui Island are water heating, water pumping, and water and wastewater treatment. 

According to a MECO study from 2004, approximately 100 GWh of electricity were used 

for water heating at residential and commercial properties53. Water and wastewater 

treatment are a major source of energy demand for the Maui County government, 

accounting for 20 to 25 GWh of electricity use54, but Maui Island’s most significant use 

of energy for water is in water pumping. HC&S alone uses an estimated 105 GWh of 

electricity for water pumping each year, both for groundwater and surface water. Maui 

County uses about 40 GWh per year for water pumping, both for supply and distribution. 

Additionally, non-government MECO customers consume about 70 GWh per year for 

water pumping55. Maui’s electricity use for water is summarized in Table 2. 
 

                                                
53 (Itron, Inc. 2006) 
54 (Maui County Energy Alliance 2009) 
55 (Itron, Inc. 2006) 
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Table 2 Energy Uses for Water on Maui Island 

Water Use Estimated GWh Used As Percent of Maui’s Electricity Use 
Pumping 215 17% 
Treating (Pre- and Post-Use) 20 2% 
Heating 100 8% 
Total 335 26% 

Maui uses significantly more of its electricity for water systems than most US communities, both because its 
water is more energy intensive than the US average and because its overall energy use rates are lower than the 
US average. 
 

The estimates and calculations described here may include several potential 

sources of error. One that is common to studies of Maui is that not all data for Maui 

County are easily attributable to individual islands. Thus, some of the MECO and County 

government estimates for energy used for water might overstate the energy used on Maui 

Island, though the proportion of energy used for water in Maui County is expected to be 

similar for Maui Island. The error is reduced somewhat by the fact that total MECO 

electricity sales are also reported in terms of the county, not Maui Island. However, 

HC&S numbers are specific to Maui Island: since MECO numbers are county-based, 

adding the HC&S self-generated electricity would actually tend toward an 

understatement of the proportion of energy used for water on Maui, as the assumed 

denominator (total MECO sales) is too large. Molokai and Lanai (the other inhabited 

islands of Maui County) are small, so the overall effect is not expected to be significant. 

Missing and overlooked information is another potential source of error that tends to lead 

to understatement of the amount of electricity used for water on Maui. In particular, 

MECO’s assessment of commercial class users contains a large (175 GWh) 

miscellaneous component56. Commercial pumping is not a specifically tracked class of 

electricity use, and given that resorts and hotels are included in the commercial class, 

                                                
56 (Itron, Inc. 2006) 
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some water distribution and pumping for uses like fountains and on-site irrigation 

probably consumes electricity that is not accounted for in this estimate. Thus, the 

estimate that Maui Island uses about 25 percent of its electricity for water is likely an 

underestimate. One utility representative suggested that Maui uses roughly one third of 

its electricity for water pumping 57 . The calculations presented suggest that if all 

miscellaneous commercial electricity use is for water (but no miscellaneous residential 

electricity use is), about 32 percent of Maui’s electricity is used for water pumping and 

treatment, which is largely water pumping. 
 

Energy for Water Supply and Distribution 
 

 “Water is certainly not produced.” –Carl Freedman58 
 

Supplying and distributing water is one of Maui Island’s main uses for electricity. 

Both groundwater and surface water require energy inputs that manifest as electricity 

demands on Maui, primarily for moving the water from its source to its users. Water used 

for potable supply (drinking water) must also be treated, though the energy used for 

treatment is different for fresh groundwater and surface water. While groundwater 

typically only requires disinfection59, the United States Safe Water Drinking Act requires 

that surface water be treated before use as potable supply60. Since water treatment is often 

expensive, both because of capital costs (like treatment plants) and variable costs (like 

electricity and chemicals), groundwater is typically preferred for public and private 

potable supply61. Energy demands for water systems are simply described as 
 

                                                
57 (Reynolds 2010) 
58 (Freedman 2010) 
59 Where does Maui water come from? (County of Maui 2011) 
60 (Kinoshita and Zhou 1999) 
61 (Kinoshita and Zhou 1999) 
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  (1), 
 

where pumping includes groundwater retrieval and water distribution, treating 

refers to pre- and post-use treatment, and conditioning refers to activities like heating and 

cooling water. 

Even without major treatment requirements, groundwater is typically more energy 

intensive than surface water because of pumping requirements. Since electricity is very 

expensive on Maui, water supply is limited by the availability of cost-effective energy. 

This energy limitation is especially pronounced in the higher elevation regions of the 

island, where water must be pumped thousands of feet. In Upcountry Maui, for example, 

extracting and boosting water from wells to users can cost over $2 per thousand gallons 

before the water reaches a treatment plant or the main distribution system62. By contrast, 

embedded energy in groundwater used for agriculture in the Central Plain costs about 

$0.23 per thousand gallons and embedded energy in surface water delivered for 

agriculture in the Central Plain costs about $0.09 per thousand gallons, and some of this 

water pays for itself by generating electricity through small hydroelectric plants. 

The Maui County government devotes about half of its electricity budget to water 

supply, which amounted to 37.5 GWh in 200663. Given that the County supplied an 

average of 36 million gallons of water per day in 200664, the total electricity devoted to 

pumping, treating, and distributing water by the Department of Water Supply (DWS) is 

estimated at 2,900 kWh per million gallons of water. The DWS-supplied water is 

predominantly potable, so this figure includes the electricity intensity of water treatment 

as well. 

                                                
62 exhibit 3 (Commission on Water Resource Management 2010) 
63 (Maui County Energy Alliance 2009) 
64 (Department of Water Supply 2011) 
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While one million gallons of potable water supplied to an end user on Maui 

requires an estimated average 2,900 kWh of energy input, groundwater and surface water 

have significantly different energy intensities. The relative energy intensity of 

groundwater can be calculated and compared to that of surface water. The Electric Power 

Research Institute (EPRI) estimates that using groundwater for municipal supply is 30 

percent more electricity intensive than using surface water65. The DWS supplies about 70 

percent groundwater and 30 percent surface water66, and groundwater and surface water 

electricity intensities can be calculated from  
 
  (2), 
 

where e is electricity intensity in kWh per million gallons and f is the fraction of 

the total water supply. The electricity intensity of municipal groundwater is calculated as 

3,100 kWh per million gallons, and the electricity intensity of municipal surface water is 

2,400 kWh per million gallons. Of these electricity intensities, 300 kWh per million 

gallons are attributed to municipal distribution67. 
 

                                                
65 (EPRI 2002) 
66 (Department of Water Supply 2011) 
67 (EPRI 2002) 
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Table 3 Energy Intensity of Water Supplies at Maui DWS and HC&S 

 Energy 
Intensity of 

Water Supply 
(kWh/MG) 

Total Water 
Used (mgd) 

Total 
Electricity 

Used 
(GWh/year) 

Maui Department of Water Supply 
average 2,900 36 37.5 
groundwater 

based on well data 
3,500   

 1.3 times surface water intensity 3,100   
surface water 

based on treatment intensity 1,400   

0.7 times groundwater intensity 2,400    
Hawaiian Commercial and Sugar 

groundwater, pumped and distributed 1800 70 54 
distribution only  700 150-200 50 

A rule of thumb for US water supplies is that groundwater is 30 percent more energy intensive than surface 
water. On Maui, the major energy inputs to groundwater and surface water – pumping and treatment, respectively 
– can be considered specifically to estimate total energy intensity. In either case, the results are constrained by 
knowledge of the average energy intensity of water supply. Agricultural water energy intensity is based on well 
data from HC&S (Exhibit 3, Commission on Water Resource Management 2010). 
 

Agriculture is Maui’s other major water user. Though some Upcountry Maui 

farmers use municipal water supply for irrigation, including some potable water68, the 

average electricity intensity of agricultural water is different enough from the electricity 

intensity of municipal water to merit separate calculation. This difference is primarily due 

to the fact that most agricultural irrigation water is not treated. Maui’s main self-supplied 

agricultural water user is HC&S in the Central Plain. HC&S uses mainly surface water 

that is gravity fed from sources to the plantation in ditches, and the amount of electricity 

used to obtain and transport this water is low compared to the amount of electricity used 

to obtain, transport, treat, and distribute water for potable supply. While the ditch flows 

                                                
68 (Freedman, Maui County Water Use and Development Plan: Water Use and Demand, Department of 
Water Supply Systems (Draft) 2007) 



 31 

themselves actually generate electricity through small hydroelectric plants69, the HC&S 

surface water supply system includes numerous wells with depths from 16 to 1,030 feet70 

that presumably require some pumping electricity. The capacities of these wells are not 

available, but their total contribution to ditch supply is likely small compared with 

diversions from streams (Chapter 4), so their electricity requirements are not considered 

in detail. The estimated electricity intensity of surface water supply for HC&S is lower 

than that for municipal surface water, as irrigation water does not need to be treated. The 

electricity intensity of HC&S’ agricultural surface water supply is estimated at 700 kWh 

per million gallons, which is the electricity intensity of distributing groundwater extracted 

at the plantation. Since surface water and groundwater both need to be pumped to and 

through fields, their distribution electricity requirements are likely similar. Assuming a 

total use of about 200 million gallons of surface water per day from East Maui and West 

Maui Irrigation71, the electricity requirement for HC&S’ East Maui surface water is 

estimated at about 50 GWh per year.  

Electricity intensity for HC&S’ self-supplied groundwater can be derived from 

information about the plantation’s 15 operational brackish groundwater wells. Most of 

these wells have multiple pumps, with A, B, and D pumps used for primary pumping and 

C pumps used as booster pumps for water distribution. HC&S’ reported costs for 

operating each well and reported cost of electricity72 can be used to derive an electricity 

intensity for groundwater used at the plantation, assuming that all operational wells are 

                                                
69 (Jakeway 2007) 
70 Maui wells (Commission on Water Resource Management 2011) 
71 The collective long term average surface water use from the East and West Maui Irrigation systems is 
estimated at about 230 million gallons per day, but about 31 million gallons of water per day have been 
restored to streams over the past two years. 
72 Exhibit 3 (Commission on Water Resource Management 2010) 
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used with equal capacity factors. The average electricity intensity of pumping one million 

gallons of groundwater at HC&S is given by 
 
 
 

 
(3). 

 

Considering only the A, B, and D pumps (the nonbooster pumps) suggests an 

average pumping electricity intensity of 1,143 kWh per million gallons, with additional 

distribution pumping from C pumps (booster pumps) of 691 kWh per million gallons73. 

Thus, groundwater that is supplied and delivered to fields for irrigation has an electricity 

intensity of about 1,834 kWh per million gallons at HC&S (Table 3). The Center for 

Sustainable Systems reports average United States electricity intensity of groundwater 

supply at 1,824 kWh per million gallons74.  

The predicted electricity intensity of Maui DWS groundwater is significantly 

higher than HC&S groundwater or the US average75, which is expected. Based on DWS 

reports for well operating costs on its high-elevation Upcountry system and assuming that 

electricity costs are between wholesale and residential rates 76 , 77 , the Upcountry 

groundwater supply system uses between about 5,000 and 10,000 kWh or more per 

million gallons of water78. While the Upcountry example is the most extreme example of 

high electricity intensities for Maui’s water supply, about 80 percent of Maui’s 

groundwater comes from wells over 600 feet deep, 20 percent from wells over 800 feet 
                                                
73 exhibit 3 (Commission on Water Resource Management 2010) 
74 (Center for Sustainable Systems 2008) 
75 (Center for Sustainable Systems 2008) 
76 rates (Maui Electric Company 2011) 
77 HC&S generates its own power, so its costs are the opportunity costs of selling electricity to MECO at 
wholesale. The DWS is a government user and likely faces rates between the wholesale rate ($0.125/kWh) 
and the residential rate ($0.256/kWh).  
78 exhibit 3 (Commission on Water Resource Management 2010) 
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deep, and 6 percent from wells over 1,300 feet deep79. This groundwater sometimes 

needs additional booster pumping to higher elevations once it is pumped to the surface. 

While the above method of dividing total electricity used by the amount of water 

supplied allows historical electricity use information to be replicated, total electricity use 

might include nonwater-related uses like lighting and air conditioning in a water 

treatment plant. Thus, an alternative method that can be used to calibrate the top-down 

approach used above is to consider derived electricity intensity factors associated with 

various stages of the water supply cycle. Using electricity intensity factors for water and 

then multiplying those by the total amount of water supplied allows estimated total 

electricity use (based on per-unit use) to be compared with actual total electricity use (and 

estimated per-unit use). For example, the amount of energy needed to pump one gallon of 

water one vertical foot can be multiplied by the total number of gallons and the total 

number of vertical feet pumped to estimate energy demand for pumping. 

The average capacity-weighted DWS well depth is 686 feet80, meaning that a unit 

of DWS-supplied water is pumped an average of 686 feet. DWS supplied an estimated 26 

million gallons of groundwater per day in 200681. Assuming that the electricity demand e 

for pumping water is related to total lift h and total annual production Q by 

 
 
  (4)82, 
 

total DWS annual electricity demand for pumping groundwater is estimated at 

2,200 kWh per million gallons. The additional electricity required for distributing this 

                                                
79 Maui wells (Commission on Water Resource Management 2011) 
80 Maui wells (Commission on Water Resource Management 2011). 
81 Based on (Department of Water Supply 2011) groundwater contributions and (Wilson Okamoto 
Corporation 2008) estimates for 2006 supply 
82 (Wateright n.d.) 
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groundwater is estimated to be 60 percent of the initial pumping needs, which is the ratio 

of distribution to pumping electricity estimated based on reported pump capacity and use 

at HC&S83. Here, this distribution electricity estimate is 1,300 kWh per million gallons, 

implying that the electricity intensity of Maui’s municipal groundwater supply is 3,500 

kWh per million gallons. This estimate is about 13 percent higher than the estimate based 

on total electricity used for water supply and distribution, assuming groundwater is 30 

percent more electricity intensive than surface water (Table 3).  

Maui’s surface water electricity intensity might be fairly similar to the US 

average. The main electricity inputs for surface water are for treatment and distribution. 

EPRI estimates that surface water treatment and distribution requires an average of 1,400 

kWh per million gallons in the United States84. Applying this estimate to the 10 million 

gallons of surface water supplied daily by the Maui DWS in 200685 results in a total 

estimated electricity use of 37.8 GWh per year, which compares favorably with the total 

reported electricity use of 37.5 GWh for water supply in 200686. Using this bottom-up 

approach results in a total electricity use estimate that is within 1 percent of reported use, 

though groundwater is estimated to be more electricity intensive per unit and surface 

water is less electricity intensive per unit than a typical relationship would imply. Maui’s 

high elevations and gravity-fed surface water systems could account for these deviations. 

Estimated electricity intensity for HC&S’ groundwater supply is calculated based 

on actual well pumping data. Figures for well depths presented in Table 4 are calculated 

using (4) and data-based electricity intensities by well (Appendix Energy.1), as HC&S 

well depths are not available. Surface water electricity intensity is estimated based on 

                                                
83 exhibit 3 (Commission on Water Resource Management 2010) 
84 (EPRI 2002) 
85 Based on (Department of Water Supply 2011) surface water contributions and (Wilson Okamoto 
Corporation 2008) estimates for 2006 supply 
86 (Maui County Energy Alliance 2009) 



 35 

pumping requirements for distribution at the plantation, not data specific to surface water. 

However, the total estimated electricity used is consistent with reports. HC&S used about 

110 GWh of electricity in 200687 for plantation activities like water pumping and its 

sugar mill. Most of this electricity was likely used for water supply and distribution. 

Based on assumptions made here, about 104 GWh of electricity was used for surface 

water supply (50 GWh) and groundwater supply (54 GWh). HC&S also consumes power 

for nonwater uses like mill and office operations and power plant parasitic loads. HC&S’ 

Central Power Plant generally produces about 30 MW of output88, and production figures 

indicate an annual capacity factor of about 70 percent89. A 3 percent parasitic load for 

power plant operations like lights and fans is typical90, and such a parasitic load would 

account for about 5.4 GWh per year. The power required for mill and other miscellaneous 

operations is unknown. However, the sugar mill is primarily steam-powered91, and low 

pressure steam from the power plant is directed to the mill. Thus, it is likely that electrical 

loads at the sugar mill are low. The estimates for per million gallon water supply 

electricity intensities and parasitic load at Central Power Plant used here produce an 

estimate of the amount of electricity used for water at HC&S that is fairly similar to 

reported use (Table 4).  

                                                
87 (Jakeway 2007) 
88 (Black & Veatch 2010) 
89 (Jakeway 2007) 
90 monthly energy data (Department of Business, Economic Development and Tourism 2011) 
91 (Hawaiian Commercial & Sugar Company 2011) 
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Table 4 Estimated Electricity Demand for Groundwater Pumping, DWS and HC&S 

 ground
water 

(MGD) 

average 
pumping 
lift (feet) 

gdwater 
pumping 
(GWh) 

gdwater 
pumping/dist 

(GWh) 

sfc water 
treatment/dist 

(GWh) 

estimated 
use 

(GWh) 

actual 
use 

(GWh) 
DWS 26 686 20 33 5.2 38 38 
HC&S 82 360 34 54 50 104 110 

Maui County Department of Water Supply and Hawaiian Commercial and Sugar are Maui’s major water pumpers. 
This table presents estimates of electricity use for groundwater pumping based on well depths and compares 
estimates to actual assumed use. In both cases, the pumping-based estimate is similar to the reported electricity 
use. Also in both cases, the actual use figures also include uses from minor activities like landfill operations 
(DWS) and power plant operations (HC&S). Gdwater = groundwater. Dist = distribution. Sfc = surface. 
 

While supplying, treating, and conveying water on Maui is electricity intensive, 

heating water for use in homes and businesses requires far more electricity than 

supplying water. About 100 GWh were used to heat water in the residential and 

commercial sectors in 2004, according to a demand-side management study by 

MECO92,93. Assuming these 100 GWh were applied to 45 million gallons of average 

daily commercial and residential supply94, heating requires about 6,100 kWh per million 

gallons on average. This estimate is an average for all water used, heated or not heated, 

and the amount of electricity used to heat each million gallons of water that is actually 

heated is likely much higher. Substantial amounts of potable water are used for purposes 

that do not require heated water, like toilet flushing and outdoor irrigation. Additionally, 

some water is heated with solar energy. The total amount of water actually heated is 

likely much smaller than 45 million gallons per day, but enough electricity is used for 

heating water to represent an average input of 6,100 kWh per million gallons.  

 
                                                
92 (Itron, Inc. 2006) 
93 Maui’s water heaters are primarily electric, with a growing share of solar thermal water heaters. 
94 Some of this use is from private, non-Department of Water Supply sources (de Naie and McMahon 
2005). 
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On Maui Island, reclaimed water95 appears to be less energy intensive than 

potable water. Reclaimed water might also be less energy intensive than HC&S 

groundwater, but it is probably more energy intensive than HC&S surface water (Table 

3). The energy benefits of using reclaimed water depend on the source the reclaimed 

water displaces. In particular, where reclaimed water is used because it is the only water 

available, making otherwise impossible irrigation projects possible, there is no energy 

benefit to using reclaimed water. In such cases, there is arguably no water benefit either, 

as the water would not have been used if none were available. There might even be a 

water use disadvantage if other users that could have offset other water demand are 

competing for the reclaimed water resource. However, there could some benefit 

associated with reducing nutrient loading at wastewater outfalls, economic activity, or 

other effects96. 

Reclaimed water has a high embodied energy content when its lifecycle is 

considered from sourcing to final disposal, discharge, or evaporation (Figure Energy. 1). 

On Maui, the water is sourced from surface or groundwater and treated and distributed 

with energy inputs as discussed above – on average, about 2,900 kWh per million gallons 

(Table 3), but for Upcountry Maui water, perhaps more than 10,000 kWh per million 

gallons. The water that reaches wastewater treatment plants and becomes reclaimed water 

is the water that enters the sewage system, so it is likely the water that receives the most 

energy input in homes and offices for heating, like shower water. This water then flows 

to wastewater treatment plants (usually by gravity to prevent sewage backups in the event 

of power outages) and is treated with about 2,900 kWh of energy input per million 

gallons, as is discussed in further detail below in Wastewater. Water intended for 
                                                
95 Reclaimed water is nonpotable, highly treated wastewater effluent and is described in Chapter 3. 
96 (Don't Inject - Redirect! 2010) 
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reclamation is then further treated with energy-intensive processes like ultraviolet 

disinfection97. After this treatment, water is redistributed at some energy cost, used, and 

ultimately lost from the water treatment system. Maui does not reuse water for potable 

supply, so reclaimed wastewater should not re-enter the sewage system. Over the water’s 

source-to-sink lifecycle, then, energy inputs would be expected to average about 14,000 

kWh per million gallons, assuming the average heating energy input (Figure Energy. 2). 

 

Figure Energy. 1 Reclaimed Water Lifecycle 

 
Purple indicates points of additional energy use for reclaimed water. Dashed line uses occur whether or not 
water is reclaimed. 

                                                
97 (SBW Consulting 2002) 
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Figure Energy. 2 Energy Embodied in Reclaimed Water: Full Lifecycle versus Additional 

 
Reclaimed water has high total embodied energy, as it is used twice and requires extensive treatment before 
reclamation, but relatively little additional energy is expended to make the water available for a second use. 

 

Most of the energy inputs described above would occur whether or not water were 

being reclaimed, so it is more accurate to compare reclaimed water with other water 

sources based on additional energy inputs. Currently, the additional energy inputs for 

reclaimed water are for ultraviolet treatment and pumping reclaimed water from 

treatment plants to users, or about 1,300 kWh per million gallons (Figure Energy. 2). The 

group of additional energy demands could change in the future, however. In particular, if 

public pressure or policies result in higher standards of treatment for water that is 

discharged to the ocean through injection wells, standard wastewater treatment on Maui 

could involve ultraviolet disinfection. If ultraviolet treatment became standard 

wastewater treatment practice, only the energy used for reclaimed water distribution 
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would be additional. For now, the energy intensity of reclaimed water on Maui is 

estimated as the electricity intensity of ultraviolet treatment and distribution. 

Denitrification is performed on all treated wastewater98. 

Ultraviolet treatment is a disinfection process that removes viruses and bacteria 

from wastewater. Ultraviolet treatment uses about 100 to 1,000 kWh per million gallons, 

depending on system efficiencies and the extent of disinfection. PG&E estimates that 

reducing fecal coliform counts to 200 mpn per 100 mL requires 117 to 557 kWh per 

million gallons of water99. Maui recently retrofitted ultraviolet disinfection systems at the 

Kihei Wastewater Reclamation Facility and was able to reduce their energy intensity by 

half100, which is consistent with the wide range of energy intensity suggested by 

PG&E101. Reducing fecal coliform counts further, to 2.2 mpn per 100 mL, could require 

about 1,000 kWh per million gallons of water102. This estimate assumes ultraviolet 

disinfection requires 337 kWh per million gallons, the average electricity intensity for 

reducing fecal coliform to 200 mpn per 100 mL. 

Wastewater treatment plants tend to be at low elevations so that sewage flows by 

gravity from sources to treatment facilities, so pumping reclaimed water to users will 

essentially always require some vertical lift. The energy used for distribution is additional 

and is part of the reclaimed water’s energy intensity in this analysis: if water were not 

reclaimed, it would be disposed through gravity injection wells that use negligible 

amounts of energy103. Estimates for the energy intensity of distributing reclaimed water 

are based on infrastructure at Kihei Wastewater Reclamation Facility, where an average 

                                                
98 (Wastewater Reclamation Division 2009) 
99 (SBW Consulting 2002) 
100 (Parabicoli 2010) 
101 (SBW Consulting 2002) 
102 (SBW Consulting 2002) 
103 (Environmental Protection Agency 2009) 
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1.6 to 2.0 million gallons of R-1 water (the highest quality nonpotable water class104) are 

distributed daily by two 1,500 gallon per minute pumps105. Assuming typical values for 

end user pressure of 60 pounds per square inch (psi) and pump efficiencies of 80 percent, 

the equation  
 

 
 

(5)106, 

 

where  is pump efficiency, suggests that distributing Kihei’s reclaimed water 

requires about 980 kWh per million gallons. This value is about 40 percent higher than 

distribution electricity needs at HC&S (Table 3). Given that Kihei uses an elevated 

storage tank to provide water pressure107, the estimate of 980 kWh per million gallons for 

distributing reclaimed water is probably conservative, as electricity intensity is directly 

proportional to pressure by (5). For example, assuming that pumps only need to supply 

30 psi rather than 60 psi reduces the total electricity demand estimate from 980 kWh to 

490 kWh per million gallons. Some additional electricity is required to keep the 

pressurizing tank full. 

Assuming that reclaimed water requires 340 kWh of ultraviolet disinfection and 

980 kWh of distribution electricity per million gallons, the electricity intensity of 

reclaimed water supply on Maui is about 1,300 kWh per million gallons. This is lower 

than any estimates made here for potable water supply, surface or groundwater, and it is 

lower than the electricity intensity of HC&S groundwater (Table 3). Nonpotable surface 

water that requires only distribution-related energy inputs is likely less energy intensive 

than reclaimed water. The greatest energy benefit of using reclaimed water is realized 

                                                
104 (Wastewater Community Working Group 2010) 
105 (Hawai‘i Water Environment Association 2009) 
106 adapted from (Applied Industrial Technologies 2009) 
107 (Hawai‘i Water Environment Association 2009) 
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when it replaces a high energy-intensity alternative water supply, like potable 

groundwater. 
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Wastewater treatment is typically more energy intensive than raw water 

treatment, as solid and disease-causing microorganism contents are higher for 

wastewater. This high energy intensity assumes that wastewater is being treated in a 

wastewater treatment plant. Septic systems and cesspools require less energy, but they 

can be more damaging to the environment because of leakage potential. As 

environmental and public health regulations tighten, wastewater treatment will likely 

become more energy intensive. In addition to shifting more wastewater from fairly 

passive systems like cesspools and septic tanks to large wastewater treatment facilities 

that require substantial amounts of energy for pumping and mixing, environmental and 

public health concerns are often addressed by additional wastewater treatment, which 

requires energy. Maui’s wastewater treatment plants face many of the same challenges 

that other wastewater treatment plants face, including the potential need to address 

emerging contaminants like pharmaceuticals. Maui also faces challenges with wastewater 

disposal due to possible impacts of wastewater on beaches and near-shore ocean regions. 

Ultraviolet disinfection might become mandatory for wastewater injected near beaches 

with swimmers. Ultraviolet disinfection requires an average of about 300 to 400 kWh per 

million gallons of water treated108. 

The Maui County Wastewater Reclamation Division currently handles about 70 

percent of Maui Island’s wastewater at three plants109: Wailuku-Kahului Wastewater 

Reclamation Facility, Lahaina Wastewater Reclamation Facility, and Kihei Wastewater 
                                                
108 (SBW Consulting 2002) 
109 id=76 (County of Maui 2011) 
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Reclamation Facility (WWRF). Each plant handles roughly five million gallons of 

sewage per day. Wailuku-Kahului WWRF produces R-2 quality effluent, which is not 

subjected to ultraviolet disinfection and has more use restrictions than the R-1 quality 

effluent that Lahaina and Kihei WWRFs can produce110. Lahaina and Kihei WWRFs 

supply about 2 million gallons per day of R-1 water each for reuse, but the rest of the 

treated effluent from Maui’s three WWRFs is injected into 15 gravity injection wells111. 

This effluent is buoyant because freshwater is less dense than salt water, and the high 

porosity and permeability of Maui’s volcanic rock allows it to reach oceans fairly 

rapidly112. The possibility that nutrient-rich effluent is affecting coral and human health 

has helped Maui’s wastewater reuse program grow, and concerns about water quality 

have led to calls for strict treatment standards113. Tighter treatment standards could be put 

into place in the future, which would increase the energy intensity of Maui’s wastewater. 

Maui’s larger WWRFs use an estimated 2,900 kWh per million gallons of water 

treated, which is based on PG&E estimates114 for the electricity requirements of a five 

million gallon per day wastewater treatment plant (Table 5). The three County WWRFs 

on Maui Island collectively treat about 15 million gallons per day at this intensity, of 

which a smaller volume is further treated to R-1 standards. Kihei WWRF treats an 

average of 4 million gallons per day of wastewater to R-1 standards, which requires 

ultraviolet disinfection at an estimated 340 kWh per million gallons115. Only about half of 

this R-1 water is reused, while the rest is injected and ultimately flows to the ocean. 

Lahaina WWRF uses ultraviolet treatment on the portion of its effluent that is reclaimed, 

                                                
110 (Wastewater Branch 2002) 
111 (County of Maui 2011) 
112 (Hunt and Rosa 2009) 
113 (Don't Inject - Redirect! 2010) 
114 (SBW Consulting 2002) 
115 (SBW Consulting 2002) 
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or an average of about 2 million gallons of water per day. Assuming that the reused R-1 

consumes 980 kWh per million gallons for distribution (as described above), the total 

electricity consumption of Maui’s County-run WWRFs is estimated at about 18 GWh 

annually. The County division responsible for wastewater and landfill operations used 

about 18 GWh of electricity in 2006116, which suggests that the estimate made here is 

roughly accurate. Landfill operations likely consume only small amounts of electricity for 

office requirements and other miscellaneous uses, and Maui County’s wastewater 

treatment facilities on Molokai and Lanai are small117. 
 

Table 5 Electricity Demand for Wastewater Treatment and Reclaimed Water 
Distribution, Maui Island 

Electricity Use at 5 MGD Plants, (kWh/MG) 
118 

Volume of water treated to 
standard on Maui (mgd) 

Expected electricity 
demand (GWh/year) 

 basic treatment 2852 14.6 15.9 
 low estimate 1073 

 
6.0 

 high estimate 4630 
 

25.8 
 UV treatment 337 5.7 0.70 
 low estimate 117 

 
0.24 

 high estimate 557 
 

1.16 
 reclaimed water pumping* 978 3.7 1.3 
 total estimated, based on averages 17.9 

 
total reported 2006, wastewater and landfills, Maui County 18.4 

Total electricity use for Maui County wastewater and landfills also includes some use on Molokai and Lanai, so 
the prediction made here for wastewater on Maui Island only is expected to be an underestimate of the total 
County electricity use for wastewater and landfills. Landfills are assumed to use little electricity. 
*Based on Kihei WWRF. 
 

The 30 percent of Maui’s wastewater not processed by County WWRFs is 

handled by private wastewater treatment plants, septic systems, or cesspools. Septic 

systems and cesspools in particular can be contentious, as their number, age, and scale 

                                                
116 (Maui County Energy Alliance 2009) 
117 Molokai Ranch (County of Maui 2011) 
118 (SBW Consulting 2002) 
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can contribute to higher beach pollution risks than the larger WWRFs119. Maui County’s 

long-term goal is to phase out cesspools, septic systems within one mile of the coast, and 

private wastewater injection wells, replacing these wastewater handling solutions with 

County sewers120. Small wastewater treatment plants can be more energy intensive than 

larger ones because of economies of scale, but some small package plants can reduce 

overall energy inputs because of lower pumping requirements when plants are close to 

water supply and reclaimed water demands121.  

Makena Wastewater Reclamation Facility is one example of a small wastewater 

treatment plant that seems to have high energy needs. Makena WWRF is a small private 

plant with a strong focus on sustainability: 100 percent of effluent is reused at a nearby 

golf course, and the plant is powered by photovoltaics122. The photovoltaic system is 

being built in two phases and is ultimately expected to produce 300 MWh of electricity 

per year from 200 kW of photovoltaics. These 300 MWh should power the entire plant 

operation and two pump stations, while the first 96 kW phase powers half the plant’s 

energy demand123. Makena WWRF treats 60,000 to 80,000 gallons of water per day, with 

an ultimate capacity of 750,000 gallons per day. Assuming current treatment of 70,000 

gallons per day and total expected energy production of 300 MWh, Makena WWRF 

requires over 11,000 kWh to treat one million gallons of water (the result is similar 

assuming the first phase powers half the plant’s needs, not including the pump stations). 

EPRI suggests a baseline assumption that small wastewater treatment plants require 2,500 

kWh per million gallons of treated water124, which is substantially less than Makena 

                                                
119 (County of Maui 2011) 
120 (Wastewater Community Working Group 2010) 
121 small plants may be better (Eagar 2008) 
122 (Makena Wastewater Corporation n.d.) 
123 (Makena Wastewater Corporation n.d.) 
124 (EPRI 2002) 



 46 

WWRF appears to use. Using local conditions to adjust this baseline assumption to 

reflect EPRI’s assumption that small wastewater treatment plants use 60 percent more 

electricity than larger ones implies that Makena would be using about 5,500 kWh per 

million gallons. 

 

Energy for Industrial Water Pumping 

Maui County used about 70 GWh for miscellaneous small industrial pumping in 

2004, which is expected to double to 140 GWh by 2025125. Little information is available 

for specific industrial pumping loads.  

 

Potential Future Energy Uses for Water Supply 

Whether Maui’s domestic water supply becomes more or less energy intensive in 

the future depends primarily on how surface water is allocated. Despite the need to treat 

surface water more thoroughly than groundwater for potable supply, surface water is less 

energy intensive than groundwater. Reallocating surface water away from agriculture to 

potable supply could reduce the energy intensity of Maui’s water systems, assuming that 

the agricultural water is not replaced by groundwater or other more energy-intensive 

sources. However, this reallocation would reduce the amount of water available for 

agriculture. Using reclaimed water in place of potable water could also reduce the water 

system’s energy intensity. While treating water for reuse is energy intensive, the 

additional treatment required to increase water quality from injection well standard to 

reusable standard is less energy intensive than new potable supply. Alternatively, 

increasing the share of groundwater or adding desalinated water to Maui’s water supply 

                                                
125 (Itron, Inc. 2006) 
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would increase the energy intensity of the water system, as groundwater and desalinated 

water are more energy intensive than Maui’s average water supply. 
 

Desalinated Water 

Water desalination is an energy-intensive way to extend water supplies when 

freshwater is not readily available. Desalination refers to the practice of removing salt 

from a water source that is too salty for a desired use, such as drinking or industrial 

processes. In effect, desalination is a technique for upgrading water quality. Maui and the 

earth in general are rich in water supplies, but most of this water is saline (Figure Energy. 

3). Seawater has a salinity of about 35,000 milligrams of total dissolved solids (TDS) per 

liter, while drinking water has about 100 mg/L TDS. Brackish water refers to water with 

intermediate salinity, so the term “brackish” refers to a wide variety of water qualities. 

Brackish water is usually less expensive to desalinate than seawater because less salt 

needs to be removed from the water126. 

 

                                                
126 (Greenlee, et al. 2009) 
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Figure Energy. 3 Freshwater as a Proportion of the Earth’s Water Resources 

 
Source: Reproduced from Shiklomanov, http://maps.grida.no/go/graphic/total_global_saltwater 
_and_freshwater_estimates. Saltwater is abundant but can be difficult to apply for human uses without 
substantial energy and other treatment investments. 

 

Desalination systems typically accept input of a saline water source (often from 

the ocean, from brackish groundwater wells, or as a byproduct of oil or natural gas 

production) and output two main streams: fresh water and a briny waste stream with 

salinity higher than the source water. This brine is also known as concentrate and is 

highly saline because it contains most the salt that was in the original feedwater volume, 

but dissolved in less water. The brine stream to be disposed can be many times the 
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volume of the freshwater stream or can be a solid salt waste from which all the water was 

evaporated, depending on the desalination process. Desalination can be described by 
 

 
 

(6), 

 

where the concentrate flow might be more or less than the freshwater flow, and 
 

  (7), 
 

subject to the constraint 
 

  (8). 
 

V is volume and TDS is total dissolved solids. Both water volumes and total salt 

are conserved within the desalination system. More about desalination brines as a waste 

stream can be found in Chapter 3. 

Two main techniques are used for desalination: membrane separation and thermal 

desalination127. Membrane separation refers to processes that pass salty water through a 

membrane that selectively allows water to pass through while leaving salts behind128. 

Thermal desalination essentially distills the salty water, allowing the water to evaporate 

(leaving the salts behind) and then recondense without the salts129. Both are energy 

intensive, though thermal desalination typically requires more energy input130. However, 

thermal desalination can utilize lower-quality energy in the form of heat where it is 

available, while membrane separation processes usually rely on electricity for their main 

energy-using process, pumping131. 

                                                
127 (Greenlee, et al. 2009) 
128 (Greenlee, et al. 2009) 
129 (Ettouney, et al. 2002) 
130 (Greenlee, et al. 2009) 
131 (Greenlee, et al. 2009) 
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The most common membrane technology is reverse osmosis, whereby water is 

forced from a region of higher salt concentration to a region of lower salt concentration 

via an applied pressure132. Typically, water will tend to flow in a way that equalizes the 

concentration of dissolved solids. That is, water will flow from a region with less salt to a 

region with more salt until the salt concentrations are the same in both volumes. This 

flow down a salt gradient is known as osmosis and is driven by the osmotic pressure, or 

the pressure that must be overcome in order to prevent water from crossing a 

semipermeable membrane to a region with higher concentration. Osmotic pressure is 

proportional to the difference between salt concentration in the feedwater and the product 

water: 
 
  (9), 
 

where  is the osmotic pressure in kilopascals and TDSfeed and TDSproduct are the 

feedwater and product water total dissolved solids in mg/L, respectively133. Reverse 

osmosis uses energy to exert a pressure greater than the osmotic pressure134, causing the 

direction of favorable flow to reverse. Freshwater will flow through a semipermeable 

membrane to the region of lower salt concentration when this pressure is applied. Since 

the osmotic pressure is higher when the salt concentration in one water volume is higher 

(that is, since the tendency for water to move to equalize concentration is higher when the 

concentration gradient is steeper), reverse osmosis processes require higher applied 

pressures – and thus more energy – for feedwaters with relatively higher salinities than 

the desired product water. 

                                                
132 (Liu 2009) 
133 (Liu 2009) 
134 (Liu 2009) 
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Reverse osmosis processes are expensive, largely because of their energy 

intensity, though membrane replacement and other operation and maintenance costs are 

also substantial. Power costs alone can be about 50 percent of a reverse osmosis plant’s 

operating costs135. However, reverse osmosis is only half to a third the cost of distillation-

style processes. Multistage flash desalination (MSF) is the dominant thermal desalination 

technology136, where a portion of the feedwater is evaporated (flashed) to steam in 

successive stages and then allowed to recondense without the salts. Thermal processes 

can require 10 times the electricity needed by reverse osmosis plants137. Where an 

abundant heat source is available, or where membrane processes are not viable, MSF or 

other thermal processes can be preferable. Thermal desalination can produce higher 

quality product water than membrane processes, which is important for some industrial 

uses (reverse osmosis can usually produce drinking water but might not be able to 

produce extremely high quality water)138. Also, thermal processes can both accommodate 

higher water salinities and achieve higher fresh water recovery than membrane 

processes139. The potential Maui application is for drinking water (or lower quality water) 

production, and given Maui’s high electricity costs140, thermal desalination processes will 

not be further considered for Maui in this analysis.  

Reverse osmosis can be used with brackish or seawater feedwaters, and so 

determining the energy intensity of desalinated water requires estimating energy needs 

for both desalinating water (a function of salt content) and pumping source water to a 

plant (a function of distance, particularly vertical distance). On Maui, reverse osmosis 

                                                
135 (Greenlee, et al. 2009) 
136 (Ettouney, et al. 2002) 
137 (Greenlee, et al. 2009) 
138 (Ettouney, et al. 2002) 
139 (Greenlee, et al. 2009) 
140 (Energy Information Administration 2010) 
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desalination of brackish water appears to be less energy intensive than desalination of 

seawater in most practical cases.  

 

6,%#7&38)9,2:.(4%+",);",3:3)<"%4%+",)="3%$&.%+&2.)

The major cost difference between brackish and seawater desalination is due to 

the difference in electricity requirements141. Seawater usually has higher salinity than 

brackish groundwater sources, often substantially so: one of the desalination plants 

proposed for Maui Island would use brackish water with salinity of less than one percent 

that of seawater142. However, seawater does not usually need to be pumped substantial 

elevations to desalination plants, while groundwater wells can be hundreds of feet deep. 

The associated pumping represents an additional electricity demand at the desalination 

plant that can be added to the desalination electricity requirements to estimate the total 

electricity demand of a desalination plant before product water distribution. Rough 

calculations performed here suggest that brackish groundwater with salinities likely to be 

found on Maui is always less energy intensive than seawater desalination at expected 

well depths of less than 1,500 feet143. 

The energy consumption of reverse osmosis desalination can be estimated as a 

linear function of total dissolved solids:  
 
 

 
(10), 

 

where x is feedwater TDS in mg/L (estimated from Figure 2, Mohsen and 

Jaber144). This relationship is inexact: in particular, it suggests that there should be an 
                                                
141 (Greenlee, et al. 2009) 
142 (Matasci and Mickley 2008) 
143 (Freedman, Maui County Water Use and Development Plan, Central District Final Candidate Strategies 
Report 2009) 
144 (Mohsen and Jaber 2001) 
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energy consumption associated with desalinating pure water, which could make physical 

sense if the relationship incorporates pumping energy needs but does not reflect a 

realistic situation. 

Since desalination plants using brackish groundwater also need to pump their 

feedwater from aquifers, the energy required to pump groundwater is also estimated. 

Assuming that 
 
 

 
(11), 

 

where TDH is the total dynamic head and  is the overall pumping efficiency145, 

and that one acre-foot is 325,851 gallons, then assuming an ideal pump (  = 100%) and 

frictionless conditions (so that TDH is equivalent to the total lift, or vertical distance the 

water must be pumped) suggests that the electricity needed to pump groundwater is at 

minimum 
 
  (12), 
 

where h is the vertical lift. Accounting for inefficiencies increases the total 

electricity required to pump groundwater. For industrial-scale groundwater wells 

assumed to be in use here, actual TDH is not significantly different from h146, but pump 

efficiencies are likely much less than 100 percent. A typical pump might operate at 50 to 

70 percent efficiency147. Desalination plants on Maui are expected to be run as little as 

possible because of their high cost, so pumps might not be able to run at optimal 

efficiencies. Choosing pump efficiency to be 50 percent, the electricity requirements of 

pumping groundwater can be estimated as 
                                                
145 (Wateright n.d.) 
146 (Pump World 2009) 
147 (Scherer 1993) 
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  (13). 
 

Combining (10) with (13) suggests that the electricity needed for desalination is a 

function of salt content and pumping lift as follows: 
 

 
 

(14), 

 
or 
 

  (15), 
 

where c is the cost of water supply and p is the price of electricity. For large 

customers in 2009, p was $0.22/kWh (this is highly dependent on oil prices: rates were 

much higher in 2008)148. 

Using the relationship in (14), the point at which it becomes more energy 

intensive to pump and desalinate brackish groundwater than to desalinate seawater (with 

no well pumping) can be estimated for any given groundwater salinity or well depth. 

Here, the energy associated with water distribution is neglected: in situations where 

brackish groundwater is pumped to a high elevation for distribution at a high elevation, 

the energy required to pumping desalinated seawater from sea level to the end users 

might alter the relationships assumed here. Assuming the relationship in (14), seawater 

desalination is less energy intensive than brackish water desalination for any water 

salinity below 35,000 mg/L if brackish groundwater must be pumped more than about 

3,500 vertical feet (Figure Energy. 4). If brackish water salinity is less than 10,000 mg/L 

TDS, groundwater can be pumped almost 2,500 feet before seawater desalination 

becomes competitive from a plant energy consumption perspective (Figure Water.4). 

Groundwater supplied by the Department of Water Supply is pumped an average of about 
                                                
148 (Maui Electric Company 2011) 
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690 feet149, so brackish water desalination seems to be more cost effective than seawater 

desalination for Maui. 

 

Figure Energy. 4 Cost of Energy for Desalinating Brackish Groundwater as a Function of 
Pumping Height and Salinity 
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The thick black line denotes the estimated energy-related cost per thousand gallons of desalinating seawater 
with no pumping requirements outside the plant. The diagonal lines each represent a brackish water salinity, and 
the horizontal axis is pumping height needed. This figure considers only the costs associated with desalination 
energy, not for capital investment and nonenergy costs at a desalination plant, and assumes an electricity price 
of $0.34 per kWh. The graph is identical in shape for other electricity prices. 

 

Potential Energy Savings from Using Low Quality Irrigation Water for Sugarcane 

Sugarcane can tolerate lower quality water than the surface water currently used 

for irrigation, and domestic water users could save embodied energy by using a larger 

share of surface water for potable supply. A case study assessing whether using lower 

quality water for sugarcane irrigation on Maui could be cost effective or could save 

energy concluded that not only are there no economic benefits of replacing surface water 

                                                
149 (Commission on Water Resource Management 2011) 
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with alternative sources for a sugarcane plantation, but substituting alternative sources for 

irrigation water would also likely be more energy intensive than the status quo. Also, it is 

unclear that sufficient alternative resources exist to replace a large fraction of the surface 

water used for sugarcane irrigation. The case study can be found in Appendix Energy.2. 
 

WATER FOR ENERGY 

Maui’s Current Energy System 

Maui Island is like the rest of Hawaii in that it energy system is predominantly 

oil-powered. Oil accounts for about 90 percent of the State’s primary energy use150. Both 

the electricity sector and the transportation sector rely on oil, which is unusual in the 

United States: elsewhere, the transportation sector is typically almost wholly oil-based, 

while very little oil is used for electricity. Hawaii’s lack of native fossil fuel resources has 

contributed to reliance on imported oil, which has a high energy density and is more 

easily transported than coal or natural gas. 

Hawaii recognizes the disadvantages of its single-fuel reliance, including price 

risk and vulnerability to supply disruptions. Accordingly, Hawaii has ambitious goals to 

reduce its use of oil, particularly for electricity. With stated objectives to reduce 

greenhouse gases, increase self-sufficiency, and increase energy security151, Hawaii has a 

state Renewable Portfolio Standard targeting 40 percent renewable electricity by 2030152. 

Additionally, a Memorandum of Understanding between Hawaii and the United States 

Department of Energy sets a nonbinding goal of over 70 percent clean energy in the state 

by 2030153. Hawaii’s energy goals include an alternative fuels standard requiring that 

                                                
150 (Department of Business, Economic Development and Tourism 2011) 
151 (Rocky Mountain Institute 2008) 
152 (Database of State Incentives for Renewables and Efficiency 2010) 
153 (Database of State Incentives for Renewables and Efficiency 2010) 
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ethanol be blended with gasoline, with a target of 20 percent of highway fuel 

consumption replaced by alternative fuels – with a focus on ethanol – by 2020154. Maui 

County has more aggressive goals than the state overall, potentially pursuing 95 percent 

clean energy and carbon neutrality by 2020155. In some cases, such as with wind and solar 

photovoltaic electricity, renewable energy is less water intensive than the current energy 

system on Maui. However, particularly given the extremely low local water intensity of 

imported fuels, some renewables will likely be accompanied by new water demands on 

Maui. 

 

Electricity 

Diesel is Maui Island’s main fuel for electricity generation, powering 88 percent 

of Maui’s electricity in 2010156. MECO runs two main power plants on the island, both in 

the central region. Maalaea Generating Station is the larger of the two plants, located in 

South Central Maui on Maalaea Harbor (Figure Energy. 5). Maalaea has a total 

generating capacity of about 175 megawatts, with 57 megawatts of air-cooled diesel 

engine capacity and 118 megawatts of capacity in two combined-cycle trains consisting 

of two air-cooled combustion cycles and one water-cooled steam cycle each157. The water 

used for boilers and cooling is brackish groundwater, treated for proper chemistry where 

necessary158. Cooling for the steam cycles is done in a closed loop159. Kahului Generating 

Station is smaller and much older than Maalaea, with a total capacity of 34 megawatts of 

                                                
154 (Rocky Mountain Institute 2008) 
155 (Maui County Energy Alliance 2009) 
156 energy trends (Department of Business, Economic Development and Tourism 2011) 
157 (Hawaii Natural Energy Institute 2008) 
158 (Ribao 2010) 
159 (Ribao 2010) 
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diesel-powered steam cycles160,161 (Figure Energy. 6). Kahului Generating Station uses an 

open-cycle brackish groundwater cooling system for its condenser cooling, with 

miscellaneous equipment cooling done on a closed loop162. MECO also operates two one 

megawatt diesel engine units in Hana for backup163. These are air-cooled.  

 

Figure Energy. 5 Maalaea Generating Station, Maui 

 
Source: Emily Grubert 2010. Maalaea Generating Station is slightly inland from Maalaea Bay on South Maui, near 
Kealia Pond. Kaheawa wind farm is on the mountain ridge in the background (photo: facing northwest). 

 

                                                
160 (Hawaii Natural Energy Institute 2008) 
161 37.6 MW reserve capacity, but some cycles have been derated due to rust (Reynolds 2010) 
162 (Ribao 2010) 
163 (Maui Electric Company 2005) 
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Figure Energy. 6 Kahului Generating Station, Maui 

 
Source: Emily Grubert 2010. Kahului Generating Station is much older and smaller than Maalaea and is located 
near Kahului Harbor and the petroleum product offloading sites (North Maui) (photo: facing southeast). 

 

Maui relies heavily on fossil fuels for electricity, specifically diesel, and the water 

demands for thermoelectric cooling are small for the diesel-fired power plants. This 

research focuses primarily on freshwater uses on Maui Island, and because Maalaea and 

Kahului Generating Stations are cooled by brackish groundwater, they have essentially 

no effect on Maui’s freshwater system. However, their water use is estimated here for 

reference (Table 6). Withdrawal and consumption figures are estimated as the 

Department of Energy averages164 for fossil-fired plants with closed loop cooling for 

Maalaea and for fossil-fired plants with open loop cooling for Kahului. 

 

                                                
164 (Department of Energy 2006) 
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Table 6 Brackish Water Use for Cooling at Maui’s Oil-Fired Power Plants 

plant fuel unit 
type 

service 
year 

capacity 
(MW) 

est water 
withd. 

(gal/MWh) 

est water 
cons. 

(gal/MWh)  

cap. 
factor 

mgal 
water/yr 

withdrawn 

 mgal 
water/yr 

consumed  
Maalaea diesel         

15  steam 1993 18 450 390 0.4 28.4 24.6 
18  steam 2006 18 450 390 0.4 28.4 24.6 

Kahului fuel oil 
No. 6*         

1  steam 1948 5 35,000 300 0.01 15.3 0.1 
2  steam 1949 5 35,000 300 0.01 15.3 0.1 
3  steam 1954 11.5 35,000 300 0.4 1,410. 12.1 
4  steam 1966 12.5 35,000 300 0.4 1,533. 13.1 

Withdrawals and consumption are averages of figures presented in doe 2006. Capacity factors are estimates 
based on total steam generation in 2010. All water withdrawn and consumed by Maalaea and Kahului for 
thermoelectric cooling is not fresh (Ribao 2010). Maui’s fossil-fired power plants use very little freshwater. Est = 
estimated. Withd = withdrawal. Cons = consumption. Mgal = million gallons. 
 

Maui also uses several sources of renewable electricity, and the variability in 

water demand at these plants indicates that renewable energy goals and water 

conservation goals are not always harmonized. Maui’s 30 megawatt wind farm at 

Kaheawa165 (Figure Energy .7) and roughly 3 megawatts of solar photovoltaic capacity 

(based on a Hawaii per capita average)166 use negligible amounts of water to generate 

electricity. Small hydroelectric plants at Kaheka (Figure Energy. 8) and Paia are powered 

by flowing ditch water, and these run-of-ditch systems are likewise not associated with 

water demands for electricity generation167. 

 

                                                
165 (First Wind 2011) 
166 (Sherwood 2010) 
167 While hydroelectric plants often have large evaporative losses from reservoirs, run-of-channel systems 
do not alter the amount of water surface area versus the baseline, so there is no significant additional 
evaporative loss component. 
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Figure Energy. 7 Kaheawa Wind Farm, Maui 

 
Source: Emily Grubert 2010. Kaheawa Wind Farm is currently 30 megawatts, with a second phase in planning. 
The wind farm is near the peak of the Lahaina Pali trail, an ancient route linking West and Central Maui. 

 

Figure Energy. 8 Kaheka Hydropower Plant, Maui 

 
Source: Emily Grubert 2010. Kaheka hydropower plant produces electricity from flowing water in the East Maui 
Irrigation ditch system. Kaheka means small pools of water in Hawaiian. 
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Maui’s largest source of renewable power comes from a 44 megawatt steam 

plant168 fueled mainly by bagasse, or the fibrous residue of sugarcane processing. This 

steam plant at Puunene (called Central Power Plant) is run by HC&S and also burns used 

petroleum products and some supplementary coal. While the Puunene plant is classified 

as a renewable energy power plant and does indeed burn biomass-based wastes that 

would need to be otherwise disposed absent the power plant, it is associated with the 

highest water use per kilowatt hour on Maui Island. Renewable electricity can either 

reduce water use for electricity generation, as with zero-water renewables like wind and 

solar, or it can increase water use for electricity generation, as with bagasse burning. 

Maui’s very low baseline water use for nonrenewable electricity generation means that 

some new electricity sources that would reduce water consumption relative to baseline in 

some areas will actually increase water consumption, particularly freshwater 

consumption, on Maui. 

Puunene Mill is Maui’s last operational sugar mill, where HC&S sugar is 

processed (Figure Energy. 9). The steam-powered mill is associated with Central Power 

Plant which, as mentioned above, burns bagasse, waste petroleum products, and coal for 

electricity. While the mill runs for about eight months per year, the power plant runs 

year-round169. This difference in operating periods is useful for calculating the water use 

per kilowatt hour at the power plant, as there are some months during which power plant 

water use is not confounded by mill-power plant interrelationships. For example, water 

sharing between the mill and the power plant, including extra water use associated with 

steam production for the mill, would influence the total amount of water being used at the 

mill and could lead to poor estimates for the amount of water actually associated with 

                                                
168 (Black & Veatch 2010) 
169 exhibit 3 (Commission on Water Resource Management 2010) 
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electricity generation. Filed reports indicate that the power plant uses approximately two 

million gallons of water per day during months when the mill is nonoperational170. 

 

Figure Energy. 9 Puunene Mill and Central Power Plant, Maui 

 
Source: Emily Grubert 2010. Puunene Mill and Central Power Plant process HC&S’ sugar and use bagasse, coal, 
and used petroleum products to produce electricity. (Bagasse is the primary fuel). The mill and power plant are 
cooled with fresh ditch water, and Central Power Plant is the only power plant on Maui that uses significant 
amounts of freshwater for cooling (2 million gallons/day). 

 

The two million gallon per day figure for the bagasse-fired power plant’s water 

use is not resolved into withdrawal and consumption figures. In an attempt to assign 

water use to bagasse-fired electricity, this study uses two estimation techniques. First, the 

water consumption is back calculated based on information about the return flow water. 

Central Power Plant’s return flow is used to irrigate sugarcane that is later burned in the 

power plant. The second technique uses assumed power plant efficiency to estimate the 

amount of heat that is discharged into available heat sinks like cooling water. An estimate 

                                                
170 exhibit 3 (Commission on Water Resource Management 2010) 
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for water consumption is derived from information about the heat needed to evaporate 

water.  

Technically, all of the water used at Central Power Plant can be considered 

consumptive use for electricity production, as the water that is not consumed during 

power plant cooling is used to irrigate sugarcane grown for combustion171. That is, the 

cane irrigated with power plant and mill wastewater is an energy crop grown as a 

wastewater disposal mechanism, and the cane quality is too low for sugar extraction172. 

This sugarcane is irrigated with sprinklers rather than the drip irrigation systems used 

elsewhere at HC&S plantation because the high organic content of the mill wastewater 

clogs drip irrigation lines173, and this sprinkler irrigation results in distinctive circle 

patterns in the fields. Estimating the acreage of the wastewater-irrigated cane from visual 

inspection of satellite images suggests that about 360 acres of sugarcane are irrigated 

with HC&S’ wastewater (Figure Energy. 10).  

 

                                                
171 exhibit 3 (Commission on Water Resource Management 2010) 
172 (Hawaiian Commercial & Sugar Company 2011) 
173 (Hawaiian Commercial & Sugar Company 2011) 
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Figure Energy. 10 Sugarcane Fields Likely Irrigated with Wastewater from Puunene Mill 
and Central Power Plant 

 
Source: Google Earth. Three circular fields of sugarcane near Puunene Mill and Central Power Plant are likely the 
fields irrigated with the mill and power plant’s wastewater through sprinkler systems. Sprinklers are used 
because the high organic content of mill wastewater clogs drip irrigation systems. The total area of the three 
fields outlined in red is about 360 acres. 

 

Sprinkler irrigation is relatively inefficient compared with drip irrigation, so 

assuming that sprinkler-irrigated cane requires 11,000 gallons of water per acre per day174 

suggests an annual need of about 12.5 acre-feet of water per acre. Over 360 acres, this 

represents an annual average daily need of about 4,000,000 gallons of water per day. 

When both the power plant and the mill are running, approximately 8,000,000 gallons of 

water are used for cooling, steam generation, and other processes; when only the power 

plant is running, the water use drops to about 2,000,000 gallons of water per day175. On 

an annual average basis, this is about 6,000,000 gallons of water per day, assuming that 

                                                
174 (Scheuer and Sproat 2010) 
175 exhibit 3 (Commission on Water Resource Management 2010) 
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the mill operates eight months per year176. This suggests an annual average daily water 

consumption of 2,000,000 gallons of water per day at Central Power Plant and Puunene 

Mill, but this consumption cannot easily be attributed to the mill or the power plant 

specifically using this rough calculation and is thus not used to estimate cooling water 

consumption per kilowatt hour of electricity generated.  

An alternative way to estimate the water consumption per kilowatt hour at the 

Central Power Plant is to consider plant efficiency and the heat capacity of water. The 

plant efficiency indicates the amount of energy that must be dissipated as heat, whether 

into the cooling water or into the atmosphere through smokestacks. Matching this amount 

of energy to the amount of energy required to evaporate water gives an estimate for the 

total water consumption per unit of electricity generated. This assessment assumes closed 

loop cooling and uses Department of Energy estimates177 for evaporative consumption 

from various types of thermoelectric power plants to estimate the amount of heat that is 

dissipated in air through the smokestack. For example, if no heat is assumed to be lost to 

the air, the calculated water consumption per kilowatt hour should be approximately that 

of a nuclear plant, which has no heat discharge to the atmosphere. 

Department of Energy estimates for evaporative water consumption in power 

plants were used to estimate the amount of heat lost to the atmosphere in steam cycle 

power plants using closed loop cooling. For a fossil-fueled power plant operating at 33 

percent efficiency, assuming that the atmosphere serves as a heat sink for 40 percent of 

the excess heat produces a water consumption estimate equal to the high end DOE 

estimate. Assuming no heat loss to the atmosphere produces an estimate about 8 percent 

                                                
176 exhibit 3 (Commission on Water Resource Management 2010) 
177 (Department of Energy 2006) 
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higher than the DOE estimate for nuclear plant water consumption in a closed loop 

system, which is an acceptable level of accuracy. 

Central Power Plant burned about 550,000 to 600,000 wet tons of bagasse in 

2006178. One wet ton of bagasse, about 50 percent moisture by weight, has the energy 

content of about one barrel of oil, or 5.8 million btu179. Given total generation of about 

180 GWh of steam-based electricity at Central Power Plant180 and assuming that one 

kilowatt hour is 3,412 btu, these values suggest that Central Power Plant operates at about 

19 percent efficiency. Approximately 14.2 kbtu are thus dissipated as heat for every 

kilowatt hour generated. 

Water has a latent heat of vaporization of about 970 btu per pound, which means 

that converting one pound of water at 212°F to one pound of steam at 212°F requires an 

input of 970 btu. Additionally, 1 btu is required to raise the temperature of one pound of 

water by 1°F. Cooling water is assumed to be 60°F initially. All water is assumed to be 

heated to 212°F before any is evaporated, which is unrealistic but does not affect the 

calculation dramatically. Thus, multiplying the excess heat energy per kilowatt hour by 

the number of kilowatt hours generated, then subtracting the amount of energy used to 

heat all the cooling water and the amount of energy lost as heat to the air through 

smokestacks gives the amount of energy available for water evaporation. Dividing this 

value by 970 btu per pound of water, then dividing by 8.34 pounds per gallon of water, 

yields total evaporation losses, and dividing by the total kilowatt hours generated,  

 
 

                                                
178 (Jakeway 2007) 
179 (Jakeway 2007) 
180 (Jakeway 2007) 
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(16), 

 

gives the estimated water consumption per kilowatt hour, as desired. Central 

Power Plant uses 2,000,000 gallons of water per day to cool a power plant181 that 

generated about 500 MWh of electricity per day in 2006182. Assuming closed loop 

cooling, 40 percent heat loss to the atmosphere, and (16) suggests that about 1.0 gallon of 

water is consumed per kilowatt hour generated at Central Power Plant. DOE estimates 

suggest that withdrawals are about one to two times consumption in closed loop cooling 

systems. Assuming reported water use is equivalent to withdrawals, this estimate 

suggests that withdrawals are about four times consumption at Central Power Plant. 

Alternatively, all of the water used in Central Power Plant (2,000,000 gallons per 

day183) can be considered consumptive water use for electricity generation as irrigation 

and cooling water. If irrigation needs for dedicated energy biomass are included in per 

kilowatt hour consumption, electricity generated at the HC&S renewable energy power 

plant consumes about 4.0 gallons of water per kilowatt hour. This value is significantly 

higher than the value expected for a fossil- or biomass-based steam cycle power plant184. 

(If only the water that is evaporated during power plant cooling is attributed to the 

Puunene electricity as consumption, or about 1.0 gallons per kilowatt hour, the value still 

far exceeds typical DOE-reported values for a closed-loop fossil- or biomass-fired plant 

(Table 7).)  

 

                                                
181 exhibit 3 (Commission on Water Resource Management 2010) 
182 (Jakeway 2007) 
183 exhibit 3 (Commission on Water Resource Management) 
184 (Department of Energy 2006) 
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Table 7 On-Island Freshwater Consumptive Demand per kWh by Electricity Generation 
Fuel 

Fuel Type Water Consumption 
(gal water/kWh) 

fossil fuels or solid biomass  
open loop 0.3 

closed loop 0.48 
Central Power Plant  

closed loop 1.0 
naphtha or ethanol  

open cycle 0 

combined cycle  
open loop 0.1 

closed loop 0.18 
wind 0 
solar PV 0 
solar thermal  

closed loop 0.84 

dry 0 
geothermal 1.4 
hydro 0 
ocean 0 

 
Values estimated from DOE 2006, except for Central Power Plant. Central Power Plant value is estimated as 
described in text. 
 

Water consumption per kilowatt hour is significantly higher at Central Power 

Plant than at any of Maui’s other generating stations, particularly if the return flow that is 

used to irrigate biomass that will later be used for electricity is considered as part of the 

water consumption. Additionally, the water consumed at Central Power Plant is fresh 

ditch water 185 , while the water consumed at Maalaea and Kahului is brackish 

groundwater186. Thus, even though Central Power Plant is a renewable energy facility 
                                                
185 exhibit 3 (Commission on Water Resource Management 2010) 
186 (Ribao 2010) 
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that disposes of a high volume waste product, its impact on freshwater systems is higher 

than the impact of other power plants, renewable and fossil. Not all energy choices that 

reduce carbon emissions and waste generation simultaneously increase water supply and 

protect water resources. Renewable energy technologies have a wide range of potential 

impacts on water systems, depending on the fuel. 
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Maui currently has excess generating capacity relative to demand187, but efforts to 

reduce oil and carbon dependence are encouraging Maui Electric Company (MECO) to 

seek new sources of electricity. In part, the impetus for new renewable electricity 

capacity could also be the risk associated with Central Power Plant as a major provider of 

renewable energy. MECO has legal requirements to provide certain amounts of 

renewable energy, and its current sources of firm renewable capacity are primarily those 

associated with HC&S’ continued operation: were HC&S to cease sugar production, 

Central Power Plant would likely cease operation or need to be converted to a fuel other 

than bagasse, and hydroelectric output would be lower if ditch utilization declined. 

MECO has committed to no additional fossil fueled capacity, though it is allowed to 

replace fossil capacity on a one-to-one basis188. Additional wind capacity is under 

construction or being actively considered on Maui at Auwahi (Ulupalakua Ranch)189 and 

at Kaheawa in a second phase 190, and solar photovoltaic incentives remain high. 

However, wind and solar are intermittent sources of electricity and can be less attractive 

to grid operators than dispatchable generation. Battery backup at Maui’s wind farms is 

                                                
187 (Reynolds 2010) 
188 (Reynolds 2010) 
189 (Auwahi Wind Energy, LLC and Tetra Tech EC, Inc 2010) 
190 (First Wind 2011) 
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mainly used to smooth output, and at their current scale, the battery systems can firm 

output but do not make the wind truly dispatchable. Proposed forest residue-burning 

power plants (5.5 megawatts, Pulehu Power Plant191) and biogas or waste-to-energy 

power plants192 could provide firm renewable power. MECO’s call for 50 megawatts of 

firm renewable power is likely to be met with multiple projects. 

The water demand of firm renewable power depends strongly on the fuel and 

power generating technologies chosen. Biogas plants would likely have little water 

demand, as the turbines and engines used are often air-cooled193. A mass-burn waste-to-

energy facility would have water demands similar to those of a steam cycle fossil fueled 

plant (Table 7), and the impacts of this water demand would depend on the water source. 

In particular, a power plant cooled with seawater or brackish groundwater uses less 

freshwater than a power plant cooled with irrigation or other fresh water. A forest 

residue-burning plant like the one proposed at Pulehu194 would likely have cooling water 

requirements similar to those of fossil-fired plants as well. Geothermal projects can have 

high water consumption (Table 7), but geothermal development on Maui and the other 

Hawaiian islands is complicated by cultural and religious practices195. Concentrating 

solar plants can also have high water consumption (Table 7), though as with most types 

of power plant, air-cooled systems are possible with some efficiency penalty. Estimates 

of Maui’s renewable energy potential by fuel are presented in Table 8. Notably, the 

estimates in Table 8 assume that no biomass is available for electricity generation despite 

Maui’s potential to use biomass wastes like forest residues or agricultural waste, which 

might be considered refuse in Table 8.  
                                                
191 (Maui County Energy Alliance 2009) 
192 (Gershman, Brickner & Bratton, Inc. 2009) 
193 (Tchobanoglous, Theisen and Vigil 1993) 
194 (Maui County Energy Alliance 2009) 
195 (Loomis 2009) 
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Table 8 Renewable Fuel Potential on Maui 

fuel potential capacity (MW) 
wind 91.6* 
solar thermal 40 
wave 30 
geothermal 25 
refuse 15 
hydroelectric 7.8 
biomass 0 
total 209.4 

*Includes 11.6 MW of capacity firmed to a 60% capacity factor by batteries or hydroelectric power. No additional 
biomass-based electricity is assumed to be available in this analysis, though other investigators have indicated 
interest in forest residue plants and other biomass projects (source: Rocky Mountain Institute 2008). 
 

Electricity from power plants burning biomass irrigated specifically as energy 

crops has a water footprint from both fuel production (irrigation) water and cooling 

water. Since the crop would not have been grown without the power plant, irrigation 

water is additional and associated with the electricity generated. In some situations, 

biomass waste products like bagasse are burned in power plants, so the irrigation water 

associated with the bagasse byproduct is not additional. In other cases, as with sugarcane 

grown only for combustion, the irrigation water is additional. Ethanol processing 

facilities coproduce ethanol (a liquid fuel) and electricity, so the water required for 

irrigation could be assigned wholly to one product or split among them for water 

footprint calculations. Though the main function of an ethanol plant is to produce 

ethanol, the coproduced electricity might actually be the more profitable venture for the 

plant (Economics of Sugarcane Ethanol on Maui, page 98). 

Water for electricity usually takes one of two forms: water associated with fuel 

extraction and production and water associated with cooling at the power plant. For 

example, oil is often associated with large amounts of water that are coproduced with the 

oil and must be disposed, and water is used for drilling oil and natural gas wells. Maui’s 
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oil- and agricultural waste-based electricity system has not historically borne the water 

impacts associated with fuel production, but increasing use of local biomass could change 

this if the island comes to rely on irrigated biomass for electricity production. Steam 

plants based on solid fuel combustion, like Central Power Plant or the proposed Pulehu 

forest residue plant, are one possibility for electricity generation from biomass. In the 

cases of Central Power Plant and Pulehu, the fuel is mainly waste biomass, not dedicated 

solid biofuels, but the technology for burning waste biomass is basically the same as for 

similar biomass from irrigated bioenergy crops. Another alternative is the use of ethanol-

based combined cycle power plants196. 
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Energy and water are interconnected systems, to the extent that simple stock-and-

flow models cannot characterize all the relationships between energy and water. This 

inability is primarily because of circular relationships, where energy is used, the Maui 

Department of Water Supply must treat surface water more thoroughly than groundwater, 

so issues like chemical costs or capital investment might motivate the use of energy-

intensive groundwater instead of surface water. 

 

Transportation 

Maui’s current transportation system relies primarily on petroleum products 

refined into gasoline, diesel, jet fuel, and marine fuels on Oahu197. Since the oil is 

produced and refined outside of Maui, the water footprint of Maui’s transportation fuels 

is all as embodied water, so virtually no water needs are incurred locally. Gasoline is 

                                                
196 (GE Energy 2010) 
197 (Gieskes and Hackett 2003) 
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blended with ethanol by state law, but the ethanol and its water impacts are currently 

imported198. Some biodiesel is also used, but the water impacts on Maui are negligible 

even though the biodiesel is locally produced. This is because biodiesel is produced from 

waste fats, oils, and greases in a dry process near Central Maui Landfill199. Table 9 shows 

the distribution of ground vehicles on Maui Island by fuel as of February 2011.  

 

Table 9 Taxable Registered Ground Vehicles on Maui Island in February 2011  

Vehicle Fuel Number of Vehicles 
on Maui 

Vehicle Type as Percent 
of Total in Class 

Passenger Vehicles 142,404 100% 
Gasoline 139,634 98% 

Diesel 1,521 1% 
Hybrid 1,145 1% 

Electric 68 <0.1% 
          Misc Fuel 36 <0.1% 

Freight Vehicles 8,539 100% 
Gasoline 5,253 62% 

Diesel 3,280 38% 
Hybrid 1 <0.1% 

Misc Fuel 5 <0.1% 
Source: Maui Energy Data, Department of Business, Economic Development and Tourism 2011. Gasoline-
powered vehicles dominate both passenger and freight ground transportation. Diesel freight vehicles are more 
significant players than diesel personal vehicles. Misc = miscellaneous.  
 

Passenger vehicles are overwhelmingly gasoline-fueled, with 98 percent of 

passenger vehicles (not including hybrids) powered by gasoline. Freight vehicles are also 

mostly gasoline-powered, but less dominantly: about 62 percent of freight vehicles are 

gasoline-powered, and 38 percent are diesel-powered200. Maui’s use of electricity for 

transportation remains small, with only 68 electric passenger vehicles registered on the 

island in February 2011201. However, these 68 represent a 160 percent increase in two 

                                                
198 (Rocky Mountain Institute 2006) 
199 (Pacific Biodiesel 2011) 
200 monthly energy data (Department of Business, Economic Development and Tourism 2011) 
201 monthly energy data (Department of Business, Economic Development and Tourism 2011) 
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months, as only 26 electric passenger vehicles were registered in December 2010202. 

Maui County uses approximately 60 million gallons of gasoline annually, assuming that 

Maui County accounts for 14 percent of statewide petroleum consumption203. In turn, 

Maui Island uses 45 to 50 million gallons of gasoline annually, assuming that Maui 

Island accounts for 75 to 80 percent of Maui County’s demand204. Maui County also 

consumes about 22 million gallons of diesel annually, with about 17 million gallons of 

diesel used on Maui Island205. State mandates require that 85 percent of gasoline is 

E10206, suggesting an annual use of about 4 million gallons of ethanol on Maui Island. 

Also, Maui’s Pacific Biodiesel produces 0.5 to 0.75 million gallons of biodiesel 

annually207.  

State and County goals to reduce oil dependence motivate consideration of non-

petroleum fuels in the transportation sector, which accounts for about 40 percent of 

Hawaiian primary energy use as air, land, and sea travel208. This discussion focuses on 

ground transportation. Maui has a history of experimenting with alternative fuels. For 

example, MECO used some electric vehicles in the late 1980s, but range concerns made 

them unpopular209. HC&S ran company vehicles on ethanol during World War I in a time 

of oil shortage210. Despite these isolated examples of early alternative fuel use, Maui’s 

transportation sector has remained heavily dependent on oil.  

Ethanol and biodiesel have been the focus of Hawaii’s recent efforts to increase 

the use of nonpetroleum fuels in the transportation sector. These fuels are easily 
                                                
202 monthly energy data (Department of Business, Economic Development and Tourism 2011) 
203 (Hawaii Natural Energy Institute 2009) 
204 based on (Poteet 2006), Molokai and Lanai account for less than 25% of Maui County demand 
205 (Poteet 2006) 
206 (Rocky Mountain Institute 2008) 
207 (Pacific Biodiesel 2011) 
208 (Department of Business, Economic Development and Tourism 2011) 
209 (Reynolds 2010) 
210 (Youngblood 2010) 
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integrated into existing infrastructure and capital, as gasoline-powered engines can 

tolerate low blends of ethanol and gasoline and diesel-powered engines in a warm climate 

like Maui’s can tolerate pure biodiesel. Disadvantages of both ethanol and biodiesel 

include their lower energy density relative to the fuels they replace. Ethanol is about 30 

percent less energy dense than gasoline211, and biodiesel is about 5 to 15 percent less 

energy dense than diesel212. Using locally grown and processed crop-based ethanol and 

biodiesel is likely to increase the local water intensity of Maui’s transportation sector 

significantly because of irrigation requirements. Ethanol processing requires about 10 

gallons of water per gallon of gasoline equivalent, while biodiesel processing can be done 

without water inputs (Table 10). Since Maui already produces biodiesel from its waste 

fats, oils, and greases213, any additional biodiesel production is likely to be from crop 

sources that incur irrigation requirements. Some ethanol can be produced from sugar 

processing byproducts like molasses214, but significant buildout of ethanol production 

capacity will likely rely on some purpose-grown irrigated biomass. 
 

                                                
211 (Oak Ridge National Laboratory n.d.) 
212 (Pacific Biodiesel 2011) 
213 (Pacific Biodiesel 2011) 
214 See eg (Black & Veatch 2010), (Shleser 1994) for molasses-to-ethanol conversion rates 
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Table 10 Water Requirements for Transportation Fuels on Maui 

Fuel Local Water Demand 
(gal water/gal gge fuel) 

gasoline 0 
imported ethanol 0 
diesel 0 
biodiesel 0 
electricity 0 
local sugarcane ethanol (new plant) 11.2 
cellulosic ethanol (based on corn stover) 11.1 
hydrogen, electrolysis 2.4 

Imported fuels and fuels that do not require additional water inputs to be useful for transportation have no local 
water demand. However, fuels that would be processed in water-requiring facilities on Maui, like ethanol, would 
add local water intensity to Maui’s energy system. Sugarcane ethanol process water needs are based on Moreira 
n.d., and cellulosic ethanol process water needs are based on a value for corn stover cellulosic ethanol in King 
and Webber 2008. 
 

Electric cars seem well suited to a small island like Maui, given that range 

limitations are less onerous when typical travel distances are small. However, closer 

inspection reveals that despite short point-to-point distances, many of Maui’s roads 

require significantly higher driving distances. In some cases, roads are long because 

driving over mountains is impractical or illegal. In other cases, shorter roads have been 

proposed but are opposed by residents hoping to remain isolated from major tourist 

destinations215. Some of Maui’s roads are small and isolated, exacerbating the risk of 

running out of fuel. The author notes that running out of gas on the one-lane Hana 

highway – which has one lane total, not one lane in each direction – was a major concern 

during a research trip in a gasoline-powered vehicle because of the isolation, lack of cell 

phone access, and lack of gas stations. Maui is likely thus similar to most other regions in 

that electric cars are appropriate for some (and perhaps many) trips and applications, but 

range limitations remain a concern. Electrifying Maui’s transportation infrastructure 
                                                
215 (Mikell 2010) 
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could increase the local water intensity of transportation fuels if high water-use electricity 

is used, but the local water demand could also remain roughly zero if low water-use 

electricity is used. 

Natural gas is another commonly discussed alternative transportation fuel in the 

United States, but natural gas is unlikely to be used in Hawaii. Hawaii’s natural gas 

supply is synthetic, refined from petroleum216. Using oil-derived natural gas in place of 

gasoline or diesel in Hawaii does not provide a pathway away from petroleum.  

Like natural gas use, hydrogen use in Hawaii would probably have different 

impacts than hydrogen use on the mainland. Whereas using natural gas on Hawaii would 

likely provide fewer benefits than using natural gas on the mainland, however, using 

hydrogen on Hawaii would likely be more beneficial than using hydrogen on the 

mainland. Hydrogen is often produced from natural gas (methane) using a process called 

Steam Methane Reforming (SMR), but it can also be produced from water via 

electrolysis. Since Hawaii does not have natural gas resources available for large-scale 

hydrogen production, electrolysis of water is the more likely route. SMR actually uses 

more water per unit of hydrogen produced than electrolysis, though electrolytic hydrogen 

production destroys water to make hydrogen (Table 10)217. The overall impact of 

hydrogen use on Maui’s water systems depends on the water intensity of the electricity 

used in the electrolysis process. Electrolyzers could feasibly be connected directly to 

intermittent generators like wind turbines without a grid connection, such that stranded 

wind resources could produce a storable energy resource, hydrogen218. In this wind-

                                                
216 (The Gas Company 2009) 
217 While the water is later emitted when the hydrogen is used, the water has been lost from its original 
basin. Also, petroleum-fueled vehicles emit about as much water as hydrogen-fueled vehicles (Grubert 
2009). 
218 (Grubert, Moving Toward Full Renewability: The Potential Impacts of a Hydrogen Economy on 
California's Water Resource 2009) 
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electrolysis scenario, the hydrogen would have no local water demand other than the 

high-quality water needed for splitting. This water demand is approximately 2.4 gallons 

of water per gallon of gasoline equivalent as hydrogen219. 

Maui’s large number of rental cars is an unusual characteristic of Maui’s ground 

transportation fleet that could impact the rate at which fuel transitions are made220. Policy 

choices could result in more rapid adoption of highly efficient or alternative fuel vehicles 

in rental car fleets. One potential problem221 is that Hawaiian subsidies could leak to 

other states, reducing the benefits to Hawaii, as rental cars are frequently resold out of 

state222.  

 

Potential Energy Futures on Maui 

Biofuels on Maui 

Essentially all of the agriculture on Maui is irrigated223, in part because the best 

agricultural soils, solar resources, and equipment-friendly terrain are found in relatively 

dry sections of the island (Figure Energy. 11). Crops grown for biofuels are likely to be 

irrigated as well. Though some bioenergy crops are drought tolerant, yields are typically 

higher for irrigated crops224, and Maui Island’s land constraints and high fertilizer, 

equipment, and other costs motivate the use of high yielding crops. Biofuels would likely 

have a high water footprint relative to imported fuels or no-water renewables like wind 

and solar photovoltaic electricity because of this irrigation need or preference.  

                                                
219 (Grubert 2009) 
220 (Rocky Mountain Institute 2008) 
221 While this might benefit overall US goals, it is a potential problem in the sense that Hawaii might be 
spending more money than necessary to achieve its own goals. 
222 (Bernstein and Konan 2009) 
223 (United States Department of Agriculture 2009) 
224 (Black & Veatch 2010) 
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Figure Energy. 11 Prime Agricultural Lands Considered Suitable for Biofuels on Maui 

 
Reproduced from Black and Veatch 2010. Pink indicates dry soils, and light blue indicates moist soils. HC&S 
currently farms most of the pink and most of blue area in Central Maui. Maui’s main harbor is visible at the top of 
the map (the nearly circular inclusion of ocean in Maui’s “neck” area). The potential biofuel lands other than 
HC&S lands are distant from transportation and much smaller than the HC&S zone. 

 

Several relevant restrictions on how and where biofuel crops can be grown on 

Maui tend to favor locations where irrigation is necessary, such as the Central Plain 

where HC&S currently grows sugarcane. First, sugar content starts to rapidly degrade 

about 24 hours after harvest225, so fields must be relatively close to a sugar mill or 

ethanol processing plant in order to maximize yields. The capital intensity of these 

facilities suggests that Maui Island would benefit by minimizing the total number of 

facilities, which favors large plots of land or small plots of land that are connected with a 

central processing facility by cane hauler-capable roads. Hana, on East Maui, has small 

parcels where soils are appropriate for sugarcane cultivation, but the transportation 

infrastructure does not exist to support energy cane in that area. The Central Plain has 

                                                
225 (Kim and Day 2010) 
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large tracts of land that are proximate to Maui’s major populations and to Maui’s single 

fuel transfer pier226. While Kauai, Oahu, and Hawaii have multiple fuel transfer piers, 

Maui has only one, which suggests that ethanol for blending with gasoline or for export 

would all need to be routed through that fuel transfer station at Kahului227. Ethanol could 

either be blended with gasoline on-island or be exported to Oahu for blending at 

refineries, and on-island blending would require new infrastructure but is currently the 

preferred, cheaper option228. Energy crops are best suited to land with slopes of less than 

10 percent, as higher slopes interfere with equipment229, which once more favors the 

Central Plain as a bioenergy crop cultivation region. The Central Plain is currently 

occupied by HC&S’ sugarcane operations. While Maui could possibly support a biofuels 

industry, doing so at scale would likely require HC&S to begin biofuel crop cultivation. 

HC&S has indicated some interest in biofuels230. Even if HC&S land is available for 

biofuels, the Central Plain requires large amounts of irrigation water, so Maui’s biofuels 

would be locally water intensive. 

Almost all the fuel used on Maui is imported, so the local water impacts of fuel 

use are quite small. Water used for oil production and produced with the oil impacts 

mostly foreign countries from which Maui gets its fuel, while the water used for oil 

refining is used on Oahu where Hawaii’s refineries are located. Though diesel, gasoline, 

residual fuel oil, and other oil products used on Maui might have high embodied water 

footprints in some cases, the local water impacts (other than pollution) are virtually zero. 

Were Maui to pursue local biofuels as a replacement for oil in the transportation and 

electricity generating sectors, the island would be adopting the burden of supplying the 
                                                
226 (Hawaii Natural Energy Institute 2009) 
227 (Hawaii Natural Energy Institute 2009) 
228 (Yancey and Duff 2003) 
229 (Kinoshita and Zhou 1999) 
230 (Grubert, Freshwater on the Island of Maui: System Interactions, Supply, and Demand 2011) 
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embodied water of those fuels. It is also possible – if not likely – that Maui Island could 

start to export embodied water in the form of biofuels used on other Hawaiian islands. 

Indeed, producing ethanol for export to California has been discussed in the past231. Maui 

is the island most likely to begin biofuel production232, as it hosts Hawaii’s last sugar 

plantation, but the entire State of Hawaii has ethanol use requirements. Currently, Hawaii 

imports approximately 40 million gallons of ethanol annually to support the 10 percent 

ethanol (E10) blending mandate233. Again, Maui County accounts for about 14 percent of 

the state’s petroleum use234, so assuming that Maui Island accounts for 80 percent of 

Maui County demands235 and that Maui uses petroleum for transportation and electricity 

in the same approximate proportion as the state, Maui Island’s ethanol demand is 

currently roughly 4.5 million gallons per year. As State blending requirements rise from 

10 percent of 85 percent to 20 percent of Hawaii’s gasoline by 2020236, this demand is 

expected to double, assuming no change in overall gasoline demand.  

Though no ethanol- or naphtha-fired power plants exist on Maui yet, ethanol can 

be used as a napththa substitute in combined cycle and other electricity-generating 

applications. Hawaiian refineries typically have naphtha surpluses that have so far been 

exploited for export, not local use237. Ethanol is classified as a renewable fuel, which 

could lead to its use for power generation despite the lack of naphtha penetration and the 

fact that ethanol is often more expensive than naphtha238. The total market for ethanol in 

                                                
231 (Gieskes and Hackett 2003) 
232 (BBI International 2003) 
233 (Rocky Mountain Institute 2008) 
234 (Hawaii Natural Energy Institute 2009) 
235 based on (Poteet 2006) 
236 (Rocky Mountain Institute 2008) 
237 (Rocky Mountain Institute 2008) 
238 (Rocky Mountain Institute 2008) 
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Hawaii is likely to be upwards of 80 million gallons per year by 2020, potentially higher 

if ethanol is used for electricity.  

Whereas ethanol demand is currently expected to be primarily for transportation, 

the potential Hawaiian market for biodiesel is much larger than the ground transportation 

market. Hawaii does not get cold enough to cause problems in diesel engines that are 

using high biodiesel blends, so 100 percent of the ground transportation diesel market 

could be replaced with biodiesel. This market is about 10 percent of the ground 

transportation market, or about 42 million gallons per year statewide239. Additionally, the 

marine diesel market is about 65 million gallons per year240. About 80 percent of 

Hawaii’s electricity is produced from petroleum, and many diesel-fired power plants can 

burn unrefined biooils directly in a blend up to 20 percent241 , 242. At 20 percent 

penetration, the electricity sector represents a potential demand for up to about 115 

million gallons of biooils per year243 (equal to about 100 million gallons of biodiesel, 

assuming 0.9 gallons of biodiesel per gallon of biooil244). The statewide demand for 

biodiesel is thus potentially about 210 million gallons per year, assuming no growth in 

diesel demand. Maui County’s diesel demand for ground transportation is about 22 

million gallons per year, over 75 percent of which is on Maui Island245, and MECO 

reports that Maui currently has the capacity to cofire about 15 million gallons of biodiesel 

at power plants per year246. (One biodiesel company proposing a processing plant for 

Maui Island suggested that MECO could consume about 80 million gallons of biodiesel 

                                                
239 calculated from numbers in (Rocky Mountain Institute 2008) 
240 (Rocky Mountain Institute 2008) 
241 (Hawaii Natural Energy Institute 2009) 
242 (Rocky Mountain Institute 2008) 
243 (Department of Business, Economic Development and Tourism 2011) 
244 (Black & Veatch 2010) 
245 (Poteet 2006) 
246 (Maui Electric Company 2007) 
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per year247.) A shift toward irrigated biofuel production could convert Maui from an 

embodied water importer to an embodied water exporter if Maui-grown biofuels were 

sold into off-island markets. 

 

@233&A$")B,2C3)

Many different crops could be used for biofuels on Maui, though some are more 

suitable than others based on climate, water, labor, and other needs. Sugarcane is widely 

considered the most likely crop that Maui would use for biofuel production248, in part 

because Maui’s Hawaiian Commercial and Sugar (HC&S), a sugar plantation, has 

expressed interest in sugar-based biofuels249 and farms the prime biofuels land on the 

island250. Crop choice depends on several factors, including the type of biofuel targeted. 

Currently, the best-understood biofuel available to Maui is sugarcane-based ethanol, and 

sugarcane could also be used for cellulosic ethanol production. Other crops that could 

produce sugar-based ethanol include corn and sweet sorghum, but issues like day length 

and experience with sugarcane favor sugar on Maui. Many more crops are available for 

cellulosic ethanol production, though only banagrass is considered here. Some work on 

using wood-based ethanol from trees like eucalyptus or leucaena has been done for 

Maui251, but these tree crops are not considered in this analysis for reasons described in 

Chapter 5. If biodiesel is desired rather than ethanol, oil crops can be cultivated. The two 

considered here are oil palm and jatropha, neither of which Maui has significant 

experience with but which are frequently considered in other analyses252. Bioenergy 

                                                
247 (Maez 2007) 
248 see eg (Kinoshita and Zhou 1999) 
249 (Hamilton 2010) 
250 (Black & Veatch 2010) 
251 (Kinoshita and Zhou 1999) 
252 eg (Hawaii Natural Energy Institute 2009) 
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crops compete with each other and with food agriculture and other uses for land and 

water on Maui.  

Estimated water intensity, yield, season length, irrigation needs, salt tolerance, 

and weed characteristics for the bioenergy crops sugarcane, banagrass, jatropha, and oil 

palm are presented in Tables 11 through 16 Detail on each crop and explanation of 

assumptions are described in the narrative below.  

The crop characteristics in Tables 12 through 16 support the assumption that 

sugarcane is the most likely crop for biofuels on Maui. Even with a low-end assumption 

for sugarcane yield, sugarcane appears to be the most efficient water user of the crops 

considered in terms of applied water per unit of usable liquid fuel energy produced (Table 

11). Given that sugarcane also has the highest irrigation demand per acre of land of the 

four crops considered (Table 14), this is not an immediately obvious result. Banagrass 

water needs are similar to but higher than sugarcane water needs, and oil crop water 

needs are more than twice as high as the ethanol crop water needs per unit energy 

produced (Table 11). This study assumes that any biofuels would be grown on irrigated, 

prime agricultural lands with appropriate soils, slopes, and harbor and processing plant 

access, so the ability of other crops to survive on marginal lands does not benefit them in 

this study. In fact, that survivability is viewed as a negative here, as hardy, adaptive crops 

also tend to be highly invasive. Sugarcane is the only crop considered that does not pose 

a high risk for invasivity (Table 15).  
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Table 11 Water Needs per Gallon of Gasoline Equivalent Produced from a Variety of 
Crops on Maui 

Crop Blue Water per GGE (gallons 
water/gge): This Paper 

Blue Water per GGE (gallons 
water/gge): Gerbens-Leenes 

sugarcane (high yield) 
690 gal/gge for irrig 

6 to 12 gal/gge for process 
700 gal/gge total 

1,900 gal/gge 

sugarcane (low yield) 
1,400 gal/gge for irrig 

6 to 12 gal/gge for process 
1,400 gal/gge total 

 

banagrass (high yield) 
980 gal/gge for irrig 

12 gal/gge for process (cell) 
990 gal/gge total 

 

banagrass (low yield) 
2,000 gal/gge for irrig 

12 gal/gge for process (cell) 
2,000 gal/gge total 

 

jatropha 

5,700 gal/gge for irrig  
240 gal/gge for maturation (2 yrs) 

0 for process 
5,900 gal/gge total 

11,000 gal/gge 

oil palm (high yield) 

2,500 gal/gge for irrig  
620 gal/gge for maturation (5 yrs) 

0 for process 
3,100 gal/gge total 

 

oil palm (low yield) 

5,900 gal/gge for irrig  
1,460 gal/gge for maturation (5 yrs) 

0 for process 
7,360 gal/gge total 

 

mainland corn average 1,200 gal/gge total 1,500 gal/gge 
mainland corn low 290 gal/gge  

mainland corn high 3,300 gal/gge  
1 GGE=121 MJ (Oak Ridge National Laboratory n.d.), the life expectancy of an oil palm tree is estimated at 22-25 
yrs (Foreign Agricultural Service 2007), and the life expectancy of a jatropha tree is estimated at 50 years (North 
Eastern Development Finance Corporation Ltd 2002). See Chapter 5 (Demand) for processing water needs. 
Mainland corn water needs are based on conversion factors in Oak Ridge National Laboratory n.d. and data from 
Office of the Texas Comptroller 2008. Estimates are compared to estimates from Gerbens-Leenes, Hoekstra and 
van der Meer 2009. Sugarcane ethanol is estimated to be the most water efficient bioenergy crop considered for 
Maui. 
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Table 12 High and Low Yield Projections for Fiber and Oil Bioenergy Crops on Maui 

Crop Projected Annual Yield 
(dry tons/acre) 

Projected Yield 
(gallons ethanol/acre) 

Projected Yield 
GJ/acre 

sugarcane 52  
25  

5,460 
2,625  

436 
210 

banagrass 41  
20  

3,280  
1,600 

262 
128 

 (gallons biooil/acre) (gallons biodiesel/acre)  
jatropha 290 261 34 
oil palm 300  

760 
270 
635 

35 
83 

Gallons of ethanol were converted to gigajoules according to conversion factors in Oak Ridge National 
Laboratory n.d. High yield estimates for sugarcane based on average of best guesses, warm/dry and warm/moist 
soils (Black and Veatch 2010). Sugarcane is converted to ethanol at 105 gallons/dry ton (Shleser 1994). Low yield 
estimate for sugarcane is similar to current yields. Banagrass high yield based on Black and Veatch 2010, and 
banagrass is converted to ethanol at 80 gallons/dry ton: banagrass has similar biomass production to sugarcane 
but does not produce high-ethanol yield sugars. Jatropha yield estimate from Black and Veatch 2010, Rocky 
Mountain Institute 2008. Biooils converted to biodiesel at a rate of 0.9 gallons biodiesel = 1 gallon biooil (Black 
and Veatch 2010) except for high yield case for oil palm (Rocky Mountain Institute 2008). Low oil palm yields 
estimated from Black and Veatch 2010 assuming warm and dry or moist soils.  

 

Table 13 Season Length for Potential Maui Biofuel Crops 

Crop Season Length 
planting to harvest (months) 

sugarcane 10-15 
banagrass 7-8 
jatropha 36 to 120, then annually 
oil palm 24 to 36, then annually 

Sources: Kim and Day 2010, Shleser 1994, HNEI 2009, RMI 2008. 
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Table 14 Irrigation Needs of Potential Maui Biofuel Crops 

Crop Annual Irrigation Need  
(acre-feet/acre) 

sugarcane 7.8 
banagrass 6.5 
jatropha 4.9 
oil palm 5.2 

Irrigation needs listed here do not include upstream losses or losses due to irrigation inefficiencies. While this 
work typically uses 9.0 acre-feet per acre for sugarcane to account for delivered water needs by incorporating 
irrigation system losses (Exhibit 3, CWRM 2010), the irrigation demands of the other bioenergy crops presented 
here do not include irrigation inefficiencies, and so the evapotranspiration-based figure of 7.8 acre-feet per acre 
is used for sugarcane. If the same sources were used to derive sugarcane irrigation need as banagrass irrigation 
need (eg Keffer et al 2006), sugarcane irrigation need would be 6.5 acre-feet per acre. Actual irrigation needs 
could be higher for the non-sugar crops listed here, for which Maui-based field data on irrigation requirements 
are scarce or do not exist. Irrigation demand for sugarcane: HC&S deficit model (Testimony). For banagrass: 
Surles et al 2007. For jatropha: CJP 2011. For oil palm: FAO. 

 

Table 15 Invasivity Risk for Potential Maui Biofuel Crops 

Crop Weed Risk Assessment Score 
sugarcane 2 (low risk) 
banagrass 16 (high risk) 
jatropha 17 (high risk) 
oil palm 10 (high risk) 

Sugarcane is the only crop under consideration for biofuels in this work that is not a high weed risk in Maui’s 
sensitive ecosystems (Hawaii Natural Energy Institute 2009). 

 

Table 16 Tolerance to Saline Irrigation Water for Potential Maui Biofuel Crops 

Crop Tolerance to Saline Irrigation Water 
sugarcane tolerant 
banagrass sensitive to saline soils 
jatropha possibly tolerant  
oil palm tolerant  

Banagrass might not be able to tolerate brackish water irrigation as well as sugarcane, which excludes about a 
third of the irrigation water currently used to irrigate sugarcane in Maui’s Central Plain. Sugarcane tolerance: 
HC&S 2011, FAO 2011. Banagrass tolerance: Wang, et al. 2002. Jatropha tolerance: FAO 2011. Oil palm tolerance: 
www.nap.edu/openbook.php?record_id=1489&page=R1. 
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Sugarcane 

Sugarcane grown for energy rather than sugar would likely be a different cultivar 

than the 24-32 month crop currently grown on Maui in order to maximize energy 

production rather than raw sugar production. Maui’s two-year cane is difficult to harvest 

without burning253, and about 35 percent of total crop fiber that could be processed into 

cellulosic ethanol is lost in the harvest process254. Thus, the numbers presented here are 

estimates for a one-year energy cane that could be grown on Maui rather than actual 

reported yield numbers. The low yield assessed in Table 12 is based on mid-range 

estimates from the literature255 and from current yields from Maui’s two-year cane crop: 

HC&S can produce 200,000 tons of sugar from 35,000 to 40,000 acres annually, and 

sugar is 11 to 13 percent of the wet mass of the crop256. Assuming 35 percent of the 

sugarcane mass is lost during field burning and that the sugarcane biomass is 50 percent 

moisture, HC&S currently produces yields of around 29 dry tons of biomass per acre per 

year. Thus, the estimate of 25 dry tons of biomass per acre per year (Table 12) represents 

a yield achievable under current land, water, and labor availability conditions. 

It is likely that a sugarcane cultivar used for energy production would be bred to 

have more biomass, while the cultivar currently used might be bred for lower leafy 

biomass. A soil temperature- and moisture-based yield estimate of 52 dry tons of biomass 

per acre per year was used as a high end yield estimate257. This Black and Veatch 

                                                
253 (Hawaiian Commercial & Sugar Company 2011) 
254 (Shleser 1994) 
255 (Shleser 1994) 
256 (Hawaiian Commercial & Sugar Company 2011) 
257 (Black & Veatch 2010) 
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estimate is significantly higher than other values used in the literature258, which initially 

suggests that maybe a moisture conversion factor was lost, but moisture content of the 

biomass and other factors appear to have been considered259. The soil temperature- and 

moisture-based analysis of Black and Veatch also produced an unusually high estimate 

for banagrass yields260. Notably, the yields cited for cooler soils (unlike those found on 

Maui) were 40 to 70 percent lower than the yields cited for warm soils like those found 

on Maui’s prime lands261. Also, total dry biomass yields cited for nonirrigated sugarcane 

on warm lands are similar to those found elsewhere in the literature and to values 

estimated from HC&S’ sugar yields. As sugarcane is currently held to drought conditions 

in its second year to encourage higher sugar production (and lower biomass production, 

as leafy biomass is unfavorable for harvesting) and because HC&S operates with less 

water than it considers optimal262, Black and Veatch’s higher estimate263 for fully 

irrigated energy cane in warm soils and bred for maximum energy availability could be 

reasonable.  

Sugarcane is a familiar crop on Maui, though harvesting and processing practices 

would likely change significantly if sugarcane were grown for ethanol rather than raw 

sugar. A one-year crop would need to be harvested annually, which means that producers 

would need to harvest twice as much cane acreage as is currently harvested. Also, cane 

burning would likely end, as green biomass could assume some value as a cellulosic 

ethanol feedstock. These changes would likely require more labor but be welcomed in 

communities affected by cane smoke. 

                                                
258 See eg (Shleser 1994) 
259 (Black & Veatch 2010) 
260 (Black & Veatch 2010) 
261 (Black & Veatch 2010) 
262 exhibit 3 (Commission on Water Resource Management 2010) 
263 (Black & Veatch 2010) 
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Banagrass 

Banagrass here refers to Pennisetum purpureum, also known as napier grass and 

elephant grass. Irrigation needs for banagrass are similar to those for sugarcane: many 

literature references suggest that banagrass and sugarcane require roughly the same 

amount of water264, but the sugarcane irrigation demand number used in Table 14 is 

based on actual practice on Maui, while the banagrass number is theoretical. Thus, it is 

possible that banagrass would require more water than Table 14 suggests. Information 

about banagrass’ tolerance of saline irrigation water (such as the groundwater used for 

sugarcane at HC&S) is not easily available, but some documentation suggests banagrass 

is sensitive to saline soils265  (Table 16). If banagrass is less tolerant of brackish 

groundwater than sugarcane, less acreage is available for banagrass planting than for 

sugarcane. Banagrass matures faster than sugarcane, at about 8 months (Table 13), so 

significantly more acreage would need to be harvested annually at a banagrass plantation 

than at a one- or two-year sugarcane plantation. This harvesting requirement would be 

accompanied by labor and equipment needs. Banagrass has high potential to become 

invasive, though the risk is lower than for the oil crops (Table 15). 
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Jatropha 

Jatropha here refers to Jatropha curcas, an oil-bearing tree crop with a roughly 50 

year lifespan266. Jatropha is water-intensive per unit energy produced, particularly 

                                                
264 eg (Keffer, et al. 2006) 
265 (Wang, et al. 2002) 
266 (North Eastern Development Finance Corporation Ltd 2002) 
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because trees do not mature immediately. Jatropha trees usually require two to three years 

of irrigation and care before production. Assuming a 50 year lifetime and a two year 

maturation timeline, 48 years of productivity divided by irrigation needs for two years of 

maturation results in a lifecycle maturation water demand of about 240 gallons per gallon 

of gasoline equivalent ultimately produced. 

Jatropha is associated with several major concerns, including its potential as an 

invasive species. Jatropha is rated 17 on the weed risk assessment scale, or “high risk.” 

By contrast, sugarcane is rated 2 (Table 15). Western Australia banned jatropha because 

of its invasivity, in part because it is considered a weed in Hawaii267. As Raghu et al 

write, “traits deemed ideal in a bioenergy crop are also commonly found among invasive 

species”268. Crops that can survive drought and grow on marginal lands are those that are 

most likely to survive without care and adapt to local conditions. Maui and the other 

Hawaiian islands are highly sensitive to invasive species, and correcting damage done by 

invasive species can be expensive. Some jatropha that escaped from small plantings in 

the 1900s has been found on Haleakala269. In addition to its weed status, jatropha is 

poisonous270, which could be a major disadvantage for a crop grown around populations 

and tourists who might not know about the dangers. Jatropha’s bright red berries can be 

particularly attractive to children, which has been a concern271. Another challenge 

associated with jatropha is that it must currently be hand harvested, and not all of the oil-

bearing fruit on a given tree matures at the same time, so each tree must be repeatedly 

                                                
267 (Low and Booth 2007) 
268 (Low and Booth 2007) 
269 (Hawaii Natural Energy Institute 2009) 
270 (Hawaii Natural Energy Institute 2009) 
271 (Hawaii Natural Energy Institute 2009) 
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harvested272. In regions facing severe unemployment, this labor intensity can be useful, 

but Maui typically has agricultural labor shortages rather than surpluses273.   

 
 
Oil Palm 

Oil palm is an oil-bearing tree crop with a roughly 25 year lifespan274. Oil palm 

matures more slowly than jatropha, requiring three to 10 years of maturation time before 

production begins275. Assuming a 25 year lifetime and a five year maturation timeline, 20 

years of productivity divided by irrigation needs for five years of maturation results in a 

lifecycle maturation water demand of about 1500 gallons per gallon of gasoline 

equivalent ultimately produced. 

The literature includes a wide range of estimates for oil palm’s potential 

productivity on Maui, from about 270 to 640 gallons of biodiesel per acre each year276,277. 

The study citing the lower number suggests that yields are significantly higher in wetter 

soils, but since the land considered here is warm and dry or moist, not wet, the lower 

number is appropriate278. Even assuming the higher yield is correct, however, the water 

demand of oil palm per unit energy produced is almost twice the demand of low-yielding 

sugarcane (Table 11). Oil palm is considered highly invasive (Table 15).  

 

                                                
272 (Hawaii Natural Energy Institute 2009) 
273 (Conrow 2010) 
274 (Foreign Agricultural Service 2007) 
275 (Rocky Mountain Institute 2008) 
276 (Black & Veatch 2010) 
277 (Rocky Mountain Institute 2008) 
278 (Black & Veatch 2010) 
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Sugarcane is the crop that Maui is most likely to use for biofuels, according to 

several studies of Hawaiian biofuel potential279,280. Favoring sugarcane is in part because 

sugarcane is well understood, having been cultivated on Maui for over 100 years281. The 

existing plantation-scale sugarcane cultivation on Maui Island also suggests that 

sugarcane would be the easiest crop to use, as systems and institutional knowledge at 

HC&S are tuned to sugarcane. However, while HC&S has expressed interest in growing 

energy crops, the company has also indicated that different sugarcane cultivars and crops 

other than sugarcane are under active consideration for an energy plantation282. While 

this study does not assume that HC&S will necessarily become an energy farm, most of 

the land considered suitable for energy crop cultivation is owned and planted in sugar by 

HC&S (Figure Water.11). Without HC&S as a bioenergy grower, the state does not 

expect any water from the West Maui or Upcountry Irrigation Systems to be used for 

biofuels283. Some land on West Maui (on the Pioneer Mill Irrigation System) that has 

recently been in sugarcane is available for bioenergy cultivation, but only about 3,000 

acres other than HC&S land are considered likely locations for bioenergy cultivation (see 

also Chapter 5), and this 3,000 acre tract is significantly smaller than the 20,000 acre 

lower threshold considered economically viable for biofuels production by some 

experts284. Sugarcane ethanol is widely considered to have a favorable energy balance285, 

something that is not clear in all biofuels production cases. Relative to corn, sugarcane 

requires lower energy inputs in forms like pesticides and other chemicals. Also, 

                                                
279 (Hawaii Natural Energy Institute 2009) 
280 (Black & Veatch 2010) 
281 (Wilcox 1996) 
282 (Hamilton 2010) 
283 (Hawaii Natural Energy Institute 2009) 
284 (Hawaii Natural Energy Institute 2009) 
285 See eg (Macedo, Seabra and Silva 2008) 
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sugarcane produces more convertible biomass per acre than corn. The ratio of energy 

inputs to outputs is not further considered here.   

Sugarcane cultivated on HC&S land (a total of about 37,000 acres) could produce 

100 to 200 million gallons of ethanol annually, assuming that sugarcane is processed into 

ethanol at a rate of 105 gallons of ethanol per dry ton of unprocessed sugarcane biomass, 

which includes sugar and fiber286. The lower estimate reflects current dry, unburned 

biomass yields of 25 dry tons of biomass per acre, while the higher estimate reflects 

potential energy cane yields of 52 dry tons of biomass per acre (Table 12). Both estimates 

assume that irrigation water is available for all 37,000 acres. Hawaii’s current alternative 

fuel standard will create demand for around 80 to 90 million gallons of ethanol per year 

by 2020287, suggesting that Maui could provide enough ethanol to supply the State. 

Lower yields, lower conversion efficiencies, and labor or water limitations would reduce 

the amount of ethanol produced. Ethanol based on sugars only (not cellulosic portions of 

the sugarcane) could also be produced, with a maximum production of about 20 to 30 

million gallons per year, assuming yields of 4.2 to 5.6 tons of sugar per acre per year288 

and a yield of 135 gallons of ethanol per ton of sugar289. One 1994 study indicated that a 

25 million gallon per year ethanol processing facility is an ideal scale290. One possible 

outcome is that sugars from two-year sugarcane would be used to produce ethanol 

initially, with gradual conversion to cellulosic ethanol as new cultivars were explored. 

Ethanol production from sugar, particularly at scale, is unlikely to occur without 

substantial mandates for local renewable fuels or other subsidies, as sugar remains a 

                                                
286 (Shleser 1994) 
287 (Rocky Mountain Institute 2008) 
288 (Hawaiian Commercial & Sugar Company 2011) 
289 (Black & Veatch 2010) 
290 (Shleser 1994) 
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higher value crop than ethanol291. However, supplying sufficient ethanol to supply 

Hawaii’s alternative fuel standards requirements appears to be possible for Maui Island. 

Converting Maui’s main sugarcane cultivar from a two-year Hawaiian cane to a 

one-year energy cane would have ramifications for harvesting and irrigation practices. 

More acreage would need to be harvested each year with a one-year crop, and cane 

burning would likely be discontinued, as burning would reduce the amount of biomass 

that could be converted into cellulosic ethanol. These changes would alter labor patterns 

and equipment utilization. Irrigation practices would also change: currently, two-year 

cane is watered frequently during its first year and then stressed during the second year to 

encourage additional sugar production292. The optimal irrigation rhythm would be 

different for one-year cane. However, if producing biomass for cellulosic ethanol rather 

than high quality edible sugar were the objective, lower quality irrigation water could be 

used if available (Appendix Energy.2). The high energy intensity of groundwater might 

restrict brackish water use more severely than sugarcane salt tolerance, which would 

make this point irrelevant.   

Maui-based ethanol production would require investment in new infrastructure. 

Most importantly, producing ethanol is different from processing sugarcane into raw 

sugar, so the current sugar mill would need to be replaced by, converted into, or 

supplemented by an ethanol processing plant. Such a plant would probably be sited fairly 

centrally near the sugarcane fields, fuel blending facilities, and transmission lines to 

reduce sugarcane, ethanol, and electricity transportation needs. In Maui Island’s case, this 

means the plant would likely be in the Central Plain, possibly near HC&S’ existing mill 

at Puunene. Thus, water demand associated with the processing plant would be incurred 

                                                
291 (Hawaii Natural Energy Institute 2009) 
292 (Hew 2010) 



 97 

in the Central Plain, and byproducts of ethanol production would be generated in the 

Central Plain. 

Ethanol production would result in two major byproducts: electricity and vinasse. 

Ethanol processing plants produce about 2.6 kWh of electricity per gallon of ethanol293. If 

sugarcane were used for ethanol instead of for sugar, Maui could actually produce less 

electricity from sugarcane than it does now. HC&S’ Central Power Plant produces about 

180 GWh of electricity per year from bagasse and some other fuels, while a 30 million 

gallon per year ethanol plant producing sugar-based (not cellulosic) ethanol from the 

same feedstock would produce about 77 GWh. A 100 million gallon per year cellulosic 

ethanol plant would produce about 260 GWh of electricity. Since the 100 million gallon 

plant is based on cellulosic conversion of current sugar yields on Maui over roughly the 

same acreage currently cultivated, it appears possible that Maui could simultaneously 

produce enough ethanol to fulfill Hawaii’s 2020 ethanol mandate and produce more 

renewable electricity than it does now from the same biomass currently produced 

annually. Adding revenue from selling electricity into a high-price market could make 

ethanol production more attractive. Also, generating electricity during ethanol processing 

means that more energy is obtained per unit of water input for irrigation, as the water is 

used to produce both liquid fuels and electricity. 

The other major byproduct of ethanol production is vinasse, an organic rich liquid 

waste. Ethanol processing produces about 12 times as much vinasse as ethanol by 

volume, so the waste stream is significant: a 30 million gallon per year plant would 

produce 360 million gallons of vinasse, and a 100 million gallon per year plant would 

produce 1,200 million gallons of vinasse. In some areas, vinasse can be applied to fields 

as fertilizer, but Maui’s popularity as a tourist destination restricts ethanol producers’ 

                                                
293 (Black & Veatch 2010) 
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ability to spread odorous materials on fields near population centers. Vinasse can be 

anaerobically digested to produce biogas that can be used for electricity: about 0.3 to 1 

megawatt of electrical output from digested vinasse could be produced for every million 

gallons per year of ethanol production capacity (see Chapter 3). In addition, the anaerobic 

digestion reduces the vinasse’s biological oxygen demand, which serves as partial water 

treatment. While vinasse digestion and biogas combustion would require additional 

investment and infrastructure, converting a major waste product into energy while 

improving the quality of a water waste stream is a potentially attractive option. 

 

-#2.2'&#3)21)<:/%,#%.")-+8%.2$)2.)?%:&)

Potential profits from ethanol and electricity can be compared to expected profits 

from sugar at a plantation growing energy cane or sugarcane on the land currently 

cultivated for sugar in Maui’s Central Plain. Sugar profitability is based on HC&S’ 

current operation. HC&S’ sugar production costs are unknown, but 2007 profits were 

approximately $200,000294. Estimates made here are based on a 2007 ethanol price of 

$2.41 per gallon295, a Hawaiian ethanol production cost of $3.33 per gallon296,297, HC&S’ 

stated cost of $125 megawatt hour that it uses rather than selling to the grid298, and a 2007 

average global refined sugar price of $0.14 per pound (sugar prices have since 

doubled)299,300. Some studies indicate that the cost of ethanol production might be 

                                                
294 (Murakami and Kalama 2010) 
295 (Black & Veatch 2010) 
296 (Hawaii Natural Energy Institute 2009) 
297 Adjusting numbers for prepared cane in Shleser 1994 to modern dollars and taking average gives $3. 
298 exhibit 3 (Commission on Water Resource Management 2010) 
299 (United States Department of Agriculture 2011) 
300 HC&S actually sells raw sugar, not refined sugar, which produces a lower revenue stream. 
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substantially less than $3.33 per gallon, but these estimates often include the benefit of 

selling electricity301. Electricity sales benefits are considered separately in this analysis.  

One scenario involves converting current sugar production to sugar-based (not 

cellulosic) ethanol production. Current annual production at HC&S is about 200,000 tons 

of sugar and 180 GWh of electricity, of which about 90 GWh are sold302. The remaining 

electricity is largely used for irrigation water. A sugar-to-ethanol plant with a conversion 

efficiency of 135 gallons of ethanol per ton of sugar303 would have a capacity of about 27 

million gallons of ethanol per year. Electricity production from bagasse is assumed to be 

the same for the ethanol scenario as for the sugar mill, or about 90 saleable GWh of 

electricity, in part because sugarcane must first be processed into sugar before conversion 

to ethanol. The bagasse-related electricity is assumed to have no associated operating 

costs as a byproduct of sugarcane processing. This scenario also assumes that vinasse 

would be digested and converted to electricity at a low-end estimate of 1 MW of power 

output per 3 million gallons of annual ethanol capacity304 (see Chapter 3), with an 

assumed 80 percent capacity factor. Operating costs for the vinasse anaerobic digestion 

system are assumed to be about $4,050 per million gallons of vinasse processed305,306. 

A second scenario assumes ethanol production from the entire sugarcane plant 

(Figure Energy. 12). Assuming a dry biomass yield of 25 tons per acre and a conversion 

efficiency of 105 gallons of ethanol per ton of dry biomass307, a cellulosic ethanol facility 

using feedstock from 37,000 acres of land could process about 95 million gallons of 

ethanol per year. Cellulosic ethanol plants can produce electricity at a net rate of about 
                                                
301 (Rocky Mountain Institute 2006) 
302 (Jakeway 2007) 
303 (Black & Veatch 2010) 
304 based on (Baez-Smith 2006) 
305 (Lusk, Wheeler and Rivard 1996) 
306 (Bureau of Labor Statistics 2011) 
307 (Black & Veatch 2010) 
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2.55 kilowatt hours per gallon of ethanol (about 3 kWh are produced and 0.5 kWh 

consumed per gallon of ethanol308). Vinasse is again assumed to be produced at 12 

gallons per gallon of ethanol309, and vinasse digestion is again assumed to yield 1 MW of 

power per 3 million gallons of processing capacity with 80 percent capacity factor and 

operating costs of USD2007$4,050 per million gallons. Ethanol production costs are 

assumed to be between USD2007$2.07 and $3.74310,311 assuming “unburned cane” is 

feedstock. Taking the average gives a production cost of $2.91 per gallon of ethanol, 

which exceeds ethanol prices. 

                                                
308 (Rocky Mountain Institute 2008) 
309 (Baez-Smith 2006) 
310 (Shleser 1994) 
311 (Bureau of Labor Statistics 2011) 
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Figure Energy. 12 The Sugarcane Plant and Its Usable Components 

 
Source: Reproduced from Shleser 1994. Sugarcane contains sugar in its hard stems, known as canes, but the 
sugarcane plant also produces large amounts of leafy (cellulosic) biomass. Thus, sugarcane can be used to 
make both sugar-based and cellulosic ethanol (reproduced from Shleser 1994). 
 

As Table 17 shows, ignoring capital investment needs suggests that a sugar-to-

ethanol facility is not profitable under the assumptions made here. However, most of the 

profit that is made comes from electricity, not ethanol: indeed, if the plant were able to 

sell the entire 180 GWh of electricity produced instead of using about 90 GWh of 

bagasse-based and 20 GWh of hydroelectricity, it would be profitable. A cellulosic 

ethanol facility could be profitable under the assumptions made here, even though 

production costs for cellulosic ethanol are expected to exceed the price of ethanol, so a 

cellulosic ethanol plant would lose money on every gallon of ethanol produced. Under 

the scenario described above and summarized in Table 17, a cellulosic ethanol facility 

could be profitable by subsidizing ethanol production with electricity sales. Capital costs 

for new equipment and facilities are not included. However, this result is sensitive to 
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assumptions about production cost: assuming a production cost of $3.33 per gallon as in 

the sugar-to-ethanol scenario results in a loss of $34 million rather than a profit of $6.4 

million. Local content mandates or subsidies could make the economics of Hawaiian 

sugar-based ethanol more favorable.  

 

Table 17 Profitability of Sugarcane Plantations Growing Sugarcane for Export or Fuel 

 sugar 
production 

(tons) 

wholesale 
value 

(mil $) 

costs  
(mil $) 

electricity 
production 

(GWh) 

wholesale 
value 

(million $) 

costs 
(mil 
$) 

total 
profit 

(mil $) 
Sugarcane for Sugar 200,000 56 unknown 90 11  0.2 
 ethanol 

production 
(gallons) 

wholesale 
value 

(mil $) 

costs 
(mil $) 

electricity 
production 

(GWh) 

wholesale 
value  

(mil $) 

costs 
(mil 
$) 

total 
profit 

(mil $) 
Sugarcane for Sugar 
Ethanol 27,000,000 65 90 153 19 1.3 -7.4 

elec. from bagasse    90 11   
elec. from vinasse    63 7.9 1.3  

Sugarcane for 
Cellulosic Ethanol 94,500,000 228 275    6.4 

elec. from 
processing    241 30   

elec. from vinasse    221 28 4.6  
Under the assumptions made here, a cellulosic ethanol endeavor could be more profitable than a sugarcane-for-
sugar or a sugarcane-for-sugar ethanol venture on Maui. The amount of electricity production is the main driver 
of profitability, and cellulosic ethanol plants might produce more electricity than other plants. 
 

Maui could theoretically support an ethanol production plant that would supply all 

of Hawaii’s alternative fuel standard demand for ethanol (80 to 100 million gallons per 

year after 2020), more electricity than is currently generated from bagasse, and a 

sugarcane plantation that could be more profitable that the existing plantation despite 

losing money on ethanol production. However, this assessment has not yet taken capital 

investment needs into account. In particular, this rough cost assessment does not consider 

the infrastructural investment required to build a new sugarcane ethanol processing 

facility or anaerobic digesters for vinasse. A new 30 million gallon per year capacity 
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sugar-to-ethanol plant with electricity production is estimated to cost $43 million312,313. 

While the estimate for a sugar-to-ethanol plant likely differs from estimates for a 

cellulosic ethanol plant, a 100 million gallon per year cellulosic plant would likely cost 

over $140 million.  

Digesting vinasse and combusting biogas in open-cycle gas turbines would add 

additional costs. Cost data adjusted to USD2007314 based on a 1996 National Renewable 

Energy Laboratory study315 suggest a cost of about $7,500 per million gallons per year of 

contact anaerobic digester capacity. Open cycle gas turbines cost about $420,000 per 

megawatt of capacity316. For the 27 million gallon ethanol plant, this cost estimate 

suggests that anaerobic digestion capacity for the 324 million gallons per year of vinasse 

would cost about $3.2 million. This estimate assumes 30 percent redundant capacity for 

production peaks and maintenance. Nine MW of biogas open cycle turbine capacity 

could cost approximately $3.8 million. The cellulosic ethanol plant would be expected to 

produce about 1,100 million gallons of vinasse annually. Again assuming 30 percent 

redundant digestion capacity, digesters could cost about $11 million. Open cycle gas 

turbines with 32 MW of capacity could cost about $13 million. Possible capital costs are 

summarized in Table 18.  

                                                
312 (Hawaii Natural Energy Institute 2009) 
313 (Gieskes and Hackett 2003) 
314 (Bureau of Labor Statistics 2011) 
315 (Lusk, Wheeler and Rivard 1996) 
316 (JCMiras.net 2008) 
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Table 18 Capital Costs Associated with Sugarcane-based Biofuels Production on Maui 

Scenario Capital 
Investment  

(million USD) 

Simple Payback Period 
(years)  

(based on profit in Error! 
Reference source not found.) 

Status Quo 0 n/a 
Sugar for Ethanol   

Ethanol Processing 43  
Vinasse Fermentation and Biogas 

Combustion 7  

Total 50 never 
Sugarcane for Cellulosic Ethanol   

Ethanol Processing 140  
Vinasse Fermentation and Biogas 

Combustion 
24  

Total 164 26 
Continuing the status quo of producing sugar for export requires no new capital investment under assumptions 
made here. Investment in cellulosic ethanol facilities would be substantial, with an assumed simple payback 
period of 26 years: the choice to begin biofuels production on Maui would likely be a long-term decision. 
 

Additional water demand for irrigation would likely be negligible at either the 

sugar-to-ethanol or cellulosic ethanol plant described here, as both plants would use the 

same amount of irrigated sugarcane as is currently used for sugar production. However, 

new water demands associated with ethanol processing would augment demands at the 

existing sugar mill for a sugar-to-ethanol facility (which still requires sugarcane to be 

processed) and would substitute for existing mill and power plant demands for a 

cellulosic power plant. A sugar-to-ethanol plant achieving water recycling rates targeted 

by Brazil’s sugarcane ethanol industry would use about 7.4 gallons of water per gallon of 

ethanol317. This water would likely be fresh surface water from an irrigation ditch. A 27 

million gallon per year plant would use about 200 million gallons of water for processing 

annually, or about 0.55 million gallons of water per day. This would be in addition to the 

8 million gallons per day used for cane washing and power plant operations318. Cellulosic 
                                                
317 (Moreira n.d.) 
318 exhibit 3 (Commission on Water Resource Management 2010) 
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ethanol plants using corn stover as a feedstock use a similar amount of water for 

processing: about 7.3 gallons of water per gallon of ethanol. Sugarcane ethanol 

processing traditionally requires more water than corn ethanol processing, but this is 

largely because of the cane washing needs associated with cane burned in the fields. A 

cellulosic ethanol plant would be using green cane and thus presumably have less need to 

wash the cane. Assuming that a cellulosic sugarcane ethanol plant would use the same 

amount of water per gallon of ethanol as a cellulosic corn ethanol plant, a 95 million 

gallon per year cellulosic ethanol plant would use about 700 million gallons of fresh ditch 

water per year, or about 2 million gallons per day. However, 6 million gallons of water 

per day currently used for cane washing and processing might not be necessary. Power 

plant cooling remains a likely need, so a demand for 2 million gallons of water per day 

for power plant activities is assumed. A summary of water demands is presented in Table 

19.  

 

Table 19 Water Requirements for Sugarcane for Export or Fuel on Maui 

Scenario Sugarcane 
Irrigation (mgd) 

Ethanol 
Processing 

(mgd) 

Sugarcane 
Processing (mgd) 

Power Plant 
Cooling (mgd) 

Total 
(mgd) 

status quo: 
sugarcane for 
sugar 297  6 2 305 
sugar for ethanol 297 0.55 6 2 306 
sugarcane for 
cellulosic ethanol 297 2  2 301 
Irrigation needs assume 37,000 acres of sugarcane are irrigated at 9.0 acre feet per acre per year (see Chapter 5). 
The cellulosic ethanol production scenario produces the most fuel and uses the least water, mainly because 
green harvesting is assumed, so cane washwater requirements are modeled as 0. MGD=million gallons per day. 
 

Based on the estimates made here, a cellulosic ethanol facility using currently 

cultivated sugarcane lands would be less water intensive than the current sugarcane 

plantation or a facility processing sugar into ethanol. However, estimates of power plant 
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cooling needs and any water needed for vinasse processing are preliminary. Vinasse 

digestion could actually produce a relatively clean water stream that could theoretically 

be reused for irrigation or process water, however, so vinasse digestion could become a 

water supply rather than a water demand. 

 

6&2(&"3"$)

Biodiesel can be processed without water319 (see also Chapter 5). Maui Island 

currently has about 0.75 million gallons of annual biodiesel production capacity, using 

beef tallow and used cooking oil as a feedstock320. The waterless process used at this 

Pacific Biodiesel plant is scalable up to at least a 10 million gallon per year facility321, so 

any biodiesel processing on Maui is assumed to be waterless. However, given the high 

irrigation water demand for biooil crops (Table 11), even the water used in a water-based 

processing technique would probably be negligible. 

Just as ethanol processing results in a liquid waste stream of vinasse, biodiesel 

processing produces a glycerin waste stream. Glycerin can be sold, reused, or converted 

to methanol and used for other purposes, depending on the biodiesel processing 

technique322,323. 

 

Wastewater to Energy 

Wastewater streams like vinasse and sewage sludge can be used to produce 

energy. Wastes with high organic content can be anaerobically digested into biogas, 

                                                
319 (Pacific Biodiesel 2011) 
320 (Pacific Biodiesel 2011) 
321 (Pacific Biodiesel 2011) 
322 (Maez 2007) 
323 (Pacific Biodiesel 2011) 
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which contains a large amount of methane, and this biogas can be burned in a gas turbine 

or engine. Solid wastes derived from wastewater and other sources can also be burned for 

energy, though air emissions are often tightly regulated. Energy production from waste is 

discussed further in Chapter 3.  

 

SUMMARY OF DISCUSSION 

Maui has energy intensive water but water-light energy systems. Maui’s water 

will likely become more energy intensive with time unless surface water begins to 

replace groundwater for potable use and is not replaced by groundwater for agriculture. 

Energy intensity increases are expected not only because of increased pumping needs but 

also because water and wastewater treatment processes are likely to become more energy 

intensive with time. The potential for desalination and possible needs to increase 

treatment standards will affect water treatment, while concerns about emerging 

contaminants and the impact of effluent quality on beaches and coral reefs could increase 

wastewater treatment stringency. 

Increasing the use of local biofuels for energy would increase water demands for 

energy but might not significantly increase total water demand on Maui, as large amounts 

of water are in use for sugarcane cultivation for exported sugar. Sugarcane is assumed to 

be the most likely crop that Maui would use for biofuels production, in part because it is a 

highly familiar crop. In addition, sugarcane can tolerate some brackish irrigation water 

and is unlikely to become invasive on Maui after hundreds of years on the island. 

Sugarcane can be used to produce both sugar-based and cellulosic (fiber-based) ethanol, 

as the sugarcane plant includes both sugar and fiber components. This means that a ton of 

sugarcane can usually produce more ethanol than a ton of a fiber crop. Oil crops are less 
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likely candidates for biofuel production on Maui, in part because the long-lived trees 

have significant maturation times during which they require irrigation but produce no oil. 

Ethanol plants on Maui would likely rely on electricity production, a sidestream 

product, for economic viability. 
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Chapter 3. Waste and Energy on Maui 

CHAPTER EXECUTIVE SUMMARY 

Air, land, liquid, and biological, ecological, and cultural waste streams exist on 

Maui, and many of these waste streams affect or are affected by the water systems on the 

island. At this time, the most significant water-related waste streams are probably 

wastewater and biological, ecological, and cultural waste streams that result from surface 

water diversion. 

 

INTRODUCTION 
The concept of waste and waste streams typically evokes thoughts of solid wastes, 

liquid wastes, and air emissions, all common and important waste streams found 

throughout human systems. However, in looking at interconnected infrastructural and 

environmental systems, it is also important to consider other negative impacts of actions 

like biological, ecological, and cultural waste streams. For example, habitat disruption 

caused by a large industrial facility or dry streambeds resulting from water diversions can 

be considered waste streams, just as solid, liquid, and air wastes are. This chapter focuses 

particularly on interactions between the waste and energy systems. In many communities 

around the world, a discussion of waste and energy systems would include extensive 

treatment of air emissions. However, air emissions are not a major concern on Maui 

Island at this time for several reasons that are discussed below, including strong winds, 

dispersed population, and a small industrial sector. Important biological, ecological, and 

cultural impacts are not explicitly analyzed, but some of the major “waste streams” are 

briefly described at the end of the chapter. 
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AIR WASTES 
Maui County has excellent air quality, with only one day of unhealthful air 

conditions for sensitive groups reported between 2000 and 2009324 (Figure Waste. 1). 

 Figure Waste. 1 Air Quality in Maui County 

 
Source: EPA AirCompare. Maui County experienced no unhealthy air quality days in 2009, either for the general 
population or for the more sensitive elderly and young populations (Environmental Protection Agency 2010). 
Maui is compared with Honolulu, HI, Austin, TX (Travis County), and Los Angeles, CA, which is known for poor 
air quality. 

 
Though emissions from Maui’s two oil-fired power plants, Maui’s sugarcane 

industry, and Maui’s transportation sector are real, air quality is not yet a major concern 

on Maui. In fact, Maui’s biggest air quality problems are usually associated with natural 

emissions. Vog, or volcanic smog, sometimes settles over Maui when volcanic emissions 

from the Big Island of Hawaii are blown to Maui in the winds. A highly visible example 

of anthropogenic air pollution on Maui is cane burning (Figure Waste. 2), where 

sugarcane is burned in fields prior to harvests. Though sugarcane growers make efforts to 

time cane burning such that particulates will dissipate quickly325, cane burning does 

produce local air pollution. The near-constant trade winds that reach Maui help to remove 

pollution rapidly.

                                                
324 (Environmental Protection Agency 2010) 
325 (Hawaiian Commercial & Sugar Company 2011) 
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Figure Waste. 2 Sugarcane Field Burning on Maui, Hawaii 

 
 
Source: Emily Grubert 2010. Sugarcane is burned in fields on Maui prior to harvest, which creates local air 
pollution. 

 
The State of Hawaii became the second state in the US (after California) to legally 

commit to reducing greenhouse gas emissions. Act 234, signed in 2007, commits Hawaii 

to returning to its 1990 levels of greenhouse gas emissions by 2020326. However, this 

commitment does not include emissions associated with air traffic, a major contributor to 

local greenhouse gas emissions and a side effect of the island state’s dependence on 

tourism327. Maui Island’s total emissions were about 2.28 million tons of carbon dioxide 

equivalent in 2007, about 10 percent of the state’s total of 23.2 million tons CO2e. The 

energy sector was the largest contributor to Maui’s emissions, with 2.30 million tons of 

CO2e emissions (the energy emissions are higher than the total emissions because some 

land use is credited as a carbon sink)328. This emissions level represents major growth 

over 1990, when energy-related emissions were 1.22 million tons CO2e – about an 89 

percent increase. One possible reason for this is that aviation emissions are credited to the 

place of departure329, and Maui’s major airport at Kahului was upgraded with a new 

                                                
326 (ICF International 2008) 
327 (ICF International 2008) 
328 (ICF International 2008) 
329 (ICF International 2008) 
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terminal in 1990330. If the new terminal led to an increase in the number of direct flights 

between Maui and the US mainland, which it almost certainly did, one would expect 

Maui’s credited greenhouse gas emissions to rise dramatically as flights between Maui 

and Honolulu (then from Honolulu to the mainland, credited to Oahu) were replaced with 

flights from Maui to the US mainland. 

 

SOLID WASTES 
Solid wastes are byproducts of activities like water and wastewater treatment, 

agriculture, and daily consumption. Solid wastes both influence and are influenced by 

other infrastructural systems. Energy is required for solid waste handling and processing, 

and generating energy from solid fuels produces a solid waste, ash. Both recoverable and 

nonrecoverable energy is embedded in solid waste. Recoverable energy is found in paper, 

plastics, and other wastes can be used as fuels, while nonrecoverable embedded energy 

like diesel for trash pickup is invested in solid wastes. Other nonrecoverable embedded 

energy includes the energy applied to a product during its useful lifetime, like the energy 

used to produce, transport, and cook food scraps or to mine, process, and transport 

aluminum cans. Similarly, solid wastes can impact water systems through pollution or 

demand for water during disposal, and solid wastes carry an embedded water investment 

that is usually not recoverable. Some solid wastes can be recycled, and some recycling 

activities offset the amount of energy and water inputs that would otherwise have been 

applied. 

The impacts of solid waste on energy and water systems can be local or global. 

Energy that is used to transport municipal solid waste and water that is used to convey 

biosolids to sewage treatment plants are used locally. However, the energy used to 

produce an imported milk jug and the water used to irrigate imported foods do not 

directly stress local energy and water resources and infrastructures. Maui relies heavily 

on imports for its consumption, and so the embodied energy and water used to produce its 

                                                
330 (Kahului Airport 2011) 
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discarded paper, plastics, metals, and much of its food are not drawn from local 

resources. The energy and water applied to products after they have been purchased are 

typically local, however. Cooking and cleaning, heating and cooling, and local 

transportation all require some local energy and water inputs. 

Solid wastes can harm environmental systems, primarily through unintended 

outcomes like water contamination from leachate or waste dumping, blowing trash, and 

dust disturbance at landfills. 

 

Municipal Solid Waste 
Maui County operates two landfills on Maui Island: Central Maui Landfill and 

Hana Landfill. Central Maui Landfill (CML) is significantly larger than Hana Landfill, 

and there are some plans to convert Hana Landfill into a transfer station such that all 

Hana waste would be trucked to CML. (Notably, there are also plans under consideration 

to ship solid waste from the smaller islands of Maui County, Molokai and Lanai, to 

CML). CML handles about 550 tons of solid waste per day, while Hana handles about 3.8 

tons per day. A third landfill is private and handles only construction and demolition 

waste: De Coite C&D handles about 120 tons of solid waste per day. CML has space to 

operate until about 2026 assuming current rates of waste disposal. However, De Coite 

C&D might close as early as 2012, and the operator does not intend to extend the 

operation’s life: this could put substantial pressure on CML’s capacity or encourage the 

opening of another private facility. Hana Landfill’s remaining capacity has been 

estimated at 88 years (at current disposal rates), though this estimate is based on limited 

topographic information and an assumption that the landfill peak would be maximum 

height. In addition to these landfills, Maui Island also has several recycling dropoff 

locations and transfer stations, notably at Olowalu331. 

Landfill-based waste disposal requires land. Central Maui Landfill is located on 

Maui’s central plain amidst sugar fields, and it is operated in phases. Phases 1 and 2 

                                                
331 Whole paragraph based on Appendix F-7, (Gershman, Brickner & Bratton, Inc. 2009) 
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opened in 1987 and were capped in 2006, with landfill gas collection beginning around 

2008332. Phase 3 will not be constructed, as it is currently used for cocomposting of 

wastewater biosolids and green waste and for biodiesel production from waste fats, oils, 

and greases. CML has leased the land to EKO Compost and Pacific Biodiesel for these 

waste diversion activities333. Phases 4, 5, and 6 will eventually comprise almost 59 acres 

of lined area (not including land for buffers and operations), and they are located in a 

former quarry334. CML thus represents an example of brownfield use for land-based 

waste disposal. De Coite C&D Landfill (privately operated) is also located in a former 

quarry pit, with about 14.7 acres of geomembrane-lined disposal volume. Once the 

landfill is closed, the owner intends to redevelop the land as a storage facility335. Hana 

Landfill has developed more haphazardly, built in 1969 less than 100 feet above the 

water table. It has operated for long periods in the past without a state permit, and current 

plans are underway to expand the footprint from 29 to 74 acres to create a buffer zone 

without expanding the disposal area336. Groundwater contamination concerns and the 

small volumes of waste disposed at Hana have piqued County interest in converting Hana 

Landfill to a transfer site337. Currently, yard waste is disposed on about 3.5 acres, cars 

and white goods occupy another 1.1 acres, and municipal solid waste is found on 13.2 

acres338. 

Maui Island diverts much of its compostable waste. As mentioned above, EKO 

Compost operates a cocomposting facility for biosolids and green waste at CML. This 

biosolid diversion has been in place since about 1993, winning the Solid Waste 

Association of North America Gold Award in 2004339. The facility is currently close to 

capacity, and if operations are to continue, the composting operation will likely require 

an additional 20 acres to continue composting 25,000 tons of wastewater products 
                                                
332 (Picone 2008) 
333 Chapter 3, (Gershman, Brickner & Bratton, Inc. 2009) 
334 Appendix F-7, (Gershman, Brickner & Bratton, Inc. 2009) 
335 Appendix F-7, (Gershman, Brickner & Bratton, Inc. 2009) 
336 (Hamilton 2010) 
337 (Hamilton 2010) 
338 Appendix F-7, (Gershman, Brickner & Bratton, Inc. 2009) 
339 Chapter 9, (Gershman, Brickner & Bratton, Inc. 2009) 
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(including 22,000 tons of biosolids) and 30,000 tons of green waste annually340. Nearby, 

Pacific Biodiesel converts about 5,000 tons of fats, oils, and greases into 200,000 gallons 

of biodiesel annually341. Commercial food waste is collected and distributed as hog feed, 

allowing farmers to avoid grain costs of about $60 per hog per day342. Bagasse, a 

compostable byproduct of sugar processing, is burned to produce electricity at Maui’s 

sugar mill343. Maui County’s compostable waste streams as of 2006 are presented in 

Table 20. 

 

Table 20 Compostable Waste Streams of Maui County, 2006 

Material Amount Unit 

swine manure 540 dry tons/year 

molasses 80,000 tons/year (as received) 

sugarcane trash 137,000 dry tons/year 

landfilled food waste 15,000 tons/year (as received) 

landfilled fats, oils, and grease 1,850 dry tons/year 
Source: Gershman, Brickner & Bratton, Inc. 2009. 
 

Landfill Energy Conversion Options 
Energy can often be recovered from solid waste that is typically disposed in 

landfills. Two main methods of energy recovery are currently in use: waste-to-energy 

projects that use the bulk solid waste and landfill gas-to-energy projects that use the gases 

resulting from anaerobic digestion of the organic content of solid waste. 

Maui County’s 2009 Integrated Solid Waste Management Plan (ISWMP) 

assessed five solid waste management scenarios (Table 21) for a planning horizon 

between 2006 and 2042 and ultimately recommended that the county build a waste-to-

energy facility at the Central Maui Landfill (Scenario III). Under this scenario, Maui 

                                                
340 Chapter 9, (Gershman, Brickner & Bratton, Inc. 2009) 
341 Chapter 9, (Gershman, Brickner & Bratton, Inc. 2009) 
342 Chapter 9, (Gershman, Brickner & Bratton, Inc. 2009) 
343 (Jakeway 2007) 
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would increase recycling to 60 percent and build a waste-to-energy facility capable of 

processing 360 tons of solid waste per day, with room to expand. The waste-to-energy 

facility would be designed to produce 14 megawatts of power with 90 percent 

availability. Waste-to-energy (WTE) is an expensive option, expected to cost an 

estimated 2007$86 million with annual operating and maintenance costs of $10.6 million. 

Along with the costs of the expanded recycling program, the waste-to-energy facility 

makes this scenario the most expensive of the five scenarios considered. However, this 

scenario also extends the lifetime of the Central Maui Landfill significantly (to 2042 

versus the baseline of 2024). The WTE facility would produce approximately 90 tons of 

ash per day (25 percent of the input by weight) that would require landfill space344.  

 

Table 21 Integrated Solid Waste Management Plan Strategies for Maui County, Hawaii 

 Scenario I 
Status Quo 

Scenario II 
60% 

Recycling 

Scenario III 
60% 

Recycling and 
WTE 

Scenario IV 
60% Recycling 

and 
Gasification 

Scenario V 
75% 

Recycling 

Diversion Rate, 
2042 28% 60% 83% 73% 75% 

Year Central 
Maui Landfill 
Closes 

2024 2031 2042 2035 2035 

Recycling private County: 205 
tons/day 

County: 205 
tons/day 

County: 205 
tons/day 

County: 309 
tons/day 

Electricity 
Generation no no yes yes no 

Average 
Annual Budget $50 million $80 million $109 million $103 million $91 million 

Capital Needed $76 million $104 million $200 million $162 million $123 million 
Source: Gershman, Brickner & Bratton, Inc. 2009 

 

Maui County’s hypothetical waste-to-energy facility is designed to be technology 

neutral, meaning that calculations are not based on a specific type of WTE facility345. 

Several types of WTE facilities exist: the most common are mass-burn combustion 

                                                
344 Chapter 13, (Gershman, Brickner & Bratton, Inc. 2009) 
345 (Gershman, Brickner & Bratton, Inc. 2009) 
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systems, where waste is only minimally processed before combustion, and refuse-derived 

fuel (RDF) systems, where solid waste is processed into a higher energy density fuel346. 

Mass-burn facilities are more common despite disadvantages like fuel inconsistency and 

a higher chance of variable and potentially hazardous air emissions. RDF is processed 

solid waste where potentially hazardous materials and noncombustible materials (like 

glass and metals) are removed347. Since the fuel in an RDF system is more consistent, the 

facility is often easier to control348. However, the additional processing steps add costs. A 

third major type of waste-to-energy facility is a gasifier, which is considered as a separate 

option in Maui’s ISWMP349. Gasifiers partially combust solid waste to produce a 

combustible, gaseous fuel that comprises mostly methane350. Maui considers gasification 

a risky alternative to solid waste combustion techniques, as no such facilities are 

currently operating to the County’s knowledge351.   

Maui’s plan involves extensive recycling352, which suggests that most of the 

noncombustibles would be removed in advance. However, WTE projects can be 

disadvantaged by high diversion rates, as many typically recyclable materials also have 

high energy content. In Maui’s plan, aluminum, steel, paper, and plastic would be 

recycled353, with glass likely becoming part of the disposable ash stream. Removing 

aluminum and steel would complement WTE operations, as these materials are not 

combustible. However, paper and plastic are among the highest-energy components of 

municipal solid waste, and their removal can dramatically affect the energy content of a 

solid waste stream. While diverting wet materials like food and yard wastes can increase 

the energy density of a waste stream, dry materials like wood, paper, and plastics are a 

significant source of energy in a solid waste stream (Table 22), and recycling them can 

reduce the energy output of a WTE facility per ton compared to combusting the full 
                                                
346 (Tchobanoglous, Theisen and Vigil 1993) 
347 (Tchobanoglous, Theisen and Vigil 1993) 
348 (Tchobanoglous, Theisen and Vigil 1993) 
349 (Gershman, Brickner & Bratton, Inc. 2009) 
350 (Tchobanoglous, Theisen and Vigil 1993) 
351 (Gershman, Brickner & Bratton, Inc. 2009) 
352 (Gershman, Brickner & Bratton, Inc. 2009) 
353 (Gershman, Brickner & Bratton, Inc. 2009) 
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waste stream. Maui’s ISWMP indicates a plan to ship recycled materials to markets 

rather than retaining them for on-island uses354. While markets for metals are relatively 

consistent, paper and plastics are not usually considered high value materials. Maui 

would need to find a buyer for relatively small quantities of recyclable materials and then 

ship the materials. Without further analysis, it is not clear whether it is economically and 

environmentally preferable to divert high energy density recyclables and ship them off 

island or to retain them in the waste stream for combustion and energy production. 

 

Table 22 Energy Content of Municipal Solid Waste Components 

Component Energy (btu/lb) Plans to Divert? 

Organic   

Food Wastes 2000 yes 

Yard Wastes 2800 yes 

Wood 8000 yes 

Paper 7200 yes 

Cardboard 7000 yes 

Plastics 14000 yes 

Textiles 7500  

Rubber 10000  

Leather 7500  

Inorganic   

Glass 60  

Tin cans 300 yes 

Aluminum  yes 

Other metal 300  

Dirt, ash, etc. 3000  

MSW Average 5000  
Source: Adapted from Tchobanoglous, et al 1993, Table 4-5, “Typical Values for Inert Residue and Energy 
Content of Residential Municipal Solid Waste” 
 

                                                
354 (Gershman, Brickner & Bratton, Inc. 2009) 



 119 

Waste-to-energy projects produce their own land, water, and air waste streams 

even as they can reduce the land, water, and air impacts of traditional landfills by 

reducing waste volumes. Municipal solid waste is not fully combustible, and so 

significant amounts of ash are left after combustion. The weight of ash as a fraction of the 

original waste tonnage varies from about 1 to 100 percent depending on the material: 

while wood is almost completely combustible, metal and glass essentially do not burn355. 

Maui’s ISWMP assumes about 25 percent of the original solid waste weight put through 

the WTE facility will be landfilled as ash. This ash material includes both bottom ash and 

the solids that become entrained in the flue gases of the WTE facility, known as fly ash. 

Fly ash can create air quality problems without management, but removal efficiencies of 

over 99 percent are normal with appropriate control technologies. The fly ash is then 

recovered and usually landfilled356. Other air emissions from WTE facilities can be more 

challenging to control: nitrogen oxides, sulfur oxides, and carbon monoxide emissions 

are common to many electricity generating plants, but WTE facilities also emit metals, 

halogens, dioxins, and furans because of the heterogeneity of their fuel streams357. While 

control technologies exist for these air pollutants, their operation and installation can be 

expensive. 

Waste-to-energy facilities produce wastewater streams associated with pollution 

control, cooling, power plant operation, and domestic needs. Some pollution controls for 

ash and acid gases require substantial amounts of water358. The cooling water and boiler 

makeup requirements of a waste-to-energy facility using a steam cycle are similar to 

those of fossil fuel-fired steam plants359. However, using a WTE facility also reduces the 

amount of waste in a landfill that produces leachate, or contaminated water that must be 

collected and treated. While WTE facilities demand water for cooling where landfills do 

                                                
355 (Tchobanoglous, Theisen and Vigil 1993) 
356 (Tchobanoglous, Theisen and Vigil 1993) 
357 (Tchobanoglous, Theisen and Vigil 1993) 
358 (Grubert and Kitasei, How Energy Choices Affect Fresh Water Supplies: A Comparison of U.S. Coal 
and Natural Gas 2010) 
359 (Department of Energy 2006) 
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not, the use of WTE facilities also can reduce the total amount of contaminated water that 

must be treated and disposed360.  

Landfill gas energy recovery is another type of waste-to-energy application that 

differs from the combustion WTE facilities described above in several notable ways. 

Landfill gas energy recovery involves taking the methane-rich gases produced by 

decomposition within a landfill and combusting them to produce energy. Methane is 

explosive at high concentrations, so many (if not most) United States landfills with 

significant methane production are required to collect and dispose of the landfill gases. 

Like many others, Central Maui Landfill disposes of its gases in a flare. Simply burning 

the landfill gas has some pollution benefits, including the greenhouse gas benefit of 

converting methane into carbon dioxide: methane is over twenty times as potent a 

greenhouse gas as carbon dioxide over a 100 year timespan361. However, methane is also 

an energy-dense gas (it is the main component of natural gas) and can be burned as an 

energy source.  

Recovering methane for energy does not reduce the land impacts of landfilling 

waste, as the landfill gas is a byproduct of landfilled waste, not a result of waste 

conversion like gasified municipal solid waste is. Landfill gas production is related to the 

volume of emplaced waste and its age. One million tons of municipal solid waste can 

produce about 430,000 cubic feet of gas per day, enough to fuel about 0.8 megawatts of 

power generation362. However, this assumes a typical municipal solid waste composition. 

Whereas waste-to-energy facilities benefit from high fractions of dry organic matter like 

paper, plastic, and wood, landfill gas facilities benefit from large amounts of wet, 

decomposable organic matter like food and yard waste. For optimal methane production, 

a landfill should have a moisture content of 50 to 60 percent363, which is much higher 

than is found in many municipal solid waste landfills. Just as a waste-to-energy facility at 

Central Maui Landfill would be challenged by a successful paper, cardboard, and plastic 

                                                
360 (Tchobanoglous, Theisen and Vigil 1993) 
361 (Intergovernmental Panel on Climate Change 2007) 
362 (Dieleman and Leatherwood 2009) 
363 (Tchobanoglous, Theisen and Vigil 1993) 
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recycling program, a landfill gas-to-energy facility would be challenged by Maui’s 

successful wastewater sludge, yard waste, and food waste diversion program. Currently, 

much of Maui’s wet, decomposable material is composted or used as hog feed364, which 

reduces landfill gas production potential.  

In cases where landfill gas is being combusted anyway, as at the Central Maui 

Landfill, the impacts of using landfill gas for electricity generation on air emissions are 

not clear. The electricity generated from landfill gas can displace electricity generated 

elsewhere and thus replace baseline emissions with landfill gas-related emissions, so the 

environmental benefit of using landfill gas depends on the local fuel mix and the impact 

of introducing landfill gas projects on operating procedures at other power plants. 

Landfill gas projects of the scale that Maui Island is considering at its Central 

Maui Landfill (the only one currently large enough to justify a landfill gas project) are 

likely to have limited water demand. For landfill gas installations less than about 5 

megawatts, landfill gas is generally fed into a gas turbine or combustion engine rather 

than a boiler or a steam turbine365. Since gas turbines and combustion engines are 

typically air cooled, the only additional water demands of such projects would be 

domestic water needs for the employees and landscape. A 2010 assessment by A-Mehr 

suggests that Central Maui Landfill could support a 3.2 megawatt project (or a smaller, 

less capital-intensive 1.6 megawatt project)366. 

Using landfill gas for energy also produces secondary impacts on water. Landfill 

gas tends to have a high moisture content, and the water must be removed from the gas, 

perhaps treated, and disposed367. Also, landfill gas production is accelerated when there is 

more moisture in a landfill, but current U.S. regulations generally prohibit leachate 

(landfill water) recirculation to promote landfill gas formation. The Hawaiian Department 

of Health considers leachate recirculation an interim corrective measure for problems 

                                                
364 (Gershman, Brickner & Bratton, Inc. 2009) 
365 (Tchobanoglous, Theisen and Vigil 1993) 
366 (The Maui News 2011) 
367 (Tchobanoglous, Theisen and Vigil 1993) 
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only368, and bioreactor landfills (those that are meant to encourage decomposition and 

landfill gas production) have not been successfully proposed for use on Maui. 

Maui is currently considering several options for long-range solid waste 

management that could result in a waste-to-energy program. In particular, a combustion 

facility handling 360 tons per day to produce 14 megawatts of power and a landfill gas 

project to convert landfill gases to 3.2 or 1.6 megawatts of power at the Central Maui 

Landfill are under consideration. Waste-to-energy and landfill gas-to-energy projects 

could theoretically be complementary, as WTE facilities benefit from large amounts of 

dry material while landfill gas production benefits from moist material. However, waste 

collection activities would need to be substantially reorganized, and project sizes would 

likely need to be smaller. Maui faces some challenges with its waste disposal goals. Not 

only are alternatives to landfilling expensive, but goals like increasing recycling and 

existing successes like green waste and biosolids composting369 actually reduce the 

energy generation potential of Maui’s solid waste if the materials are diverted away from 

the WTE feedstock or the landfill. One potential scenario for Maui is that successful 

home-separation of recyclable materials could serve as a feedstock sorting mechanism for 

a WTE facility. Also, if it chose to build a WTE facility at Central Maui Landfill, Maui 

could focus on diverting high-value (or low-energy density) materials like metals and 

glass, allowing the paper and plastics to enter the combustor. 

A waste-to-energy facility could coexist with a landfill gas-to-energy facility at 

the Central Maui Landfill if the landfill gas-to-energy project were expected to have a 

limited lifespan. Landfill gas composition is determined by waste age (Figure Waste. 3), 

with very little methane in the gas until month 18 after emplacement, when the methane 

fraction reaches nearly 50 percent. Once the landfill has matured, it might continue to 

produce gas with about 50 percent methane content for 25 years or so370.  

 

                                                
368 (Gershman, Brickner & Bratton, Inc. 2007) 
369 (Maui County Council 2004) 
370 (Tchobanoglous, Theisen and Vigil 1993) 
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Figure Waste. 3 Landfill Gas Composition as a Function of Waste Age 

 
Source: Wikimedia Foundation. Landfill gas composition varies with time, eventually stabilizing at about half 
methane and half carbon dioxide. 

 

The quantity of produced methane drops quickly, since landfill gas production 

from a given cell peaks around year two and rapidly diminishes after year five, once the 

rapidly decomposable waste fraction has broken down371 (Figure Waste. 4). Thus, a 

landfill gas-to-energy plant depends on newly emplaced waste to keep gas generation 

consistent. Without new waste, a landfill gas-to-energy project might not be economic. 
 

                                                
371 (Tchobanoglous, Theisen and Vigil 1993) 
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Figure Waste. 4 Annual Landfill Gas Production by Year of Waste Emplacement 
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Adapted from Tchobanoglous et al 1993, Figure 11-12. Organic wastes decompose either quickly or slowly, and 
so total landfill gas production volume varies with time as a function of when which types of waste were 
emplaced. Waste emplaced in any given year likely has both a fast and a slow portion. 
 

Central Maui Landfill has been operating since 1987, with the most recent phase 

closed in 2006372: if a WTE facility accepted all new wastes, a landfill gas-to-energy 

project could take advantage of the mature portions of the landfill. However, once those 

portions are no longer generating commercial quantities of methane, the opportunity for 

methane recovery from new phases might be dramatically lower because of the WTE 

facility. Given that both WTE and landfill gas-to-energy facilities require significant 

investment, simultaneous operation of both types of facilities is probably unlikely. 

 

Agricultural Wastes 
Agriculture on Maui is a significant hub of materials flows: in particular, large 

amounts of land and water are devoted to agriculture on Maui Island. As plantation 

agriculture has declined and Maui has lost significant sugar and pineapple production, 

both inputs to and outputs from the agricultural sector have been reduced. However, 
                                                
372 (Gershman, Brickner & Bratton, Inc. 2009) 
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Hawaii’s last sugarcane plantation remains operational on Maui’s central plain. Hawaiian 

Commercial and Sugar (HC&S) farms approximately 35,000 to 40,000 acres of 

sugarcane 373  on Maui, harvesting approximately half its acreage annually 374 . The 

harvesting process and subsequent cane processing produce several waste streams, some 

of which have long been in productive use. For example, HC&S produces electricity 

from the combustion of fibrous sugarcane residues known as bagasse375. Molasses, a 

viscous liquid byproduct of sugar production, is sold as animal feed376. Cane tops are 

used as animal feed supplements as well377. 

Other waste streams are not yet used productively. Like much of the world’s 

sugar, Maui sugar is burned in the field before processing to improve yields and 

harvestability378. Cane burning eliminates green biomass like leaves that are not sugar-

bearing (known as cane trash) and makes the canes much easier to cut. However, it also 

results in significant air emissions (Figure Waste. 2). Green harvesting, or harvesting 

without burning, has not yet proved practical or economic on Maui379. However, if cane 

trash could be converted into a useful byproduct like cellulosic ethanol, the situation 

might change. HC&S produced about 137,000 dry tons of cane trash in 2006380. 

Sugarcane consumes significant amounts of water (discussed in Chapter 5), but 

water pollution from sugarcane irrigation has not been particularly problematic on Maui. 

While sugar growers apply nitrogen fertilizers381 and some herbicides to cane, no 

insecticides are used382. Pineapple farming has left a more lasting chemical impact on 

Maui’s water, with EDB and DBCP being the most concerning contamination threats383. 

                                                
373 The total land farmed by HC&S varies by year, but this work will generally assume sugarcane 
cultivation on 37,000 acres. 
374 (Hawaiian Commercial & Sugar Company 2011) 
375 (Jakeway 2007) 
376 (Shleser 1994) 
377 (Cambra 2009) 
378 (Hawaiian Commercial & Sugar Company 2011) 
379 (Hawaiian Commercial & Sugar Company 2011) 
380 (Gershman, Brickner & Bratton, Inc. 2009) 
381 (Grubert 2010) 
382 (Hawaiian Commercial & Sugar Company 2011) 
383 (Anthony 2010) 
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Maui’s major pineapple grower, Maui Pineapple Company (a subsidiary of Maui 

Land and Pineapple, MLP) ceased pineapple operations in December 2009384. While 

successor company Haliimaile Pineapple has taken over about 1000 acres of pineapple 

lands in the Haliimaile area385, the total acreage in pineapple on Maui has been much 

reduced. MLP’s cannery was shut down in 2007, which substantially reduced the amount 

of wastewater that it was producing and sending to HC&S for seed cane irrigation386. 

Other pineapple waste streams, both those that were being used and those that were not, 

have been significantly reduced. 

Maui’s livestock industry also produces agricultural waste, mostly in the form of 

manure as there are no slaughterhouses on the island. Diversified agricultural waste 

streams are relatively small. 

 

Agricultural Solid Waste Energy Conversion 
Maui’s largest available agricultural waste stream by tonnage is sugarcane 

bagasse387, which has long been used for electricity production in Hawaii. As sugarcane 

plantations have gone out of business, Hawaii has lost significant renewable energy 

generation. Maui’s HC&S, Hawaii’s last sugarcane plantation, produces electricity from 

about 275,000 dry tons of bagasse annually (about twice that amount of as-delivered, or 

wet bagasse)388. Each dry ton of bagasse contains about the same amount of energy as a 

barrel of oil, or about 5.8 million British thermal units (btu)389. HC&S combusts the 

bagasse on site at a power plant colocated with its Puunene Mill as the sugarcane is 

processed. Bagasse can be supplemented with Australian coal and waste fuel oils as 

needed, but the plant always runs with at least 50 percent bagasse (the limit to be defined 

as a renewable energy generator) and often with much more. In 2006, HC&S produced 

                                                
384 exhibit 3 (Commission on Water Resource Management 2010) 
385 exhibit 3 (Commission on Water Resource Management 2010) 
386 Na Wai Eha (Commission on Water Resource Management 1997) 
387 (Gershman, Brickner & Bratton, Inc. 2009) 
388 (Jakeway 2007), (Gershman, Brickner & Bratton, Inc. 2009) 
389 (Jakeway 2007) 
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about 181 gigawatt hours of electricity at its steam-fired plant390. (HC&S also produced 

about 27 gigawatt hours with run-of-ditch hydroelectric plants.) HC&S sells the 

electricity it does not use to Maui Electric Company (MECO) to provide between 7 and 8 

percent of MECO’s electricity391. HC&S is contracted to provide 16 megawatts of firm 

power to MECO392. 

Bagasse is a byproduct of sugar processing (Chapter 2), and so this useful waste 

stream might no longer be available if sugar production on Maui stops. One scenario is 

that HC&S ceases operations, as other sugar plantations have; another scenario is that 

HC&S converts its business to ethanol production. Bagasse and bagasse-fired power 

would likely still be available if HC&S began producing sugar-based ethanol, but 

cellulosic ethanol production would consume the whole plant for conversion to ethanol. 

In this scenario, the bagasse portion of the sugarcane would still become useful energy 

but in a different form (likely transportation fuel). Ethanol can, however, be burned in gas 

turbines or combined cycle plants as a substitute for naphtha (see Chapter 2), and so even 

a cellulosic ethanol-focused effort could possibly produce sugarcane-based electricity. 

Unused agricultural waste streams like cane trash and molasses could also 

potentially be converted to ethanol and used for electricity or transportation fuel. 

Molasses has been targeted as a potential source of ethanol since the early 1900s – 

indeed, Seagram’s operated a one million gallon per year molasses to ethanol plant at 

HC&S between the 1960s and 1985 for rum production393. Converting non-sugar plant 

material like cane trash and leafy cane tops to ethanol would require some long-awaited 

advances in cellulosic ethanol processing technologies, but this also seems possible. Cane 

trash and leafy tops are currently underutilized sugarcane waste streams. A 1994 study 

estimated that the cost of producing ethanol from Hawaiian molasses would be about 

1994$1.01-$1.52 per gallon. As a feedstock, cane trash and leafy tops are cheaper than 

molasses (which can be sold as feed), but predicted higher processing costs associated 

                                                
390 (Jakeway 2007) 
391 (Hawaiian Commercial & Sugar Company 2011) 
392 (Osher 2011) 
393 (Shleser 1994) 
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with cellulosic conversion produced an estimate of 1994$1.22-$2.18 per gallon for 

ethanol from cane trash and leafy tops394. 

 

LIQUID WASTES 
Domestic wastewater is Maui’s major liquid waste. Much of the domestic 

wastewater produced on Maui is treated in County Wastewater Reclamation Facilities, 

but some septic systems and cesspools still exist. Septic systems and cesspools are 

particularly problematic from an environmental perspective because leaks can release 

untreated sewage. Even treated wastewater effluent can be problematic for disposal, as 

the characteristics of the effluent do not match the receiving water body’s characteristics. 

In this case, nutrient-rich freshwater is injected underground and allowed to flow to the 

ocean. If Maui were to pursue biofuels for energy or desalinated water for water supply, 

new large-volume liquid waste streams could arise. Bioenergy processing can result in 

large liquid waste streams: for sugarcane-based ethanol, about 12 gallons of an organic-

rich liquid called vinasse are produced for every gallon of ethanol. Biodiesel production 

results in a glycerin byproduct that can be sold or reintroduced to the process, but it is 

also a potential waste stream. Desalination produces freshwater from salt water, but it 

also produces a highly concentrated saline brine that can be challenging to dispose. 

 

Wastewater Injection 
Maui’s treated wastewater is an existing liquid waste that represents a disposal 

challenge for the island. Maui Island is a national leader in wastewater reuse, and it 

discharges treated wastewater to the ocean, two conditions that usually significantly 

reduce challenges associated with wastewater disposal. Despite these advantages, Maui’s 

tourism-dominated economy and sensitive coastal conditions make wastewater a 

significant issue because of concerns that coastal nutrient loading near wastewater 

outfalls is harming coral reefs and that wastewater-borne emerging contaminants and 

                                                
394 (Shleser 1994) 
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organisms are unsafe for swimmers and surfers395. Additionally, real or perceived 

freshwater scarcity on the island contribute to popular support for the idea that 

discharging usable freshwater effluent is wasteful. 

Until the mid 1970s, Maui’s main sewage disposal mechanism was straight 

piping, or discharging raw sewage directly into the ocean396. Environmental regulations 

changed, and Maui County currently discharges treated wastewater through 15 gravity-

driven injection wells at its three wastewater treatment plants on Maui Island397. Private 

wastewater disposal facilities also discharge water through wells, and concerns about 

contamination have been particularly expressed about private wells in Maalaea, South 

Maui 398 . The extent to which wastewater injection is damaging coral reefs and 

contributing to the spread of diseases like Methicillin-resistant Staphylococcus aureus 

(MRSA) among swimmers and surfers is unclear, and many have expressed concern 

about leaking septic tanks and cesspools near beaches399.  

Maui County has the most control over its own facilities, and so efforts to recycle 

water have been strongest at Maui’s three wastewater reclamation facilities at Wailuku-

Kahului (Figure Waste. 5), Lahaina, and Kihei.  

                                                
395 (Don't Inject - Redirect! 2010) 
396 (County of Maui 2011) 
397 (County of Maui 2011) 
398 (County of Maui 2011) 
399 See (Grubert 2010) 
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Figure Waste. 5 Wailuku-Kahului Wastewater Reclamation Facility, Maui, Hawaii 

 
Source: Emily Grubert 2010. Wailuku-Kahului Wastewater Reclamation Facility is located in north-central Maui 
adjacent to the Pacific Ocean, near Kahului Harbor. 

 

Approximately 14.6 million gallons of sewage per day are treated at these 

facilities, with about 11 million gallons injected underground400. The injectate is buoyant 

because freshwater floats on saltwater, and so it is thought to reach the ocean relatively 

quickly. The remainder of the treated effluent is recycled at a number of projects around 

the island. Most of the reuse projects are associated with the Lahaina and Kihei facilities, 

which produce R-1 – the highest class – of reclaimed water401. Wailuku-Kahului 

produces high quality R-2, which would require ultraviolet disinfection to bring to R-1 

status402.  

Maui recycles between a third and a fourth of its wastewater, depending on the 

season: wastewater reuse remains constant, while droughts and storms can reduce or 

increase the total wastewater effluent volume, which alters the percentage that is 

reused403. Maui’s reuse rate is about 10 times that of the United States as a whole, which 

reuses about 2.5 percent of treated wastewater effluent404. Even given this success, 

former Mayor Charmaine Tavares and others have expressed a goal of 100 percent 

                                                
400 (County of Maui 2011) 
401 (Wastewater Community Working Group 2010) 
402 (Wastewater Reclamation Division and Water Resource Planning Division 2010) 
403 (County of Maui 2011) 
404 (Massachusetts Institute of Technology n.d.) 
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reuse405. A community working group convened among Maui stakeholders ultimately 

concluded that 100 percent reuse 100 percent of the time is not possible, as events like 

storms and droughts can dramatically change short-term wastewater volumes406. Also, the 

major use for treated wastewater is typically irrigation, and irrigation needs are minimal 

during the wet seasons when wastewater volumes can be high407. Thus, injection wells 

will need to be maintained even if the majority of wastewater is expected to be reused. 

Near-total reuse is likely impracticably expensive because of the infrastructure required 

for effluent reuse. Treated effluent must legally be kept separate from other waters, which 

means that a second pipe system must be installed for each project using treated 

effluent408. Finding several large users with consistent demands who are close to a 

wastewater treatment plant is ideal. In part because of the high cost of piping 

infrastructure409, Maui County requires any potential user of treated effluent that is within 

100 feet of reclaimed water pipe to connect to the recycled water system within a year410. 

Reclaimed water is subsidized by sewer fees to make this fair, and reclaimed water rates 

are designed to be lower than potable water rates (where they are not, users are entitled to 

pay avoidance cost, or the rate they were paying for their previous water supply)411. This 

means, however, that the reclaimed water program is not easily able to recover its own 

costs. Some issues associated with distributing reclaimed effluent to users are further 

discussed in Chapter 4. 

                                                
405 (Wastewater Community Working Group 2010) 
406 (Wastewater Community Working Group 2010) 
407 (Wastewater Community Working Group 2010) 
408 (Wastewater Community Working Group 2010) 
409 (Parabicoli 2008) 
410 exhibit 3 (Commission on Water Resource Management 2010) 
411 (Wastewater Reclamation Division and Water Resource Planning Division 2010); also see (Grubert 
2010) for further discussion 
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Wastewater and Energy 

Municipal Wastewater 
Municipal wastewater (that is, sewage) is a waste stream that requires energy for 

treatment. Separating solids from liquids and purifying and disinfecting wastewater are 

energy-intensive processes, made more so because water must be pumped around a 

wastewater treatment plant. Maui disposes of its treated wastewater in two ways: through 

injection wells, which are gravity driven and thus do not require additional energy inputs, 

and through reuse, which requires energy associated with distribution (for more 

information on the energy demands of Maui’s wastewater, see Chapter 2). 

Just as energy can be recovered from materials disposed in a landfill, energy can 

be recovered from wastewater. Also similarly, energy is usually recovered in one of two 

ways: high methane content gas is recovered from decomposing solids and burned, or the 

waste solids are burned directly, perhaps after some minor processing. A third novel 

concept in energy recovery from wastewater is to recover heat from the wastewater itself. 

In some regions, sewage water might be warm enough (from inputs like hot shower 

water) to motivate the use of heat exchangers to capture heat and use it in buildings412. 

Since very few buildings on Maui require heating, this alternative is not discussed here. 

Also, because Maui has a long term contract with EKO Compost to cocompost biosolids 

with green waste413, direct biosolids combustion is not considered a likely wastewater-to-

energy initiative on Maui. 

Methane recovery from wastewater on Maui could be a feasible way to generate 

small amounts of electricity. Much like the landfill case, methane recovery from 

wastewater proceeds when organic-rich wastewater solids are allowed to decompose 

anaerobically, or without the presence of oxygen. This process is called anaerobic 

digestion and is not currently used at Maui’s wastewater treatment plants414. Maui’s 

                                                
412 (Brenhouse 2010) 
413 (Gershman, Brickner & Bratton, Inc. 2009) 
414 (County of Maui 2011) 
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plants use aerobic digestion, where sludge is partially decomposed in the presence of 

oxygen and very little methane is produced. Aerobic digestion produces carbon dioxide, 

while anaerobic digestion produces a mix of methane and carbon dioxide. Anaerobic 

digestion requires more capital investment than aerobic digestion as solids must be 

isolated from air and because anaerobic digestion is slower than aerobic digestion, 

meaning that more solid storage is necessary415. Maui’s three County-owned wastewater 

reclamation facilities all process enough wastewater to make anaerobic digestion 

practical. Each processes around 5 million gallons of wastewater per day416, and 

anaerobic digestion usually proceeds at plants with more than 3 million gallons per day of 

throughput417. 

Anaerobic sludge digestion results in a stream that is approximately 60 percent 

methane, though cleaning and process tuning can produce a stream that is about 95 

percent methane418. However, at the scale of Maui’s wastewater treatment plants, the 

electricity production potential is fairly limited. The US Department of Energy estimates 

that 35 kilowatts of power can be produced for each million gallons per day of 

wastewater treated at a plant with anaerobic digestion419. For 5 million gallon per day 

plants like Maui’s, this amounts to about 175 kilowatts per plant, or about a tenth the 

output of the smaller proposed landfill gas plant at Central Maui Landfill420. Anaerobic 

digestion would neither eliminate Maui’s ability to compost its biosolids421 nor add to 

water demand, as wastewater gases are generally combusted in air-cooled engines or gas 

turbines. The possible benefit of being able to generate electricity from wastewater 

methane is unlikely to motivate a switch from aerobic to anaerobic digestion on its own, 

particularly given high capital priority projects like improving storage and extending the 

wastewater reclamation infrastructure. However, anaerobic digestion can be less 

                                                
415 (Roalson 2011) 
416 (Wastewater Community Working Group 2010) 
417 (Biomass and Alternative Methane Fuels Program 2004) 
418 (Biomass and Alternative Methane Fuels Program 2004) 
419 (Biomass and Alternative Methane Fuels Program 2004) 
420 (Gershman, Brickner & Bratton, Inc. 2009) 
421 (Epstein, et al. 1976) 
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expensive to operate than aerobic digestion, as aeration is not required, so Maui’s 

treatment plants may eventually switch for economic reasons as their throughput grows. 

 

Vinasse 
A potential liquid waste stream that could be seen on Maui Island in the future is 

vinasse, the liquid byproduct of ethanol production from sugarcane. Sugar is fermented 

into a liquid that contains ethanol, and vinasse is the molasses-like liquid left over when 

the ethanol is removed. Approximately 12 gallons of vinasse are produced for every 

gallon of ethanol422. Based on a 1994 estimate that about 15,000 acres of sugarcane could 

produce 25 million gallons of ethanol per year423, converting all of HC&S’ cultivated 

sugar lands could produce around 60 million gallons of ethanol per year, or 720 million 

gallons of vinasse annually. 

Vinasse disposal presents significant challenges on Maui. Though the material is 

organic rich and an acceptable fertilizer, it is also notable for its odor. Maui’s sugar fields 

are located in the island’s Central Valley, a highly visible region that is near the island’s 

major airport and the tourism-heavy regions of South Maui: spreading vinasse on fields 

as fertilizer, as is done in Brazil424, is unlikely to be a viable option for disposal. 

However, precisely because vinasse is organic rich, it can be digested into methane gas 

(much like municipal wastewater) and burned in an air-cooled engine or turbine.   

Methane production from vinasse is proportional to the organic content of the 

vinasse measured as biological oxygen demand (BOD)425. One model predicts that 

approximately 8.9 cubic feet of methane would be produced per pound of BOD destroyed 

during anaerobic vinasse digestion, or power production potential of about 3.4 megawatts 

times the vinasse BOD per cubic foot426. For a 60 million gallon per year facility, this 

translates to 20 to 60 megawatts of power output potential for normal ranges of vinasse 

                                                
422 (Baez-Smith 2006) 
423 (Shleser 1994) 
424 (Baez-Smith 2006) 
425 (Baez-Smith 2006) 
426 Calculated from values in (Baez-Smith 2006), assuming no economies of scale 
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BOD427. Given that Maui’s all time peak electrical load was 211 megawatts (in 2007)428, 

this is a significant amount of power. An ethanol processing facility with a 40 million 

gallon per year capacity and a high BOD vinasse would produce about the same amount 

of power as HC&S’ current power plant (30 MW average output429, of which about 16 

MW are guaranteed as firm power to MECO). Digested vinasse sludge could also 

theoretically be burned for additional energy or used as less odorous fertilizer430. 

Other waste recovery opportunities might also exist with vinasse. Vinasse is hot 

upon initial ethanol separation, and so heat could also likely be recovered from the 

vinasse and used in processing431. Vinasse filtration can produce irrigation quality or 

even potable water, depending on the degree of processing432. 

 

Desalination Brine 
Desalination is an energy-intensive option for securing a consistent and 

droughtproof water supply (Chapter 2). Potable water is produced by separating water 

from salts in saline water sources like brackish groundwater or seawater. Were Maui to 

use desalination as a water source, it would have to address disposal issues associated 

with the residual brine. As freshwater is removed from the original water source, the salts 

are progressively concentrated to a degree much higher than the source water. Disposing 

this brine in the source water can be detrimental to local ecologies.  

Options for desalination brine disposal include discharge to source waters, 

disposal to wastewater treatment plants, disposal in evaporation ponds, underground 

injection, and land application433. Evaporation ponds require significant amounts of land, 

while disposal to source waters or wastewater treatment plants can put large stresses on 

ecologies and infrastructure. Hawaiian water quality standards require discharged waters 
                                                
427 Scaled linearly from values in (Baez-Smith 2006) 
428 (Reynolds 2010) 
429 (Black & Veatch 2010) 
430 (Baez-Smith 2006) 
431 (Baez-Smith 2006) 
432 (Baez-Smith 2006) 
433 (Matasci and Mickley 2008) 
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to have salinities within 10 percent of receiving water bodies, which makes disposal of 

highly concentrated brine difficult434. In addition, sending highly saline waters to 

wastewater treatment plants could reduce the quality of reclaimed water on Maui435, as 

the salinity of the treated wastewater would increase on average. Land application is 

generally most feasible where brines have relatively low salinity, other waters are 

available for blending, and a salt-tolerant water demand exists. Subsurface injection is a 

common method for wastewater disposal on Maui, and highly saline brines or other 

brines that could not feasibly be used for irrigation would likely be injected. Greenlee et 

al estimate that disposing of desalination concentrate at the surface costs $0.11 to $1.14 

per thousand gallons, while injection costs $1.25 to $10.00 per thousand gallons436. 

Study of brackish water desalination facilities in Central Maui (5 million gallons 

per day) and South Maui (1.5 million gallons per day) concluded that the best brine 

disposal options were subsurface injection and land application, respectively. The South 

Maui project considered was relatively small, had a relatively low brine salinity, and was 

near a golf course that could tolerate brine blended with other available water sources437. 

Large desalination facilities or facilities processing seawater would likely need to use 

injection wells for brine disposal. Seawater desalination plants could potentially 

discharge to the ocean, depending on the brine salinity and other factors like proximity to 

beaches. 

 

BIOLOGICAL, ECOLOGICAL, AND CULTURAL WASTE STREAMS 
Human activities can pollute or damage air, land, and water systems. The damage 

that human activities can do to biological, ecological, and cultural resources is also 

important and relevant in a holistic examination of how systems interact. Maui and other 

Hawaiian islands are particularly sensitive to biological, ecological, and cultural damage 

because of the uniqueness and small size of island communities, human and otherwise. 
                                                
434 (Matasci and Mickley 2008) 
435 (Matasci and Mickley 2008) 
436 (Greenlee, et al. 2009) 
437 (Parabicoli 2008) 
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The Hawaiian Islands have a high proportion of endemic species, but more Hawaiian 

species are on the United States endangered species list than species of any other state438. 

Isolation and a highly variable climate have allowed highly diverse ecosystems to 

develop on the Hawaiian islands. Native Hawaiian culture is tightly connected to the 

land, water, and ecosystems on the islands, and cultural practices often depend on a 

preserved environment. 

Land development, water use, air pollution, and other byproducts of human 

society can harm native species and disrupt native practices. Dry stream beds and reduced 

fish habitat are a waste product associated with stream diversion, for example. Some 

harms are more final than others: species extinction cannot be reversed, but stream 

restoration can in many cases revitalize habitat and traditional stream uses. Community-

based waste streams like habitat reduction or degradation, plant and animal disease and 

death, and reduced opportunity to observe native Hawaiian custom do not necessarily 

render modern human activity impossible, but they are real waste streams that can be 

difficult to remediate. 

 

SUMMARY OF DISCUSSION 

Air wastes on Maui are limited, in part because of the island’s strong winds. Solid 

wastes are currently disposed in landfills, power plants, and compost facilities. Liquid 

wastes comprise mainly municipal wastewater, though biofuel production or desalination 

could result in other liquid waste streams in the future. Biological, ecological, and 

cultural waste byproducts of water diversion, like dry streams, are contentious on Maui. 

                                                
438 (Hawaii Biological Survey 2003) 
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Chapter 4. Modeling Water Supply on Maui 

CHAPTER EXECUTIVE SUMMARY 

Four sources of water supply for Maui are characterized in this chapter: surface 

water, groundwater, desalinated water, and reclaimed water. Surface water supply is the 

least expensive and least energy intensive in general, and so this chapter assesses surface 

water availability and models potential responses to changing precipitation conditions 

with regression equations. Groundwater, desalinated water, and reclaimed water are 

described but are not modeled as carefully as surface water because of limitations in data 

or potential volume. The possible effect of rising cloud base height on Maui’s 

precipitation is described, and a model of Haleakala as a cone receiving precipitation 

input from a moving cloud bank suggests that rising cloud base heights in response to 

increasing temperatures cannot alone explain a long-term decline in precipitation and 

streamflow on Maui. 

 

INTRODUCTION 

Maui’s water supply comprises four sources considered here: surface water, 

groundwater, desalinated water, and reclaimed water. Each source’s practical availability 

is limited by inputs required for supply and by output byproducts of source use. For 

surface water, precipitation is a limiting input, while dry streams are a byproduct that 

discourage use; for desalinated water, electricity is a limiting input, while briny 

wastewater streams are a waste byproduct. Some necessary inputs and resultant outputs 

are not currently limiting factors. For the East Maui Irrigation System, for example, water 

supply is limited by conveyance capacity, but infrastructural capacity almost always 
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exceeds physical water availability439. Likewise, the availability of brackish water is not a 

limiting factor for brackish water desalination. Some of the necessary conditions for 

water availability and potential side effects of water use are displayed for different source 

types in Figure Supply. 1. The relative supply potential from each of the four water 

sources considered in this analysis is depicted in Figure Supply. 2. 
 
 

                                                
439 Conveyance capacity is a limiting factor for surface water supply on some parts of Maui. 
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All water supplies are limited by some factor like cost, energy demand, or precipitation. Using water supplies 
also can have consequences and impacts on other systems. 
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Figure Supply. 1 Water Sources on Maui and Their Limitations and Restrictions 
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Figure Supply. 2 Maui’s Water Resources: Availability 

Reclaimed Water ! Surface Water ! Groundwater ! Desalinated Water!

Proportion of Resource in Use ! Available Resource = 1!
 

Little surface water capacity can be sustainably supplied on Maui that is not already in use, and alternative 
sources of water are costly. 
 

Maui relies heavily on orographic rainfall from moist ocean winds. Orographic 

rain falls when air is rapidly forced upward, cooling as it expands in response to declining 

pressure. The cooling causes moisture in the air to condense, and the condensed water 

falls as rain. Maui’s orographic rainfall is due mainly to Pacific trade winds encountering 

the island’s mountains and rapidly moving upward 440 . The orographic effect is 

significant: while the open ocean near the Hawaiian islands receives only 25 to 30 inches 

of rainfall each year, the islands average about 70 inches of precipitation per year441,442. 

In some areas, like the summit of Maui’s western Mauna Kahalawai, precipitation 

                                                
440 (Oki, Rosa and Yeung, Flood-frequency estimates for streams on Kauai, Oahu, Molokai, Maui, and 
Hawaii, State of Hawaii 2010) 
441 (Timmons and Gon 2003) 
442 (Gingerich and Oki 2000) 
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averages over 300 inches per year443. Maui and the other Hawaiian islands have large 

groundwater resources, but groundwater supply can be limited by salinity and chemical 

contamination444. Many Hawaiian aquifers contain fresh water that is in close contact 

with salt water, with the less dense fresh water floating on the seawater below in what are 

called freshwater lenses. This proximity means that natural mixing between the fresh and 

seawater zones occurs, but it also means that groundwater pumping tends to draw more 

saltwater into the freshwater zone, which can damage the quality of the water in the 

aquifer for long periods. Some groundwater aquifers contain perched or dike-impounded 

water that is not in close contact with seawater, but these aquifers are typically small445. 

Maui has large water resources, both as surface water and as groundwater. In 

addition, seawater is effectively infinitely available for treatment. However, the location, 

timing, and size of demands placed on Maui’s water supply can stress existing 

infrastructures to the point where water demand might exceed Maui’s water systems’ 

supply capacity. Water treatment and pumping are energy intensive, and conveyance 

systems and well capacities are not always sufficient to supply water at the times and 

places it is demanded. Maui’s water system is sensitive to long droughts because of 

limited water storage capacity, and most of the island’s water demand is in the drier 

regions, which have limited surface and groundwater resources. Maui’s water resources 

are probably physically large enough to supply most proposed water demands – 

particularly if seawater is considered a viable supply option – but Maui’s water support 

infrastructure might not be sufficient to transport and treat water to supply all projected 

demands. 

                                                
443 (Western Regional Climate Center n.d.) 
444 (USGS n.d.) 
445 (USGS n.d.) 
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Excluding seawater as a potential source of fresh water, Maui’s total water supply 

can be estimated as the sum of surface and groundwater supplies. Assuming Maui 

receives an average of about 70 inches of rainfall per year over its 730 square miles, and 

assuming that 10 to 40 percent of rainfall becomes surface water (runoff)446, total daily 

surface water runoff is between 240 and 970 million gallons per day. Some of this water 

is inaccessible for various reasons, and some remains in streams and eventually flows to 

the ocean. An estimated 330 million gallons of surface water are available for use each 

day447. The Hawaii Water Resource Protection Plan estimates that Maui’s sustainable 

groundwater yield is about 430 million gallons per day, though estimates are low 

confidence in many cases448. 

This chapter discusses Maui’s freshwater supply and potential future sources of 

water. Surface water is currently Maui’s dominant source of water, and surface water 

availability strongly depends on precipitation. Since Hawaii has experienced a downward 

trend in precipitation over the last several decades, some potential causes of precipitation 

changes and effects of those changes on surface water supply are analyzed here. 

Groundwater, desalinated water, and reclaimed water sources are also discussed. 

Electricity is a major limiting input for groundwater, desalinated water, and reclaimed 

water. 
 

SURFACE WATER 

Surface water is Maui’s largest source of water, even though domestic demands 

are predominantly served by groundwater. In large part, this is because of the large water 

needs of Maui’s current and historic agricultural users, which benefit from the low energy 

                                                
446 (Gingerich and Oki 2000) 
447 (Kinoshita and Zhou 1999) 
448 (Wilson Okamoto Corporation 2008) 
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intensity and large volume of diverted stream water available on Maui. More than any 

other crop, sugarcane has driven the use and pursuit of surface water on Maui449. While 

Maui and other Hawaiian islands possess the sun, soil, and water resources necessary to 

grow a water-intensive tropical grass like sugarcane, the water does not generally 

coincide with the best sun and soil. This geographic fact led to development of stream 

diversion systems – known as ditches – on a scale that rivals some of the largest water 

projects in the world. Maui’s largest ditch system, the East Maui Irrigation System, has a 

total capacity of 445 million gallons per day450: the United States’ largest state-built 

water conveyance system is the California State Water Project, which has a maximum 

capacity of 8,450 million gallons per day451. The California State Water Project is less 

than 20 times the size of East Maui Irrigation, but it serves 25 million people and 750,000 

acres of farmland452. East Maui Irrigation serves many less than 0.1 million people and 

about 33,000 acres of farmland. While the California State Water Project and EMI serve 

about the same amount of farmland per unit of capacity, the California system provides 

much more municipal water than EMI. 

East Maui Irrigation System, West Maui Irrigation System (Wailuku), and 

Pioneer Mill Irrigation System were all built to divert surface water from Maui streams 

for sugarcane cultivation, with total capacities of 450, 120, and about 50 million gallons 

per day, respectively453,454. Many early ditches still in use today were primarily hand dug, 

and most are well over a century old455 (Figure Supply. 3).  

 
                                                
449 (Wilcox 1996) 
450 (Wilcox 1996) 
451 (California Department of Water Resources 2011) 
452 (California Department of Water Resources 2011) 
453 (PBR Hawaii and Associates 2009) 
454 (Water Resource Associates 2004) 
455 (Wilcox 1996) 
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Figure Supply. 3 Ditches on Maui 

 
Source: Emily Grubert 2010. Ditch segments on the East Maui Irrigation system. Left: a more modern portion of 
the ditch system, uncovered. Right: a hand-dug tunnel allows for little evaporation but possibly significant 
seepage. Consistent maintenance is necessary to prevent vegetation blockages and other system degradation. 

 

Careful design allowed for gravity-driven water supply, even allowing some run-

of-ditch hydropower production. Maui’s ditch systems are widely considered outstanding 

examples of engineering, and the East Maui Irrigation System was designated as a Civil 

Engineering Historic Landmark by the American Society of Civil Engineers in 2003456. A 

detailed history of the ditches and some of the motivations for sugarcane cultivation in 

Hawaii, which include Northern embargoes of Southern sugar during the American Civil 

War, can be found in Carol Wilcox’ Sugar Water457. 

                                                
456 (American Society of Civil Engineers 2003) 
457 (Wilcox 1996) 
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Despite the ditches’ long history and considerable achievement, they are not 

without controversy. The ditches are supplied by streams through diversions that often 

redirect all of a stream’s flow, which leaves lower stream reaches dry and disrupts natural 

sediment transport458. This water diversion can disrupt habitat, land character, and the 

ability of residents to practice traditional hunting, gathering, and religious ceremonies. 

Additionally, the ditches are hand dug, often unlined channels in highly porous rock, and 

so water losses to infiltration can be high. Maui’s surface water system has been 

distinctly altered by the existence of ditch systems that act to connect streams on an 

island where streams tend to flow independently from mountain to ocean without flowing 

into other streams (Figure Supply. 4). 
 

                                                
458 (Parham, et al. 2009) 
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Figure Supply. 4 Artificial Hydrologic Interconnections on Maui 

 

 
Irrigation ditch systems provide hydrologic connectivity on Maui where it does not naturally exist. On the left are 
GIS depictions of Maui and its streams without the ditch system, and on the right, the ditch system is included. 
The green square is marked as an outflow point on the top pictures, and the bottom pictures show all the surface 
water channels that are hydrologically connected to that green square in red. When the ditches are included, 
almost the whole island becomes hydrologically interconnected, even though few of Maui’s streams flow into 
other streams. 
 

One of the major goals of this study is to link surface water availability estimates 

to precipitation. Ditch flows are considered as the main indicator of potential surface 

water supply, as it is the ditches that convey water from its origin to places where it can 

be used. Since ditch flows depend directly on streamflows, and since equations that link 

precipitation to streamflows exist, this study considers ditch flows as aggregated 

streamflows. This aggregation has three main advantages. First, it reduces the total 

estimation error associated with regression equations; second, it eliminates the need to 

identify cross correlative relationships among streams during stochastic flow modeling; 

and third, it provides an estimate for diverted water available for human use rather than 
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many estimates for individual stream flows. Maui’s main ditches tend to divert all or 

nearly all of a stream’s flow up to about median flow levels459, so mean ditch flows can 

be approximated as a grouped set of median streamflows. That is, mean ditch flows are 

often aggregations of median streamflows, particularly for diversions designed the way 

most EMI diversions are. Maui’s streams have widely varying characteristics depending 

on their location, local topography, local groundwater conditions, and other factors, but 

the streams that are diverted by ditch systems are usually those streams that flow year 

round. Thus, diverted streams are more similar to each other than one would expect 

randomly selected streams from around Maui to be. Even perennial streams – and often 

even different reaches of the same stream – differ in their water sources.  

Streams are supplied by two major sources: precipitation input and groundwater 

input. While streams in similar rainfall regimes will likely receive similar amounts of 

precipitation input, local soil conditions, topography, tree cover, and other factors 

influence how much of that precipitation becomes streamflow. Still, precipitation inputs 

are somewhat easier to model than groundwater inputs, in part because surface and 

groundwater relationships on Maui are not well understood460. When a stream’s flow 

level falls below the water table, groundwater will tend to flow into the stream in what is 

called a gaining stream reach. When the stream’s flow level is above the water table, 

water will tend to flow out of the stream into the underlying aquifer in what is called a 

losing stream reach (Figure Supply. 5). Local conditions vary naturally, and groundwater 

pumping or other activities can change groundwater levels substantially enough to 

convert gaining to losing reaches. The equations used here focus on correlating 

streamflows (and thus ditch flows) with precipitation, not groundwater conditions, 

                                                
459 (S. Gingerich 2005) 
460 (Wilson Okamoto Corporation 2008) 



 149 

because of the nature of available data, the relative sizes and costs of surface and 

groundwater sources, and existing infrastructure on Maui. Surface water and groundwater 

conditions are not independent, and so this analysis focuses on carefully modeling 

surface water conditions at the expense of a thorough investigation of little-used 

groundwater aquifers. 
 

Figure Supply. 5 Gaining and Losing Stream Reaches 

 
Reproduced from Oki 2003. Groundwater flows into channels below the water table, while stream water seeps 
into water tables below its level. 

 

Maui has few reservoirs available for long-term water storage. This lack of 

storage means that the surface water available for use is essentially the same amount of 

surface water that is flowing from Maui’s streams to its ditches at any given time. East 

Maui Irrigation is the longest of the conveyance systems, and water flows from the far 
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end to the terminus (HC&S sugarcane plantation) in about 12 hours461. Surface water is 

stored as groundwater, however: during high flow seasons like the winter, surface water 

that seeps into the ground in areas like the dry Central Plain is stored in the porous 

aquifers and can be pumped out during drier periods. The water that is withdrawn from 

this natural storage mechanism is lower quality and much more energy intensive than the 

original surface water, as it mixes with saltwater below, but it is nonetheless a form of 

stored water supply. Such aquifer storage might not be suitable for some applications: 

while sugarcane can tolerate brackish irrigation water, many crops and domestic users 

cannot. 

Estimating the amount of surface water available for long-term use is a major task 

for this study. This work focuses on physical availability, given the amount of surface 

water present and the adequacy of surface water conveyance infrastructure. Though 

major questions about the appropriateness of surface water diversion exist, this work 

seeks primarily to estimate the amount of surface water that could be available for use, 

were the Island of Maui to choose to use it. Restoring streamflows by reducing diversions 

is modeled as a demand on surface water, and so users can assess the adequacy of surface 

water supply under different environmental preservation scenarios. While numerous 

regression equations and precipitation scenarios are discussed and analyzed in this 

chapter, the main estimates used for modeling are based on island-wide regression 

equations for median streamflow462. 
 

                                                
461 (Hew 2010) 
462 (Fontaine, Wong and Matsuoka 1992) 
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Precipitation, Streams, and Ditches 

The estimate for the amount of water available from streams on Maui used in this 

analysis will directly and substantially impact assessment of supply adequacy for 

agriculture in particular, as agriculture is Maui's main surface water user. Though flows 

in individual streams are important for instream and nearby offstream uses, the major use 

of stream water is through ditch systems that divert many streams, combining their flows. 

Analysis (page 252) suggests that it is more useful to consider ditch flows than individual 

stream flows when assessing supply adequacy, as water supplied for high-volume human 

uses is ultimately delivered by ditches. Considering ditches directly avoids the need to 

carefully consider stream diversion efficiency at different types of diversion structures, 

the effects of operation and maintenance, and variable ditch capacity along the system. 

Additionally, it is both simpler and likely more statistically meaningful to consider ditch 

flows directly instead of linking synthetic data for literally hundreds of stream diversions. 

The ability to generate synthetic ditch flows is desirable because it allows for 

sensitivity analysis based on factors like precipitation. The use of synthetic flows 

introduces randomized white noise terms for each synthesized flow datum that are meant 

to represent stochasticity associated with storms and specific conditions during a given 

period. If precipitation-scaled synthetic flows are generated for each diverted stream, the 

independence of the noise terms becomes problematic. Since streams that are near one 

another are likely to experience similar storm and other precipitation events, the expected 

noise terms for one stream are correlated with those for the others. However, the 

correlation might not be possible to model accurately. Data are not always available. 

Maui’s ditch systems collect water from streams at multiple elevations, and there is 

significant climate variability across the collection regions. Also, Maui’s flashy streams 

have nonlinear responses to precipitation because they are small and have limited bank 
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storage, so flows in different streams might not respond to precipitation events 

consistently.  

Despite these challenges, there are some benefits of considering individual 

streamflows directly. The equations used here to link flows and precipitation were 

designed to be used with streams, so estimate confidence would likely be higher with 

streams than ditches. Predicting ditch flows from synthetic streamflows would allow for 

better prediction of flows from new diversions or in new or ungaged ditches. Also, 

looking at streams individually would allow the use of absolute instream flow standards 

instead of estimates for required reductions in diversion. 

The benefits of generating individual streamflow records are likely to be 

outweighed by the difficulties of determining flow relationships among and within 

streams that might be diverted at multiple points at some times of year and might run dry 

at other times. While the diverted amount might be more ecologically relevant, the 

delivered amount is more relevant to supply estimates. One caution is that the amount of 

water diverted from streams is not the same as the amount of water delivered to users, as 

some water is lost to seepage and evaporation from the ditch systems. On a practical 

level, the ditch diversion systems are so large that meaningful modeling information 

could be lost in the noise of random variables. The East Maui Irrigation system alone 

comprises 388 diversions at 119 streams463, and flow records for those streams often 

either do not exist or do not coincide with records at other points. The Wailoa Ditch 

accounts for about 90 percent of the East Maui Irrigation summer flow464, and there is a 

publicly accessible daily flow record for the ditch that spans six decades465.  

                                                
463 (Gingerich 2005) 
464 (Fok and Miyasato 1976) 
465 (USGS 2011) 
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Data on ditch flows exist for some ditches, usually as daily means from which 

statistics like typical mean, median, and low daily flows for a given day can be extracted, 

but the records are generally incomplete466. Also, since data are empirical measurements, 

modelers must derive relationships between empirical data and variables of interest (like 

precipitation) in order to analyze the potential impacts of altered inputs. While the 

resolution of available regression equations linking streamflow and precipitation is 

generally annual, not monthly as is desired here, equation-based relationships can be 

coupled with historical data to provide a sense of how future conditions could alter flow 

magnitudes. This work aims to link ditch flows to precipitation through streamflow for 

two main reasons: to assess surface water availability as a function of precipitation and to 

assess surface water availability under different environmental and cultural protection 

conditions (notably instream flow standards). For this supply assessment, ditch flow 

statistics are derived from historical records where they exist. Then, synthetic future 

flows are generated based on historical ditch flow patterns and scaled based on 

streamflow relationships to precipitation. Use of synthetic data allows generation of many 

potential future records. 

Equations linking precipitation to flow were not developed directly for ditches, 

and the accuracy of extending streamflow-based precipitation relationships to ditch flows 

is not directly verifiable. However, some estimates of ditch flow relationship to 

precipitation have been made in the literature. Maui’s two main ditch systems, East Maui 

Irrigation (EMI) and the Pioneer Mill Irrigation System (PMIS), divert an estimated 15 

and 20 percent of the precipitation in contributing watersheds when they are under active 

use467,468. EMI is currently used and maintained, but PMIS has not been operated as a 

                                                
466 (USGS 2011) 
467 (Hatton 1976) 
468 (Fok and Miyasato 1976) 
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single system for over a decade469, so estimates of its flows and precipitation diversion 

are based on a period when PMIS was being actively utilized. The work described in this 

chapter suggests that EMI ditch flows are about 30 percent of the precipitation from 

contributing watersheds upstream of the highest-elevation ditch diversion and that 

historical PMIS ditch flows are about 40 percent of the precipitation from contributing 

watersheds upstream of the highest-elevation ditch diversion470. These estimates are each 

double those of the literature, but these estimates consider only the watershed area in the 

wettest regions, while the literature estimates consider entire watershed areas. If the area 

of the watershed upstream of the first ditch diversion is assumed to contribute almost all 

of the precipitation inputs and is about half the total watershed area, which is a reasonable 

assumption based on topography and precipitation patterns, the estimates made in Using 

Regression Equations to Estimate Streamflows (page 237) are consistent with literature 

estimates of ditch flow relationships with precipitation. 

Precipitation is directly related to the amount of water available on Maui, and 

precipitation trends pose significant interest to water users on the island. Maui has 

experienced declining precipitation levels for decades, and many expect this trend to 

continue471,472. 

 

Linking Ditch Flows and Precipitation through Regression Equations for Maui’s 
Streams 

Future precipitation patterns are difficult to predict from the historical record, but 

long-term observations can help indicate cycle existence and cycle lengths. Also, the 

                                                
469 (Bigelow 2010) 
470 (USGS 2010) 
471 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 

472 (Bassi, Harrisson and Mistry 2009) 
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recent past is often a useful predictor of the near future in cases where a real trend exists. 

For example, if climate change is creating a change in precipitation patterns, it is useful 

to examine the precipitation record for periods when climate change has been detectable. 

However, it is also useful to use a consistent data set across studies so that the results will 

be comparable. Many, if not most, of the precipitation-dependent equations and other 

relationships that have been studied and derived for Hawaii use precipitation data from a 

rainfall database produced in 1986473,474. Particularly given a significant observed decline 

in Hawaiian precipitation over the past two decades475, the true relationship between 

precipitation and other parameters like streamflow could be different and/or changing 

from what it was at the time of the derived precipitation data. A similar caution relates to 

streamflow estimates, as stream gaging has declined dramatically since the 1960s with 

plantation closures and budgetary limitations476,477. Responses to recent dramatic changes 

in precipitation are thus not captured in statistics, and patterns at different stream sites 

might not be comparable if data are from different periods. 

Empirical regression equations linking precipitation to streamflow for Hawaii 

have higher errors than those for much of the mainland United States478. Hawaii’s major 

climate variability both among and within islands, a long history of unnatural flow 

conditions at Hawaii’s many diverted streams, and the small sample size that 

accompanies small islands and a shrinking data collection program contribute to 

difficulties in deriving robust and accurate regression equations. Additionally, the 

accuracy of an equation might either improve or decline in response to changing macro 
                                                
473 (Giambelluca, Nullet and Schroeder 1986) 

474 (Wilson Okamoto Corporation 2008, 73) 
475 (Cannarella 2010) 
476 (Fontaine, Evaluation of the Surface-Water Quantity, Surface-Water Quality, and Rainfall Data-
Collection Programs in Hawaii, 1994 1996) 
477 (Wilson Okamoto Corporation 2008) 
478 (Verdin and Worstell 2008) 
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conditions like climate change or long term climate oscillations. Climate change is 

expected to have an impact on total precipitation, and it is also expected to have impacts 

on precipitation variability and extremes479. Hawaii’s flashy streams are already well 

known for extreme variability480, from dry stream beds to overflowing banks, and so 

increased variability could have significant implications for surface water supply. This 

investigation tests sensitivity of flow predictions to changing precipitation conditions and 

changing relationships between flow and precipitation. Changes to streamflow variability 

were considered, but climate change-related impacts to Hawaii’s surface water runoff 

have not yet been predicted at statistically significant levels481. A major reason for testing 

flow-precipitation relationships from four different regression equations is that it is not 

clear that derived relationships are accurate for ditches or even for streams under current 

conditions, so examining conditions across a range of relationships could help establish 

an envelope of probable future conditions. 

Several Hawaii-based equations linking precipitation to streamflows exist482, and 

stream-fed ditch flows are directly dependent on streamflows. For Maui’s major ditch 

system, stream diversions direct 100 percent of the streamflows to the ditch 

approximately 70 to 80 percent of the time483. It thus seems reasonable to assume that 

ditch flows will behave as aggregated stream flows for the majority of the time, 

particularly under low to medium flow conditions. In assessing supply adequacy, it is 

these low to medium flow conditions that are most important, as demand is more likely to 

exceed water supply in times of low flow than high flow. Ditch flow dependence on low 

                                                
479 extreme events (Environmental Protection Agency 2011) 
480 (Oki, Surface Water in Hawaii 2003) 
481 (Wetherald 2010) 
482 e.g. in (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in 
Hawaii 1992), (S. Gingerich 2005) 
483 (Parham, et al. 2009) 
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to medium streamflows also implies that mean ditch flows might be more closely related 

to median streamflows than to mean streamflows, which suggests that regression 

equations linking precipitation to median streamflows might be able to accurately predict 

mean ditch flows. Surface water availability can be predicted by generating future ditch 

flow records based on historical observed ditch flows while scaling the synthetic flows 

with a factor related to future precipitation conditions as though they were streamflows. 

This method assumes that ditch flow will react to changing precipitation in much the 

same way as an individual stream would, as it comprises flow from many streams that are 

all expected to react similarly to precipitation484.  
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Data on flow in Maui's streams are limited, particularly in areas with low levels of 

human activity. Despite the long-term operation of stream gages on some streams 

(particularly those important to irrigation ditch development and plantations), limited 

gage data exist for perennial streams in Maui's central plain and southeastern region485 

streams (Figure Supply. 6). 

 

                                                
484 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
485 (Fontaine, Evaluation of the Surface-Water Quantity, Surface-Water Quality, and Rainfall Data-
Collection Programs in Hawaii, 1994 1996) 
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Figure Supply. 6 Gaging Stations on Unregulated, Perennial Streams Used to Derive 
Fontaine Regression Equation 

 

 
Reproduced from Fontaine et al 1992. Maui has fewer active streamflow gaging systems now than it did at the 
time Fontaine’s equation was derived. 

 

Few real-time streamflow gaging stations remain active on Maui, largely due to 

funding limitations (Figure Supply. 7). 
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Figure Supply. 7 Active Real-time Gage Sites on Maui 

 
Source: NWIS. Only 12 stream gages on Maui are providing real-time (continuous flow) data at this time (11 
marked on map). Not all of them have long-term records. 

 

In order to overcome limitations associated with streamflow data, investigators 

have attempted to predict streamflow from watershed characteristics that are easier to 

quantify, such as elevation and meteorological data. Equations linking basin 

characteristics to streamflow can be developed using statistical analysis, some 

understanding about which types of basin characteristics might affect streamflow, and 

evaluation to determine which parameters are independent486. These often take the form 

 

  (17), 

 

                                                
486 (Gingerich 2005) 
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where Xi represent independent basin characteristics487. The generic form in (17) 

represents a logarithmic transform of a linear regression equation, as streamflow 

characteristics are often log-normally distributed488. This form is fitted to flow data that 

do exist, producing empirical equations that are typically most useful when applied 

within given ranges. Statistically useful predictions, including assessment of the 

predictions’ accuracy, are difficult to generate when these types of empirical equations 

are applied outside given ranges or using different assumptions than those used to 

develop the equations489.  

This work uses regression equations out of their original contexts, which carries 

some risks and disadvantages. However, absent better predictive methods, using 

empirically derived equations slightly out of their intended ranges might produce better 

estimates than guesses. Regression equations are empirical equations that are most valid 

when narrowly applied under conditions for which they were derived. In particular, 

values of input variables like precipitation, drainage area, and mean channel elevation 

should be within the originally considered ranges if the user wishes to calculate 

prediction standard errors accurately. Estimating parameters using techniques or datasets 

other than those used to derive the equations can reduce their predictive power, which is 

one reason that rainfall data based on the 1986 Rainfall Atlas490 are so widely used 

despite their age. If an investigator wishes to use an empirical equation and perform 

statistical analysis with confidence, it is important to carefully understand the limitations 

                                                
487 (Oki, Rosa and Yeung, Flood-frequency estimates for streams on Kauai, Oahu, Molokai, Maui, and 
Hawaii, State of Hawaii 2010) 
488 (Oki, Rosa and Yeung, Flood-frequency estimates for streams on Kauai, Oahu, Molokai, Maui, and 
Hawaii, State of Hawaii 2010) 
489 (Gingerich 2005) 
490 (Giambelluca, Nullet and Schroeder 1986) 
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and applicability of the equations, including the datasets and methods used for calculating 

known input variables like drainage area and precipitation. 

This analysis considers four regression equations that relate streamflows to 

precipitation on Maui. Two relate median streamflow with precipitation, and two relate 

mean streamflow with precipitation. These empirical equations are restricted in 

application and have varying predictive accuracy, and so the following section presents 

each equation in the context of its range, how it was derived, and its limitations. 

The first equation considered is the most widely applicable to the streams on 

Maui considered for this analysis. Fontaine, et al developed regression equations in 1992 

predicting median streamflow, or flow that is equaled or exceeded 50 percent of the time, 

for perennial, unregulated Hawaiian streams 491 . Here, unregulated means that the 

equations predict natural median flow levels, not flow levels impacted by diversions, 

dams, or other human alterations, and perennial indicates that no records of zero flow 

exist for a given stream. Streamflow records for Oahu, Molokai, and Hawaii were 

separated from Kauai and Maui records to improve the standard error of median 

streamflow estimates. The regression equation that applies to Maui was derived from 34 

sets of continuous streamflow records from Kauai and Maui, adjusted to a base period of 

1912-1986 using index stations with complete records: 21 of the 34 streamflow record 

stations are located on Maui, as are five of the seven index stations (Figure Supply. 6). 

Fontaine, et al used stepwise multiple-regression analysis to test the significance of seven 

potential explanatory variables, whereby variables were retained as explanatory if an F-

test indicated significance at the 0.05 level. For Kauai and Maui’s perennial streams, 

three variables are considered significant: drainage area DA (mi2), channel elevation CE 

                                                
491 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
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(feet), and mean annual precipitation P (inches). The regression equation used for 

perennial streams on Maui is 

 

  (18)492.  

 

The parameter exponents indicate the sensitivity of median streamflow to each 

parameter. Larger exponents indicate larger sensitivity, and exponents greater than one 

indicate that streamflow will change proportionally faster than the parameter of interest. 

Here, median streamflow increases with basin area and precipitation, while higher mean 

channel altitudes correspond to lower predicted median streamflow.   

The standard error of estimate is given as 54 percent. DA values used to generate 

the regression equation were derived from 1:24,000 topographic maps, CE values were 

calculated as the average of the stream basin altitudes 10 and 85 percent of the stream 

channel length upstream of the gage of interest, and P values were derived from 

Giambelluca, et al’s 1986 study of Hawaiian rainfall493. More detail on the derivation of 

this regression equation can be found in the original publication494. 

As an empirical equation, (18) is subject to several limitations. It predicts only 

median flows, and accuracy can only be expected for perennial, unregulated flows on 

Kauai and Maui. In addition, the equation will be most accurate when used with inputs 

consistent with those from which it was derived. That is, using drainage areas, channel 

elevations, and precipitation values that are derived in a manner substantially different 

from the methods used to generate the equation could produce inaccurate results. Using 

                                                
492 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
493 (Giambelluca, Nullet and Schroeder 1986) 
494 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
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stepwise regression analysis means that only the characteristics that an investigator 

considers potentially explanatory are tested for significance: thus, if a parameter other 

than the seven considered is highly explanatory, that will not be captured. The equation is 

most reliable when parameters within original ranges are used. These ranges are given in 

Table 23. 
 

Table 23 Parameter Ranges for Fontaine Equation for Median Streamflow, Windward 
Kauai and Maui 

Parameter Range 
DA (drainage area, square miles) 0.2 – 10.2 
CE (mean stream channel altitude, feet) 720 – 5,280 
P (mean annual precipitation, inches) 90 – 274 

Source: Fontaine et al 1992. Using regression equations with parameters outside the original derivation range 
can lead to error. 

 

Though (18) cannot be reliably used to predict flows in leeward (dry area) streams 

that do not flow all year, it is probably the most general, useful available assessment of 

usual stream conditions in the context of this project. This is especially true given that dry 

streams are not generally major targets for water resource development, so the lack of 

predictive capability for nonperennial streams is not expected to be a limitation. Also, 

though many of the streams analyzed are regulated (mainly via diversions to irrigation 

ditches), an estimate for unregulated flow is valuable for indicating the total amount of 

water that could be available and for predicting environmental flow requirements. 

The second equation considered was published in 2005 and applies to streams in 

Northeast Maui, where most of Maui’s diverted streams are located. Gingerich used 

multiple linear-regression analysis to relate median- and low-flow conditions to 



 164 

precipitation, basin shape, and basin elevation for streams in Northeast Maui495 that 

improve on estimates by Fontaine, et al496 for the region of interest (Figure Supply. 8). 

                                                
495 (S. Gingerich 2005) 
496 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
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Figure Supply. 8 Region of Northeast Maui for which Gingerich Equations Apply 

 
Reproduced from Gingerich 2005. The study area includes many of the streams diverted for East Maui Irrigation. 
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The technique used is similar to that used by Fontaine, et al but was restricted to 

data from Northeast Maui. Gingerich used data from 16 stream gaging stations on 

unregulated streams and from 17 stream gaging stations on regulated streams, adjusted to 

a base period of 1914-2003 using one central index station and considered 22 possible 

morphometric, geologic, or rainfall parameters. Only 17 gaging stations were selected for 

use in the equation derivation. As with (18), three independent parameters were deemed 

explanatory at an 0.05 significance level: RF, or volumetric rainfall in cubic feet per 

second; Emax, or maximum basin elevation in feet; and ER, a dimensionless descriptor of 

basin shape where a higher ER represents a shorter, wider basin. The equations for 

median total and median base flows (those derived primarily from groundwater inputs) 

are as follows:  
 
  (19) 
 
  (20). 
 

Though this study uses only the median flow equation (19), the baseflow equation 

is listed for reference because of its usefulness in assessing drought conditions. Equation 

(19) indicates a greater streamflow sensitivity to precipitation (as rainfall) than does (18).  

The standard error of estimate for (19) is 15.3 percent, which is much lower than 

the 54 percent standard error of estimate associated with (18). This higher accuracy is 

likely due to the fact that (19) was derived from 17 streams in a small, similar region, 

while (18) was derived from 34 streams spread over a much larger area. One reason that 

Gingerich was able to use more streams for analysis is that gaged streams were 

considered allowable for that study. The Gingerich study combines the drainage area and 

precipitation parameters used in the Fontaine, et al equation into a single rainfall term. RF 

values were derived by overlaying drainage basin areas with the same rainfall data used 
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by Fontaine, et al, the 1986 Rainfall Atlas of Hawaii497, while drainage areas were 

derived from a 10 meter digital elevation model (DEM) and checked and adjusted against 

manually derived basin boundaries. The remaining parameters ER and Emax were derived 

using Basinsoft, a digital geographic information system (GIS) program498 . Fuller 

description can be found in the original publication499. 

The Gingerich equation for median flows has more limited applicability than the 

equation derived by Fontaine, et al, as it is meant for use only with Northeast Maui 

streams, not all perennial streams on Kauai and Maui. It tends to underestimate 

streamflows when springs are present, and it overestimates flows for intermittent streams 

in the study area. As with the Fontaine equation, the Gingerich equation cannot have 

captured information related to parameters that were not considered, though 22 

parameters (more than Fontaine, et al’s seven) were tested. Also as with the Fontaine 

equation, the Gingerich equation is less reliable when parameter inputs are outside the 

range used for derivation. These ranges and mean parameter values are given in Table 24. 
 

Table 24 Parameter Ranges for Gingerich Equation for Median Streamflow, Northeast 
Maui 

Parameter Range Mean 
RF (rainfall, cubic feet/second) 6.8 – 51  28 
Emax (maximum basin elevation, feet) 2,505 – 9,329 6,602 
ER (elongation ratio, dimensionless) 0.17 – 0.34 0.26 

Source: Gingerich 2005. Range of values for parameters for which the Gingerich equation is considered valid. 

 

Gingerich’s work improves on earlier equations describing median- and low-flow 

conditions for the streams in the basin of interest. Equation (19) will be used to assess 

flows in the East Maui Irrigation ditch system, as the contributing streams are mostly 
                                                
497 (Giambelluca, Nullet and Schroeder 1986) 
498 (S. Gingerich 2005) 
499 (S. Gingerich 2005) 
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within the target region. Since (19) is applicable only to Northeast Maui, so other 

regression equations and techniques will be necessary for evaluating stream and ditch 

flows on the rest of the island. 

The third and fourth equations used in this study are both derived from a 1972 

paper by Yamanaga that is not readily available500 but is described in a 2008 paper by 

Verdin and Worstell501. Yamanaga developed two equations relating mean streamflow on 

the Hawaiian islands to precipitation and other parameters via regression equations. One 

applies to the windward, or wet, sides of Kauai, Oahu, Molokai, Maui, and Hawaii, while 

the second equation applies to the leeward, or dry, regions. Yamanaga used a step-wise 

regression technique to isolate independent parameters with 26 windward and 24 leeward 

stations from throughout Hawaii502, but the exact methodology, dataset, and significance 

levels considered are not available. Windward and leeward data were separated because 

of a difference in explanatory variables: while windward streamflow was found to be 

correlated with three parameters, as with the Fontaine and Gingerich equations, leeward 

streamflow was related to an unusually high five parameters. Yamanaga defined the 

windward and leeward regions of Maui as shown in Figure Supply. 9. 

 

                                                
500 (USGS 2011) yama citation 
501 (Verdin and Worstell 2008) 
502 (Verdin and Worstell 2008) 
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Figure Supply. 9 Windward and Leeward Regions of Maui for the Yamanaga Equations 

 
Modified from Verdin and Worstell 2008. Yamanaga derived regression equations for windward and leeward 
Hawaiian streams by defining regions of similar behavior on each island. The solid region is Maui’s leeward 
section as defined by Yamanaga. 

 

Windward mean streamflow is correlated with drainage area DA (mi2), mean 

annual precipitation P (inches), and maximum 24 hour precipitation intensity with a two-

year return cycle PI (inches) as follows:  
 

  (21)503. 
 

Leeward mean streamflow is correlated with DA, P, and PI as defined above, and 

also with two elevation-based parameters mean basin elevation E (feet) and elevation 

range, or maximum less minimum basin elevation R (feet). The equation is  
 
  (22)504, 

                                                
503 (Verdin and Worstell 2008) 
504 (Verdin and Worstell 2008) 
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but there is reason to believe that it might have been transcribed incorrectly, as 

dividing mean streamflow estimates for West Maui by 10 produces more believable 

results (see page 261). For this study,  
 
  (23) 
 

is used cautiously for leeward stream mean flow predictions. 

The relationship between mean windward streamflow and precipitation is 

significantly different from the relationship between mean leeward streamflow and 

precipitation as indicated in (21) and (22). Mean windward streamflow is indicated to be 

less sensitive to precipitation changes than either of the median streamflow predictions 

suggest, apparently changing by only about 0.59 units for every unit of precipitation 

change. However, leeward mean streamflows are highly sensitive to precipitation, 

according to (22): a one unit change in precipitation produces a 2.8 unit change in mean 

streamflow. These differences are consistent with the hydrology of windward and 

leeward streams, as windward streams often flow year round because of a significant 

baseflow (groundwater) component. Thus, precipitation-related runoff is additional and 

might not be the dominating contributor during some parts of the year and in some areas. 

By contrast, leeward streams may be dry for much of the year, so any precipitation 

creates a large response. 

The windward Yamanaga equation (21) has a reported standard error of estimate 

of 34 percent, and the leeward Yamanaga equation (22) has a reported standard error of 

estimate of 28 percent505. Yamanaga’s equations use relatively few data stations for a 

large region – fewer than 30 stations each for all of Hawaii’s windward and leeward 

streams. Yamanaga’s equations are more general than either Fontaine’s or Gingerich’s, as 
                                                
505 (K. Verdin 2004) 
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they were developed for the windward and leeward streams of the five main Hawaiian 

islands rather than for certain types of streams in more specific regions, and wider 

applicability of empirical equations with few data points tends to be associated with 

greater error. Yamanaga’s equations are known to underestimate windward mean flows 

and overestimate leeward mean flows506. The dataset used to derive parameters when the 

equations were first developed is not available, but it is notable that the Yamanaga 

equations must have used a different precipitation dataset than the Fontaine or Gingerich 

equations, which both used the 1986 Rainfall Atlas of Hawaii507. 

The Yamanaga equations are considered with great caution for this analysis, as 

they are known to have significant inaccuracies and because the original publication was 

not accessible at the time of this writing. Not only were calculations made using the 

leeward equation a factor of 10 too high, but the R2 values associated with the Yamanaga 

equations are significantly lower than those associated with regression equations used 

around the United States. While R2 values for equations describing other US regions 

range from 0.825 to 0.990, the windward equation has an R2 value of 0.773 and the 

leeward equation has an R2 value of 0.684508. The low reliability could be due to the 

equations’ age, as new statistical methods, new data, and new climatic trends have 

emerged in Hawaii since 1972.  

The windward Yamanaga equation is likely more similar to the Fontaine and 

Gingerich equations than the leeward Yamanaga equation, as Fontaine, et al studied 

perennial streams on Kauai and Maui (more likely to be on the wet windward sides of the 

islands) and Gingerich studied Northeast Maui (windward). Though any of equations 

                                                
506 (Verdin and Worstell 2008) 
507 (Giambelluca, Nullet and Schroeder 1986) 
508 (Verdin and Worstell 2008) 
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(18), (19), and (21) apply to streams in Northeast Maui, these three equations predict 

significantly different streamflow relationships with precipitation (Table 25). 
 

Table 25 Flow-Precipitation Relationships for Three Regression Equations for Wet 
Region Streams 

Fontaine 
Median (18) 

Gingerich 
Median (19) 

Yamanaga: Windward 
Mean (21) 

   
Three equations valid for the same streams on northeast Maui suggest very different relationships between 
streamflow and precipitation. The most specific equation (the Gingerich equation) suggests the highest 
sensitivity of flow to precipitation, while the least specific equation (the Yamanaga equation) suggests the lowest 
sensitivity of flow to precipitation. It is unclear whether these facts are related to equation specificity. Note that 
the Yamanaga equation predicts mean streamflow, which tends to be higher than the median streamflow the 
Fontaine and Gingerich equations predict.  
 

While the Yamanaga equation predicts mean flow rather than median flow, it is 

somewhat surprising that mean flow would be less responsive to precipitation than 

median flow, as mean flows tend to be higher than median flows509 because of the high-

flow events that follow storms. These high flows influence the mean more than the 

median, especially for windward streams that are not expected to have many zero or near-

zero flow days, so one might expect mean flows to respond more sensitively to 

precipitation than median flows. The windward Yamanaga equation implies the opposite. 

Comparing the two equations linking median streamflows to precipitation, the Gingerich 

equation suggests that median Northeast Maui streamflows are more sensitive to 

precipitation than median windward Kauai and Maui streamflows in general (Fontaine). 

However, all three equations are highly empirical, so isolating one parameter for analysis 

could be fallacious. As will be discussed below in the context of aggregation, the 

Fontaine and Gingerich equations predict similar values for median streamflows for 

Northeast Maui streams despite their different precipitation dependencies. Thus, the 

following discussion about using streamflow elasticities to precipitation to test flow 
                                                
509 (S. Gingerich 2005) 
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sensitivity to changing precipitation conditions is highly tentative. As discussed above, 

regression equations are not typically valid outside their original derived ranges, and 

altered climatic conditions can change the relationships originally described. While 

regression equations can make hydrologic sense, they are fundamentally empirical and do 

not reflect theoretical relationships between precipitation and streamflow. 
 

F3&./)!"/,"33&2.)-E:%+&2.3)+2)G33"33)@,"#&C&+%+&2.)H'C%#+3)2.)=&+#8)>$243!

Despite the aforementioned cautions about using empirical relationships beyond 

their intended ranges and in contexts where underlying relationships are expected to have 

changed, the range of possible relationships between streamflow and precipitation 

outlined above can be used to test potential changes to streamflow under altered 

precipitation conditions. 

Regression equations derived for streamflow cannot be used to estimate ditch 

flows directly, as ditches have fundamentally different channel shape, orientation, and 

water input profiles from Maui’s streams. Instead, the relationship between streamflows 

and precipitation can be isolated from the regression equations and used to predict ditch 

flows under future precipitation conditions. That is, ditch flows that comprise inputs that 

resemble median streamflows might be related to precipitation by  
 
  (24), 
 

where b is a regression equation exponent of a precipitation-related parameter like 

mean annual precipitation or rainfall. If precipitation in the future is expected to be x of 

current precipitation, the scaling factor becomes 
 
 

 
(25). 
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The factor in (25) can be used to scale historical flow records from which 

statistical structures like inter-trial correlation can be derived and used to generate 

synthetic flow series. Doing this assumes that underlying precipitation – flow 

relationships are not changing with changing precipitation, which is likely untrue and will 

be addressed below in Limitations (page 175). 

Fontaine’s 1992 regression equation for Maui and Kauai streams510 suggests that 

median stream flows are related to annual mean precipitation by  
 
  (26), 
 

where Q is annual median flow and P is . 

Thus, to create a synthetic record for ditch flows under altered precipitation conditions, 

historical flow records can be scaled by  
 
 

 
(27), 

 

and used to derive correlative structures that can be used for synthetic flow 

generation. For streams in Northeast Maui, where most of the streams diverted for the 

East Maui Irrigation system are located, Gingerich estimates that the relationship between 

rainfall and median stream flow is given by  
 
  (28)511. 
 

Gingerich’s original equation (19) relates median stream flow to rainfall in the 

portion of the stream’s watershed above a ditch diversion, where rainfall is reported in 

cubic feet per second, but this work uses precipitation relationships only as a scaling 

                                                
510 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
511 (Gingerich 2005) 
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factor. Since basin areas are not expected to change with precipitation and cubic feet per 

second can be converted to an area times inches per year via a constant, a proportionality 

between streamflow and basin rainfall volume should be the same as the proportionality 

between streamflow and total annual precipitation in inches per year. 
 

I&'&+%+&2.3)

One major limitation of using regression equations for sensitivity analysis is that 

the relationship between precipitation and streamflow (and thus, by extension, ditch flow) 

might change in response to climate change or other external factors like altered land use. 

The precipitation-flow relationship is quantified by the exponent assigned to precipitation 

in regression equations. In this multiplicative (log-log) regression equation, the exponent 

of an input parameter like precipitation represents an elasticity, or sensitivity to 

change512. For example, the Fontaine precipitation exponent of 0.985 for Maui and Kauai 

indicates that streamflow will increase by 0.985 percent for every 1 percent increase in 

precipitation. Some reasons that this relationship might change include an increasing 

dependence of surface water flows on groundwater inputs. If precipitation declines, 

groundwater input (base flow) might become a larger relative contributor to total flow: if 

total streamflow is lower because of decreased precipitation but the groundwater 

contribution remains the same, the reduced total flow will be more dependent on 

groundwater. Thus, increasing precipitation by 1 percent might create a relatively smaller 

change to total streamflow than when more of the streamflow was due to precipitation, 

effectively decreasing the exponent. Alternatively, if land use change causes more 

precipitation to become runoff and less recharge, as might happen after deforestation513, 

precipitation would become a more significant contributor to total streamflow, and the 
                                                
512 (Freedman 2007) 
513 (Idol 2003) 
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precipitation exponent would increase: more streamflow would result from the same 

increase in precipitation. Land use change is considered one of the most significant 

controllers of the rainfall/runoff relationship514. Here, all experimental runs assume that 

precipitation is lower in the future than it is today, so using larger exponents, which 

imply greater flow sensitivity to precipitation conditions, produces lower estimates for 

ditch flows. For example, using the Gingerich relationship (19) will produce lower 

estimates for ditch flow than using the Fontaine relationship (18). This is because the 

reduction in precipitation is reflected and magnified in the ditch flow with larger 

exponents. Alternatively, as the exponent approaches 0, flows become less dependent on 

precipitation. 

The true relationship between precipitation and ditch flows is likely to be 

represented by a smaller exponent than that which relates precipitation and stream flows. 

Ditch flows usually comprise the low and medium flows of diverted streams. Low 

streamflows in Hawaii are typically dominated by base flow (groundwater 

contributions)515, and precipitation might be expected to have a smaller relative effect on 

total low flow than on the higher flows that tend to occur after storms. Notably, 

Gingerich’s equation (19) describing the base flow portion of median flows for Northeast 

Maui streams suggests the opposite, with a larger implied sensitivity between flow and 

precipitation than in the total median flow relationship. However, the regression constant 

is much higher for (20) than (19), and equations derived in the same publication516 for 

flows equaled or exceeded 95 percent of the time are not dependent on rainfall at all. The 

low flow lack of dependence on precipitation is what one would expect. 

                                                
514 (Fontaine, Evaluation of the Surface-Water Quantity, Surface-Water Quality, and Rainfall Data-
Collection Programs in Hawaii, 1994 1996) 
515 (Oki, Surface Water in Hawaii 2003) 
516 (S. Gingerich 2005) 
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Ditch diversion systems tend to exist on perennial streams, which flow all year 

precisely because they are not solely dependent on precipitation to flow. While high flow 

conditions in perennial streams are due to precipitation conditions, many ditch diversions 

are not designed to capture all of a stream’s high flow517. Diversions are typically grated 

openings or channels that have limited capacity, so when high streamflows exceed those 

capacities, no additional water is diverted. Precipitation-induced higher flows do not 

necessarily affect ditch flows much. Thus, since a large part of the water flowing into 

ditches is likely base flow (groundwater-related), ditch flow is likely not highly sensitive 

to short term changes in precipitation. Since the groundwater table fluctuates depending 

on freshwater input from precipitation, base flow-derived ditch flow is sensitive to 

longer-term trends in precipitation, so multiple years of low precipitation can be so 

challenging to users. The elasticity of ditch flow to precipitation is expected to be lower 

than the elasticity of stream flow to precipitation. 

Another point of caution in applying the precipitation-flow relationships derived 

in the regression equations presented above is that not all regression equations use the 

same parameters. Two equations with different precipitation-flow relationships might 

predict similar streamflows in a given basin depending on the other parameters used. One 

illustration of this is that the Fontaine equation treats stream drainage area and basin 

precipitation as two parameters with different elasticities518, while the Gingerich equation 

combines them into a rainfall volume term (precipitation times the drainage area) with a 

single collective elasticity519. While efforts are made to ensure that all parameters used in 

a regression equation are independent, equations with multiple variables, adjustment 

                                                
517 (Gingerich 2005) 
518 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
519 (Gingerich 2005) 
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factors, and derived elasticities are prone to overdefinition. For example, the Fontaine 

1992 equation uses three basin characteristics, a regression constant, and a bias correction 

factor520. Though the derived equation produces reasonably accurate estimates, it is 

highly empirical. Particularly when equations are derived from limited datasets, as is the 

case here, it can be difficult to avoid the problem of well-fit equations with limited 

physical meaning. 

Historical data are presented in terms of mean flows521, while the Fontaine and 

Gingerich equations link precipitation to median flows. While ditch flows are likely 

similar to aggregated median stream flows, comparing regression equation-predicted 

median flows for individual streams to historical data for mean streamflow is of limited 

usefulness in assessing accuracy. The Hawaii Commission on Water Resource 

Management declared median stream flows to be the quantitative basis for defining 

protective flow standards522, so significantly more effort has been devoted to accurate 

estimation of median than mean flows. It is unlikely that the relationship between 

precipitation and mean flows is the same as the relationship between precipitation and 

median flow. The Yamanaga equations are the only available equations for predicting 

mean flows in Hawaiian streams and are known to have low accuracy523.  

Despite the shortcomings of the approach, future-to-current precipitation ratios 

and a range of predicted elasticities for the precipitation/streamflow relationship are used 

to scale synthetic ditch flows. These flows are generated with a lag 1 Markov model 

extending the work of Fok and Miyasato (1976), which produced synthetic flow data for 

                                                
520 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
521 (USGS 2011) 
522 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
523 (Verdin and Worstell 2008) 
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Maui’s Wailoa Ditch based on monthly flow records from 1923 to 1972524. The goal of 

that study was to analyze potential future summer low flow conditions to assess the 

likelihood that a drought as severe as the 1971-1975 drought would recur525. This method 

is discussed in detail in Synthetic Ditch Flows: Generating a Future Record (page 179).  

The potential effect of increased flow variability (as manifested in monthly flow 

standard deviations) was also considered for analysis, but evidence suggests that 

precipitation and streamflow variability might be declining or holding relatively stable 

for Hawaii526,527. 
 

Synthetic Ditch Flows: Generating a Future Record 

Future surface water supply depends on future surface water response to future 

conditions, and so it is useful from a modeling perspective to be able to predict future 

stream or ditch flows. For reasons described above, most notably the fact that ditch flows 

are a more direct indicator of water availability for use than stream flows, it is useful to 

consider ditch flows directly. Water availability (supply) depends on precipitation, and 

the usefulness of available water for meeting demand depends on timing, as different 

types of surface water users have different tolerances for temporal variability. For 

example, potable water demands for basic needs like drinking must be met within hours 

or days of the need, while irrigation water demands might be able to tolerate a month or 

more of inadequate supply. Much of the publicly accessible information about water 

demands on Maui is given as a daily average demand derived from monthly or annual 

totals, and so here, ditch flows are linked to precipitation with monthly resolution. Using 

                                                
524 (Fok and Miyasato 1976) 
525 (Fok and Miyasato 1976) 
526 (Wetherald 2010) 
527 (Timm, et al. 2011) 
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a daily average flow derived from long records can mask information about long-term 

drought or other temporally relevant conditions that can affect whether demand is being 

met by supply. 

Linking ditch flow to precipitation allows for several types of sensitivity analysis 

to changing precipitation conditions. The analysis performed here uses precipitation-flow 

relationships to predict streamflow response to altered future precipitation conditions. 

Since the equations used here were derived for streamflow, precipitation conditions are 

input as a scaling factor rather than as an absolute number (27). Regression equations 

used for generating synthetic ditch flows apply to all streams feeding a given ditch in 

most cases, so this analysis assumes that the precipitation-flow relationship might also 

hold for the ditches themselves. The idea that the relationship between precipitation and 

streamflow might extend to ditch flows is notably untrue in cases where streamflows 

exceed diversion capacity, as during storms. However, this assessment focuses on 

potential long-term low precipitation conditions as a more limiting factor for water 

supply adequacy. 

Current literature528,529 suggests that climate change-related changes to Hawaiian 

stream runoff and precipitation variability, as described by the variances of runoff and 

precipitation, are not expected to be statistically significant. Thus, sensitivity to changing 

variability is not assessed in this work. However, a low flow frequency analysis of how 

variability affects ditch flows could be performed by sampling from a statistical 

distribution with means and variance adjusted to reflect expected conditions. 

The technique used for generating synthetic ditch flows follows the methodology 

of Fok and Miyasato (1976), who used a stochastic analysis to generate ditch flow 

                                                
528 (Timm, et al. 2011) 
529 (Wetherald 2010) 
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records based on historical conditions530. One of the major motivations of that work was 

to evaluate drought severity in Central Maui. While low flow frequency analysis can 

indicate how probable droughts of a certain magnitude might be, low flow frequency 

analysis does not provide insight as to the probability of consecutive low flow periods. 

That is, while low flow frequency analysis might indicate that flows will be below a 

given value 10 percent of the time, they do not supply information about how often a 10th 

percentile event might occur over the course of 5 years. Stochastic analysis can be used to 

generate synthetic stream records to indicate how sequential low flows might occur and 

thus predict how severe (and long-lasting) a drought might be. A major advantage of 

using stochastic analysis for sensitivity analysis in place of a manipulated version of the 

historical record is that many synthetic flows can be generated from a correlation 

structure based on historical data, so investigation is not limited to the precise flow 

sequences of the existing record. 

Fok and Miyasato use a lag 1 Markov model, which means that the result of a trial 

depends only on the outcome of the trial directly preceding it531. In the case of monthly 

synthetic streamflow generation, this means that March flows depend directly on 

February flows, which depend directly on January flows. Thus, March flows are 

technically indirectly dependent on January (and preceding) flows, but January flows are 

not directly incorporated into the March flow generation function. Markov processes and 

Markov chains are commonly used to describe systems with some degree of randomness, 

like streamflow and precipitation532. A Markov process is a time-varying stochastic 

process for which each event is independent of its past and its future; a Markov chain 

allows some interdependence between trials. In the case of the lag 1 Markov chain, as 

                                                
530 (Fok and Miyasato 1976) 
531 (Fok and Miyasato 1976) 
532 (Loucks and van Beek 2005) 
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described above, each event depends directly only on the event directly preceding it. The 

assumption that streamflows can be described by a 1st order, or lag 1 Markov process, is 

generally considered reasonable533. Justification for using a lag 1 model for the ditch 

system analyzed here can be found in Appendix Supply.1. 

Lag 1 Markov ditch flow generation for monthly flows uses a random noise term, 

historical observed sample standard deviations, and a correlation coefficient that relates 

flows in one month to flows in the preceding month, based on historical flow data. Let Q-

i,j be the flow in month j of year i. Assuming the flows are well characterized by a normal 

distribution, then Qi,j is given as 
 

  (29), 
 

where t is a random variate selected from N(0,1), the normal distribution with 

mean 0 and standard deviation 1; sj is the sample standard deviation of flows in month j; 

rj is the correlation coefficient linking flows in month j to flows in month j-1; and bj is 

given by  
 
 

 
(30)534. 

 
The correlation coefficient rj is defined as 

 
 

 
(31), 

 

where p is the number of years of record535. If an initializing flow datum is 
missing, the sums should be multiplied by . 

                                                
533 (Loucks and van Beek 2005) 
534 (Fok and Miyasato 1976) 
535 (Fiering and Jackson 1971) 
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The method for generating streamflow (and ditch flow) records described here 

assumes that flows follow a normal distribution, but the generation function can be easily 

adapted for other distributions by changing the distribution from which the random 

number is selected in (29). For example, if flows were assumed to fit a Pearson Type III 

distribution, (29) would become 
 
  (32), 
 

where x is a random variate selected from a Pearson Type III distribution536. 

Fitting flow data to normal and other distributions can result in some generated 

flows that do not make physical sense. For example, a generated value for flow might be 

negative. Even if water seepage into the ground is considered “negative” flow, a channel 

with no water in it cannot lose water, so negative flows are not observed in reality. 

However, in many cases, normal or Pearson Type III distributions reflect observed data 

reasonably well. Fok and Miyasato analyzed Maui’s Wailoa Ditch based on flow records 

through 1972 and found that the normal distribution was an appropriate fit537. This work 

extends that analysis by incorporating the additional 25 years of ditch flow data now 

available. The normal distribution remains an appropriate descriptor of Wailoa Ditch 

flow conditions by month, and justification can be found in Appendix Supply.2. 
 

The Wailoa Ditch 

The Wailoa Ditch is Maui’s largest ditch, with a total capacity of 195 million 

gallons per day538. Wailoa has a larger capacity than any river or stream in the State of 

Hawaii539. The publicly available data on Wailoa’s flows also include the most recent 
                                                
536 (Fok and Miyasato 1976) 
537 (Fok and Miyasato 1976) 
538 (Wilcox 1996) 
539 (Wilcox 1996) 
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available data of any Maui ditch, with daily mean flows for most dates between 1923 and 

1987 measured and published by the USGS540. While other ditches on the East Maui 

Irrigation System have longer records (Table 26) the Wailoa Ditch is the largest ditch and 

has a sufficiently long record, so Wailoa is used to generate synthetic ditch flows 

representing EMI. The 64 year daily flow record allows for derivation of reasonably 

stable correlation coefficients and other statistics. By contrast, flow records for many of 

Maui’s other ditch systems exist only for a few years, and in many cases, the 

measurements were taken decades ago (Table 39).  
 

Table 26 East Maui Irrigation Ditch System Capacity and Gage Records 

Ditch Maximum 
Capacity (mgd) 

Longest Available Gage Record 

Spreckles Ditch  1922-1985 
Wailoa Ditch 195 1923-1987 
Koolau Ditch 140 1900-1985 
Makapipi Ditch 55 1948-1966 
New Hamakua Ditch   
Haipuaena Ditch   
Kauhikoa Ditch 110 1910-1929 
Old Hamakua 30 1918-1965 
Lowrie Ditch 60 1910-1985 
Manuel Luis Ditch 30 1918-1965 
Center Ditch  1918-1930 
Haiku Ditch 67 1910-1985 

Based on EMI schematic (Figure Supply. 29) and (Wilcox 1996). Record dates from (USGS 2011). Right-justified 
ditches flow into left-justified ditches and are presented mauka to makai and from origin to HC&S plantation 
where relevant. 
 

Even with Wailoa’s long data record, however, it is difficult to comment on 

impacts of changes like reduced precipitation. The Wailoa record ends in 1987, likely due 

to the funding cuts that have dramatically reduced gaging station activity in Hawaii since 

the 1960s541; rainfall is thought to have declined 15 percent between 1990 and 2010 in 

                                                
540 (USGS 2011) 
541 (Wilson Okamoto Corporation 2008) 
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Hawaii542, a dramatic change whose effect on ditch flow cannot be directly observed in 

public empirical data (Figure Supply. 10). However, there are indications that Wailoa’s 

flow has declined on average since the last flow measurements in 1987543. The long-term 

(1922-1987) mean flow in Wailoa Ditch at its Honopou gage site is about 110 million 

gallons per day544 (Figure Supply. 10).  

 

                                                
542 (Cannarella 2010) 
543 exhibit 3 (Commission on Water Resource Management 2010) 
544 calculated from (USGS 2011) 
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Figure Supply. 10 Wailoa Ditch Gage and Long Term Daily Record, 1923-1987 

 

 
Reproduced from NWIS. Wailoa Ditch gage location (currently inactive) and long term daily mean discharge 
record.  
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EMI gains about 5.24 percent of its water between Honopou and Maliko Gulch, 

close to the point of delivery545: adding an additional 5.24 percent of 110 million gallons 

per day suggests that Wailoa Ditch delivers about 116 million gallons per day to EMI 

users. A 1976 estimate suggests that Wailoa was providing about 90 percent of summer 

irrigation deliveries from the East Maui Irrigation System (EMI) at the time546, and the 

historical record suggests that Wailoa flows account for 60 to 70 percent of EMI 

deliveries on an annual average basis547 (Figure Supply. 12).  

Water deliveries to HC&S from EMI averaged about 158 million gallons per day 

(mean) between 1986 and 2009, with additional water deliveries to users like Maui 

County bringing total diversions to about 167 million gallons per day548,549,550. Summer 

deliveries to HC&S (between May and October) averaged about 162 million gallons per 

day (mean). Assuming Wailoa Ditch provides 90 percent of summer irrigation water 

would suggest that Wailoa Ditch’s mean summer flow is about 146 million gallons per 

day, or about 133 percent of the historical annual mean. The historical record for monthly 

average flows between May and September indicates that Wailoa’s mean daily summer 

deliveries were about 120 million gallons per day between 1922 and 1987, including the 

5.24 percent additions past the gage551. This suggests that perhaps the assumption that 

Wailoa is providing 90 percent of summer irrigation (estimated in 1976 in the wake of a 

historic drought552) is not consistently true. Using overlapping records for EMI’s four 

main ditches can produce an estimate for Wailoa’s mean annual contributions to EMI 
                                                
545 exhibit 3 (Commission on Water Resource Management 2010) 
546 (Fok and Miyasato 1976) 
547 Calculations based on data from (USGS 2011) 
548 exhibit 3 p 91: 158 mgd 1986-2009, p 26 (divide bgal/yr) (Commission on Water Resources 
Management 2010) 
549 (Hamilton, No party in water decision satisfied 2010) 
550 May staff submittal (Commission on Water Resource Management 2010) 
551 (USGS 2011) 
552 (Fok and Miyasato 1976) 
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total flow. Ditch flow records for EMI’s four main ditches – Wailoa, New Hamakua, 

Lowrie, and Haiku – exist for the period 1931-1985, all gaged near Honopou553 (Figure 

Supply. 11). 

 

Figure Supply. 11 Gage Locations, Four Major East Maui Irrigation Ditches 

A. Wailoa Ditch Gage at Honopou (16588000)  B. New Hamakua Ditch Gage at Honopou (16589000) 

 
C. Lowrie Ditch Gage at Honopou (16592000)  D. Haiku Ditch Gage at Honopou (16594000)  

 
Source: NWIS. The four EMI ditches considered here are gaged at very similar points, which justifies considering 
correlation among the records directly. 

 

 As Figure Supply. 12 shows, total flow from the four ditches declined between 

1931 and 1985, while Wailoa’s fractional contribution increased.  
 

                                                
553 (USGS 2011) 
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Figure Supply. 12 Wailoa Ditch Contributions to Total EMI Flows, 1931-1985 
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Data from NWIS. Note the dual vertical axes. Over time, total EMI system flow has declined, but Wailoa Ditch 
contributions are proportionally higher when the ditch system experiences lower flows. Data from 1931 to 1985 
analyzed because these are the dates for which data exist for all four of EMI’s four main ditches. 

 

Though records for all four ditches do not extend past 1985 (or past 1987 for any 

ditch), ditch flows may have continued to decline: 2003-2009 EMI deliveries averaged 

about 139 million gallons per day554. Thus, Wailoa Ditch contributions might be higher 

than the historical average at this time. On average, Wailoa Ditch accounted for about 68 

percent of EMI system flows on an annual basis between 1931 and 1985, with a standard 

deviation of 4 percent. The record is skewed left, and Wailoa is more likely to contribute 

more than 68 percent of flow than it is likely to contribute less than 68 percent of flow 

(Figure Supply. 13), especially recently and during times of lower flows. Assuming that 

                                                
554 (Commission on Water Resource Management 2010) 
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Wailoa contributes 68 to 72 percent of EMI flows would predict summer flows of 110 to 

117 million gallons per day at the gage site, which corresponds well with the historical 

average of about 115 million gallons per day at the gage. In this assessment, Wailoa is 

assumed to account for 68 to 72 percent of EMI flows. 
 

Figure Supply. 13 Wailoa Ditch Flow as Percent of EMI Flow, 1931-1985 
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Data source: NWIS. Wailoa contributes about 68 percent of EMI flow on average but accounts for more than 68 
percent more often than less than 68 percent. The single data point at 55 percent came during a very high flow 
year for EMI, when there was sufficient water to feed the other ditches and reduce Wailoa’s proportional 
contribution. 
 

Wailoa Ditch is the highest elevation of the four main EMI ditches, which divert 

flows from essentially the same set of streams at different elevation. New Hamakua Ditch 

is an overflow ditch for Wailoa, while Lowrie Ditch and its overflow ditch Haiku Ditch 

are sited to capture groundwater development downstream of Wailoa and New Hamakua. 
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The ditch flows are closely correlated (Figure Supply. 14), so adjusting Wailoa flows to 

reflect full EMI system flows is probably appropriate.  
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Figure Supply. 14 Normal Deviates for Ditch Flows on EMI System, 1931-1985 
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Source: NWIS. Ditch flows are closely correlated in time (see Appendix), so Wailoa flows can be used to predict 
EMI system flows. 

 

One reason that Wailoa tends to be a more significant contributor to total EMI 

flows during dry periods is that little water will pass Wailoa as uncaptured overflows. A 

peak in total EMI delivery around 1940 corresponds with a dip in Wailoa’s fractional 

contribution (Figure Supply. 12), indicating that Wailoa’s capacity to divert high 

streamflows was probably exceeded. 

The effect of the 15 percent decline in precipitation that has been observed since 

about 1990555 cannot be directly observed from Wailoa Ditch flow records, as the gaging 

ended in 1987 (Figure Supply. 10). However, possible effects can be estimated using 

precipitation-flow relationships from regression equations. Using the Fontaine equation 

(18) for median stream flow on Maui and Kauai and inputting a precipitation factor of 

                                                
555 (Fletcher 2010) 
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0.85 times the historical average (representing a 15 percent decline in precipitation versus 

the long term average computed in 1986), one would predict mean flows of about 94 

million gallons per day at the Wailoa Ditch gage. The Gingerich equation (19) for median 

streamflows in a portion of the East Maui Irrigation watershed region would suggest a 

mean Wailoa Ditch gage site flow of about 89 million gallons per day in response to a 15 

percent decline in precipitation. The Fontaine and Gingerich equations predict median 

flow, while the historical data for ditch flows are given as mean flows, so this scaling 

relationship might not hold. However, as discussed above, mean ditch flows might be 

more similar to aggregated median streamflows than to aggregated mean streamflows 

because of the nature of diversion structures, which tend to capture all of a stream’s base 

and medium flows556. 

Though the 1972 equation (22) associating precipitation to mean flows is known 

to have high errors557, the relationship it suggests between precipitation and mean ditch 

flows could be valid. Using the exponent associating precipitation to mean flow for 

windward Hawaiian streams like those diverted into Wailoa Ditch558, one would predict 

Wailoa Ditch mean flows to be about 105 million gallons per day under recent 

precipitation equations. As expected, this value reflects  a lower flow sensitivity to 

declining precipitation than the Fontaine and Gingerich estimates of 94 or 89 million 

gallons per day, given Wailoa’s mean gage-site flow of about 110 million gallons per day 

between 1924 and 1987. Publicly available records for individual EMI ditches do not 

extend past 1987 in any case559, which makes validation difficult. The precipitation to 

flow relationship in each equation is derived based on the climate and land use conditions 

                                                
556 (Gingerich 2005) 
557 (Verdin and Worstell 2008) 
558 (Verdin and Worstell 2008) 
559 (USGS 2011) 
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that existed when the base data were collected: before 1992 for the Fontaine equation 

(18) and before 1976 for the Yamanaga equation (22). Even the more recent 2005 

Gingerich equation relies on precipitation data from before 1986560. Since conditions 

have changed since the parameters used to create regression equations were originally 

estimated, particularly precipitation patterns, the relationships might no longer hold even 

if they once were valid to apply to ditch flows. The Fontaine and Gingerich equations use 

different annual precipitation data561 than the Yamanaga equation, and neither includes 

patterns from the last 25 years of data. 

Synthetic records for Wailoa Ditch flow assuming several different future 

precipitation conditions can be generated using the Fontaine, Gingerich, and Yamanaga-

predicted precipitation-flow relationships to produce a range of estimates that test 

drought risk at varying levels of precipitation. These synthetic flow sequence scenarios 

are discussed now. 
 

<0.+8"+&#)>$24)!"#2,(3)12,)?%:&J3)*%&$2%)=&+#8)

Synthetic flow records that incorporate statistical structures of historical records 

without relying on precise flow sequences can be helpful tools for water supply 

assessment, particularly because the ability to generate many statistically consistent 

records can indicate a range for probable drought lengths and magnitudes. Synthetic flow 

sequences assume statistical stationarity, or unchanging model parameters, which means 

that trends like declining precipitation or unmodeled periodicities are not captured. Here, 

the effect of declining precipitation is modeled by inputting a lower-than-historical 

precipitation level, and interannual seasonality is described with monthly correlation 

coefficients relating one month’s flow with the flow in the month directly preceding it. 
                                                
560 (S. Gingerich 2005) 
561 (Giambelluca, Nullet and Schroeder 1986) 
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Synthetic records for the Wailoa Ditch were generated using the methodology 

described in Synthetic Ditch Flows: Generating a Future Record (page 179) assuming six 

different patterns of precipitation that could exist in 2050 and four different precipitation-

ditch flow relationships as enumerated in the Fontaine, Gingerich, and Yamanaga 

equations (18), (19), (21), and (22) introduced above in Regression Equations (page 157). 

The Gingerich equation is most specific to the streams that feed Wailoa Ditch, while the 

Fontaine equation relationship is theoretically applicable to any perennial stream on Maui 

and can be extended to most ditch flow analyses. The Yamanaga equations are known to 

be less accurate than the Gingerich and Fontaine equations562, and they predict the 

relationship between mean flows and precipitation rather than between median flows and 

precipitation. However, the low flow elasticity to precipitation derived for windward 

streams and the high elasticity derived for leeward streams represent defensible 

boundaries for elasticity sensitivity analysis. The Wailoa Ditch is fed by windward 

streams on Maui, so under current conditions, the true elasticity linking ditch flow and 

precipitation would be expected to be closer to the windward than leeward value: that is, 

windward ditch flows are expected to be less sensitive to precipitation changes than 

leeward streams because they, like windward streams, derive a substantial portion of their 

flow from groundwater inputs. Climate change, land use change, or other changes could 

alter these relationships, however, which is why this sensitivity analysis is performed. 

The same types of changes that could alter relationship between precipitation and 

streamflow could also affect precipitation levels. For example, climate change is 

expected to reduce total precipitation in the Hawaii region563, and decreased forest cover 

is sometimes associated with lower total precipitation564. This study ignores possible 

                                                
562 (Verdin and Worstell 2008) 
563 (Cannarella 2010) 
564 (Idol 2003) 
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increases in precipitation because of the focus on water supply adequacy. Increased 

precipitation would theoretically increase the amount of available water over current 

levels, suggesting that water supply would not be alarmingly constrained under increased 

precipitation conditions unless demands rose dramatically (see Chapter 5). Potential 2050 

precipitation levels of 95 percent, 90 percent winter and 105 percent summer, 85 percent, 

61 percent, and 50 percent of long-term historical precipitation were chosen for analysis 

based on a literature review of potential declines565. These levels are based on climate 

change predictions, recent precipitation trends, and a conservative lower bound estimate 

made by other investigators. 

The  scenarios are based on an expectation that climate 

change could lead to a 4 to 6 percent decline in precipitation at sea level near Hawaii by 

2100566. Since temperature is expected to increase faster at higher altitudes567 where 

many of the stream headwaters are, a decline to 95 percent by 2050 is considered 

appropriate for sensitivity analysis. Though current precipitation levels are about 85 

percent of historical levels, this climate change scenario considers only the climate 

change-related effect on precipitation and so does not incorporate the recent downward 

trend in precipitation. Scenarios assuming that current precipitation levels continue 

through 2050, or , consider the recent decline but not the effect of 

climate change.  

Climate change effects are not combined with the recent downward trend’s effects 

on precipitation because of the substantial uncertainty regarding climate change’s 

expected impact on Hawaiian precipitation. The Intergovernmental Panel on Climate 

Change (IPCC) Fourth Assessment Report (AR4) indicates that less than two thirds of 

                                                
565 e.g. (Cannarella 2010), (Timm, et al. 2011), (Fletcher 2010), (Bassi, Harrisson and Mistry 2009) 
566 (Cannarella 2010) 
567 (Fletcher 2010) 
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studies agree on whether precipitation will increase or decrease in Hawaii as a result of 

climate change568. Global climate models predict that Hawaiian precipitation could 

decrease by up to 20 percent or increase by as much as 30 percent, with a most likely 

estimate of 5 to 10 percent declines in wet season precipitation and 5 percent increases in 

dry summer precipitation569. Assuming a 5 percent decline in annual precipitation from 

climate change probably overestimates drought severity under climate change because it 

does not take increased dry-season precipitation into account. Thus, a second climate-

change related precipitation level was selected, defined by 
 

. 

 

While the annualized change represents about 96 percent of historical, capturing 

seasonal effects of climate change by scaling summer months and winter months 

differently provides different insights as to potential flow patterns and the implications of 

differing precipitation-flow relationships for water availability. However, a limitation is 

that winter flows are considered as 90 percent of historical mean annual flows and that 

summer flows are considered as 105 percent of historical mean annual flows, not of 

historical mean winter and summer flows. Winter (wet season) flows are likely 

understated, while summer (dry season) flows are likely overstated.  

The  scenarios reflect a continuing trend in precipitation 

declines. Hawaiian precipitation has declined by about 15 percent in the past 20 years570, 

and extending this trend by 40 years (15 percent decline every 20 years) implies that 

precipitation in 2050 could be about 61 percent of historical levels. The 

                                                
568 (Intergovernmental Panel on Climate Change 2007) 
569 (Timm and Diaz, Synoptic-Statistical Approach to Regional Downscaling of IPCC 21st Century 
Climate Projections: Seasonal Rainfall over the Hawaiian Islands 2009) 
570 (Fletcher 2010) 
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 scenarios are modified from estimates made in a previous study 

that assumes precipitation over Maui County will fall by 50 percent between 2010 and 

2030 because of the difficulty of predicting future precipitation levels571. The assertion 

that precipitation could drop 50 percent between 2010 and 2030 is not carefully justified 

and is treated here as a highly unlikely outcome. This study extends the period of the 

decline and tests a case where precipitation falls to 50 percent of the long-term historical 

average by 2050. 

Scenarios for which synthetic records are generated assume that future 

precipitation will be 100 percent, 95 percent, 90 percent (winter) and 105 percent 

(summer), 85 percent, 61 percent, or 50 percent of historical precipitation levels and that 

flow elasticity to precipitation is 2.783 (from(22)), 1.338 (from (19)), 0.985 (from (18)), 

or 0.588 (from (21)) and are outlined in Table 27. 
 

                                                
571 (Bassi, Harrisson and Mistry 2009) 
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Table 27 Expected Mean Streamflows as Percent of Historical Streamflows, Selected 
Precipitation Conditions and Flow-Precipitation Relationships  

 2.783 
(Yamanaga, 
leeward) 

1.338  
(Gingerich, 
Northeast 
Maui) 

0.985  
(Fontaine, et al, 
Kauai and Maui 
perennial) 

0.588 
(Yamanaga, 
windward) 

100% hist. precip.  
(stationary) 100% 100% 100% 100% 
95% hist. precip. 
(climate change) 87% 93% 95% 97% 
90% hist. precip. winter 
flows, 105% hist. precip. 
summer flows (climate 
change) 

75% winter 
115% summer 

87% winter 
107% summer 

90% winter 
105% summer 

94% winter 
103% summer 

85% hist. precip.   
(current levels) 64% 80% 85% 91% 
61% hist. precip.  
(continuation of 1990-2010 
trend for 40 years) 25% 52% 62% 75% 
50% hist. precip.  
(conservative estimate by 
Millennium Institute for 2030 
precipitation) 15% 40% 51% 67% 

Synthetic streamflows are generated for scenarios considering four different regression equation-based 
elasticities of streamflow to precipitation and six potential future precipitation conditions. The percentages 
indicate the expected changes in mean streamflows versus historical means. All scenarios demonstrate 
expected declines during at least part of the year, as this work aims to characterize supply adequacy. 
 

The 24 scenarios described in Table 5 represent 21 unique scenarios, as the 

sensitivity of ditch flow to precipitation does not affect results if precipitation does not 

change (i.e. ). These 21 scenarios were used to generate 40-year 

synthetic sequences for Wailoa Ditch flows. Synthetic ditch flows for Wailoa Ditch were 

generated according to the methodology described above. The 65-year record of Wailoa 

Ditch mean flows572 was scaled by constants representing the appropriate sensitivity 

condition for the scenario, or where b is the regression equation exponent of 

precipitation. These scaled data were then used to calculate monthly correlation 

coefficients. Monthly correlation coefficients as defined in (31) for the ditch flows were 

the same in all scenarios that used correlation coefficients, as scaling data by constants 

does not affect the correlative relationship. Data were not detrended before correlation 
                                                
572 (USGS 2011) 



 200 

coefficients were calculated, despite the presence of long-term trends over the 65 year 

period for several winter months: January, February, and September (Figure Supply. 15).  
 

Figure Supply. 15 Wailoa Ditch Flows, Full Record and Raw and Detrended Records by 
Month, 1923-1987 
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Data Source: NWIS. While the monthly Wailoa record (top panel) for the period 1923 to 1987 shows a downward 
trend, a strong downward trend is only observed in three months of the year: September, January, and February. 
Notably, these are winter months, when flows are high and tend to bring up the overall mean. Also notable is the 
fact that modeled September, January, and February months experience more emergency conditions than one 
might expect for these typically wet months (Table 9). Climate change is expected to increase summer 
precipitation and decrease winter precipitation. All values are in cubic feet per second. Blue series represent raw 
data from 1923 to 1987 as monthly average flows in cfs, and red series are detrended data. The data were lag-1 
detrended within their month groups, which is equivalent to being lag-12 detrended within the full monthly record 
(ie January flows were subtracted from other January flows only). 
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Correlation coefficients calculated using a lag-12 differencing573 were not much 

different from correlation coefficients calculated without detrending. Since correlation 

coefficients were similar for the raw and the detrended data and trends were not 

consistent across months, the less-manipulated raw data were used to derive statistical 

structures. Correlation coefficients are presented in Table 28. 
 

Table 28 Interseasonal Correlation Coefficients for the Wailoa Ditch 

 rJan rFeb rMar rApr rMay rJun rJul rAug rSep rOct rNov rDec 
raw data 0.420 0.681 0.052 0.349 0.422 0.651 0.577 0.551 0.722 0.599 0.461 0.586 
detrended  0.394 0.587 0.038 0.347 0.553 0.669 0.587 0.572 0.717 0.650 0.473 0.499 

Data were detrended using lag-12 differencing to test whether detrending improved analysis. Correlation 
coefficients were similar for the raw and detrended data. This work uses the non-detrended data and 
corresponding correlation coefficients to generate synthetic flows for the Wailoa Ditch. 
 

Records were initialized with the mean flow for the first month, January in this 

analysis. The first 60 months (5 years) of synthetic data were discarded to reduce the 

signal of the initializing value. For each scenario, a single synthetic sequence of 40 years 

(480 months) was selected and analyzed for drought patterns. The runs described here 

were hand-selected to minimize the appearance of physically-impossible negative flow 

values, so they might represent flow patterns that are different from an average 480-

month sequence generated from the inputted statistics. In addition to the 20 scenarios that 

consider precipitation conditions different from historical mean conditions, two control 

sequences assuming  are compared and two sets of 480-month historical 

records are considered for calibration and reference. Wailoa Ditch was gaged for less 

than 80 years, so the two historical record sets overlap between 1947 and 1962. The 

annual and monthly statistical parameters of the control simulations and the historical 
                                                
573 The unit of lag is one month: lag-12 differencing in the full data set is here the same as lag-1 
differencing for the 65-year records for each individual month. 
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record are presented in Tables 29 through 36 and Figures Supply. 16 through 22. 

Synthetic flows are presented in Figure Supply. 23. 
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Table 29 Expected and Observed Sample Means, Wailoa Ditch Synthetic Flow Scenarios 

Scenario Expected Scenario 
Mean (% of 
Historical Mean) 

Observed Scenario 
Mean (% of 
Historical Mean) 

Difference 

Historical 100% 100% 0% 
100% (1) 100% 100% 0% 
100% (2) 100% 99% 1% 
1923-1962 100% 102% -2% 
1947-1986 100% 98% 2% 
Yamanaga Windward: 0.950.588 97% 96% 1% 
Fontaine: 0.950.985 95% 96% -1% 
Gingerich: 0.951.338 93% 92% 1% 
Yamanaga Leeward: 0.952.783 87% 87% 0% 
Yamanaga Windward, Winter: 0.90.588 94% 100% -6% 
Fontaine, Winter: 0.90.985 90% 92% -2% 
Gingerich, Winter: 0.91.338 87% 89% -2% 
Yamanaga Leeward, Winter: 0.92.783 75% 71% 3% 
Yamanaga Windward, Summer: 
1.050.588 

103% 103% -1% 

Fontaine, Summer: 1.050.985 105% 103% 2% 
Gingerich, Summer: 1.051.338 107% 101% 6% 
Yamanaga Leeward, Summer: 1.052.783 115% 119% -4% 
Yamanaga Windward: 0.850.588 91% 90% 1% 
Fontaine: 0.850.985 85% 84% 1% 
Gingerich: 0.851.338 80% 78% 3% 
Yamanaga Leeward: 0.852.783 64% 64% 0% 
Yamanaga Windward: 0.610.588 75% 76% -2% 
Fontaine: 0.610.985 61% 63% -2% 
Gingerich: 0.611.338 52% 52% 0% 
Yamanaga Leeward: 0.612.783 25% 25% 0% 
Yamanaga Windward: 0.50.588 67% 66% 0% 
Fontaine: 0.50.985 51% 51% -1% 
Gingerich: 0.51.338 40% 39% 0% 
Yamanaga Leeward: 0.52.783 15% 15% 0% 

Sample means were compared to expected means for realizations of 25 scenarios for future Wailoa Ditch flow 
conditions. The maximum deviation was 6 percent. 
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Figure Supply. 16 Observed and Expected Mean Values for Forty Year Synthetic Wailoa 
Ditch Flow Sequences 
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Observed scenario means match predicted scenario means (as functions of precipitation and flow-precipitation 
relationships) well
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Table 30 Monthly Statistics for Wailoa Ditch Synthetic Flow Realizations 

 
January  February March April May June July August September October November December 

Historical Mean 144 137 183 209 199 159 191 190 147 146 177 162 

100% (1) 155 141 196 202 200 163 188 196 137 137 174 154 

100% (2) 145 141 190 216 203 152 178 182 143 141 180 162 

1923-1962 150 140 183 203 199 165 192 202 158 144 175 172 

1947-1986 135 130 188 209 199 149 189 187 133 145 178 161 

Yamanaga Windward: (0.95)^0.588 142 135 167 198 188 148 187 189 145 149 168 147 

Fontaine: (0.95)^0.985 150 134 175 198 185 143 180 183 142 138 172 154 

Gingerich: (0.95)^1.338 149 144 167 192 182 148 175 160 122 127 168 151 

Yamanaga Leeward: (0.95)^2.783 143 133 146 178 180 144 168 163 130 121 144 133 

Yamanaga Windward: (0.85)^0.588 135 119 166 183 178 142 177 178 137 124 147 150 

Fontaine: (0.85)^0.985 132 121 149 186 162 133 171 162 120 112 144 134 

Gingerich: (0.85)^1.338 112 108 146 167 150 119 150 148 119 109 141 122 

Yamanaga Leeward: (0.85)^2.783 94 88 114 125 121 103 124 123 95 94 118 106 

Yamanaga Windward: (0.61)^0.588 101 95 137 167 147 114 148 157 119 118 131 126 

Fontaine: (0.61)^0.985 92 88 118 129 128 101 123 122 98 88 106 102 

Gingerich: (0.61)^1.338 83 74 95 109 102 77 97 97 73 77 93 81 

Yamanaga Leeward: (0.61)^2.783 42 38 43 51 50 40 46 47 37 36 45 43 

Yamanaga Windward: (0.5)^0.588 97 94 123 149 134 101 126 125 91 94 116 108 

Fontaine: (0.5)^0.985 77 74 90 103 97 78 97 99 82 83 91 81 

Gingerich: (0.5)^1.338 60 57 70 84 81 60 76 72 54 54 69 64 

Yamanaga Leeward: (0.5)^2.783 23 22 26 30 29 23 29 27 21 20 25 24 
 

Deeper pink tones represent increasingly low flows relative to the historical mean for a given month. Green tones represent increases. All values are in cubic 
feet per second.
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 January  February March April May June July August September October November December 

Historical Standard Deviation 51 49 55 47 50 56 54 54 56 54 52 47 

100% (1) 47 43 60 37 45 49 48 61 58 61 58 61 

100% (2) 54 56 56 38 37 50 52 54 58 56 47 56 

1923-1962 49 43 52 48 53 54 46 43 49 48 53 46 

1947-1986 46 50 53 49 50 57 59 60 56 57 51 47 

Yamanaga Windward: (0.95)^0.588 48 45 52 43 45 49 47 46 46 55 46 45 

Fontaine: (0.95)^0.985 52 46 51 43 53 60 53 59 57 48 48 44 

Gingerich: (0.95)^1.338 50 57 53 47 58 51 51 43 36 46 43 35 

Yamanaga Leeward: (0.95)^2.783 48 46 54 41 45 56 46 47 37 43 56 47 

Yamanaga Windward: (0.85)^0.588 47 45 44 35 42 54 56 43 51 48 47 37 

Fontaine: (0.85)^0.985 40 54 49 42 49 41 46 38 49 41 40 40 

Gingerich: (0.85)^1.338 41 44 44 40 39 36 39 41 45 49 44 40 

Yamanaga Leeward: (0.85)^2.783 33 34 35 26 35 31 31 29 32 32 29 30 

Yamanaga Windward: (0.61)^0.588 30 30 47 39 40 46 45 38 38 32 38 30 

Fontaine: (0.61)^0.985 28 28 31 25 26 33 30 30 31 30 35 27 

Gingerich: (0.61)^1.338 25 22 34 23 29 32 34 26 30 27 23 21 

Yamanaga Leeward: (0.61)^2.783 12 14 17 13 13 15 12 13 14 15 14 13 

Yamanaga Windward: (0.5)^0.588 39 35 37 33 31 33 33 32 39 37 32 30 

Fontaine: (0.5)^0.985 29 24 26 21 27 25 22 27 29 30 26 28 

Gingerich: (0.5)^1.338 20 19 27 19 22 24 19 17 20 23 21 16 

Yamanaga Leeward: (0.5)^2.783 7 7 9 7 8 8 9 8 8 8 6 6 
 
All values are in cubic feet per second.
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Table 31 Monthly Means and Standard Deviations, Precipitation = 100 Percent of 
Historical 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

historical mean 144 137 183 209 199 159 191 190 147 146 177 162 

Precipitation = 100% (1) 155 141 196 202 200 163 188 196 137 137 174 154 

Precipitation = 100% (2) 145 141 190 216 203 152 178 182 143 141 180 162 

1923-1962 150 140 183 203 199 165 192 202 158 144 175 172 

1947-1986 135 130 188 209 199 149 189 187 133 145 178 161 

             
historical standard deviation 51 49 55 47 50 56 54 54 56 54 52 47 

Precipitation = 100% (1) 47 43 60 37 45 49 48 61 58 61 58 61 

Precipitation = 100% (2) 54 56 56 38 37 50 52 54 58 56 47 56 

1923-1962 49 43 52 48 53 54 46 43 49 48 53 46 

1947-1986 46 50 53 49 50 57 59 60 56 57 51 47 
All values are in cubic feet per second.  

Figure Supply. 17 Monthly Means and Standard Deviations, Precipitation = 100 Percent 
of Historical 
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Table 32 Monthly Means and Standard Deviations, Precipitation = 95 Percent of 
Historical 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

historical mean 144 137 183 209 199 159 191 190 147 146 177 162 

Yamanaga Windward: (0.95)^0.588 142 135 167 198 188 148 187 189 145 149 168 147 

Fontaine: (0.95)^0.985 150 134 175 198 185 143 180 183 142 138 172 154 

Gingerich: (0.95)^1.338 149 144 167 192 182 148 175 160 122 127 168 151 

Yamanaga Leeward: (0.95)^2.783 143 133 146 178 180 144 168 163 130 121 144 133 

             
historical standard deviation 51 49 55 47 50 56 54 54 56 54 52 47 

Yamanaga Windward: (0.95)^0.588 48 45 52 43 45 49 47 46 46 55 46 45 

Fontaine: (0.95)^0.985 52 46 51 43 53 60 53 59 57 48 48 44 

Gingerich: (0.95)^1.338 50 57 53 47 58 51 51 43 36 46 43 35 

Yamanaga Leeward: (0.95)^2.783 48 46 54 41 45 56 46 47 37 43 56 47 
All values are in cubic feet per second.  

Figure Supply. 18 Monthly Means and Standard Deviations, Precipitation = 95 Percent of 
Historical 
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Table 33 Monthly Means and Standard Deviations, Precipitation = 90 Percent of 
Historical (Winter) and 105 Percent of Historical (Summer) 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

historical mean 144 137 183 209 199 159 191 190 147 146 177 162 
Yamanaga Windward: 

 (0.9 or 1.05)^0.588 155 142 178 202 217 171 197 189 142 140 179 160 

Fontaine: (0.9 or 1.05)^0.985 143 133 155 183 204 169 196 190 151 133 165 153 

Gingerich: (0.9 or 1.05)^1.338 133 121 170 183 205 157 185 199 146 124 155 144 
Yamanaga Leeward:  

(0.9 or 1.05)^2.783 103 102 129 155 228 185 233 234 173 106 120 110 

             
historical standard deviation 51 49 55 47 50 56 54 54 56 54 52 47 

Yamanaga Windward: 
 (0.9 or 1.05)^0.588 45 42 45 51 42 56 53 56 63 54 39 41 

Fontaine: (0.9 or 1.05)^0.985 40 42 50 44 55 58 59 55 52 46 46 40 

Gingerich: (0.9 or 1.05)^1.338 43 32 45 42 50 58 53 60 59 46 55 38 
Yamanaga Leeward:  

(0.9 or 1.05)^2.783 44 40 37 35 56 47 56 57 55 34 32 30 

All values are in cubic feet per second.  

Figure Supply. 19 Monthly Means and Standard Deviations, Precipitation = 90 Percent of 
Historical (Winter) and 105 Percent of Historical (Summer) 
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Table 34 Monthly Means and Standard Deviations, Precipitation = 85 Percent of 
Historical  

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

historical mean 144 137 183 209 199 159 191 190 147 146 177 162 

Yamanaga Windward: (0.85)^0.588 135 119 166 183 178 142 177 178 137 124 147 150 

Fontaine: (0.85)^0.985 132 121 149 186 162 133 171 162 120 112 144 134 

Gingerich: (0.85)^1.338 112 108 146 167 150 119 150 148 119 109 141 122 

Yamanaga Leeward: (0.85)^2.783 94 88 114 125 121 103 124 123 95 94 118 106 

             
historical standard deviation 51 49 55 47 50 56 54 54 56 54 52 47 

Yamanaga Windward: (0.85)^0.588 47 45 44 35 42 54 56 43 51 48 47 37 

Fontaine: (0.85)^0.985 40 54 49 42 49 41 46 38 49 41 40 40 

Gingerich: (0.85)^1.338 41 44 44 40 39 36 39 41 45 49 44 40 

Yamanaga Leeward: (0.85)^2.783 33 34 35 26 35 31 31 29 32 32 29 30 
All values are in cubic feet per second.  

Figure Supply. 20 Monthly Means and Standard Deviations, Precipitation = 85 Percent of 
Historical  
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historical mean! Yamanaga Windward: (0.85)^0.588! Fontaine: (0.85)^0.985! Gingerich: (0.85)^1.338! Yamanaga Leeward: (0.85)^2.783!  
Vertical black bars represent intervals of one standard deviation above and below the sample mean. 
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Table 35 Monthly Means and Standard Deviations, Precipitation = 61 Percent of 
Historical  

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

historical mean 144 137 183 209 199 159 191 190 147 146 177 162 

Yamanaga Windward: (0.61)^0.588 101 95 137 167 147 114 148 157 119 118 131 126 

Fontaine: (0.61)^0.985 92 88 118 129 128 101 123 122 98 88 106 102 

Gingerich: (0.61)^1.338 83 74 95 109 102 77 97 97 73 77 93 81 

Yamanaga Leeward: (0.61)^2.783 42 38 43 51 50 40 46 47 37 36 45 43 

             
historical standard deviation 51 49 55 47 50 56 54 54 56 54 52 47 

Yamanaga Windward: (0.61)^0.588 30 30 47 39 40 46 45 38 38 32 38 30 

Fontaine: (0.61)^0.985 28 28 31 25 26 33 30 30 31 30 35 27 

Gingerich: (0.61)^1.338 25 22 34 23 29 32 34 26 30 27 23 21 

Yamanaga Leeward: (0.61)^2.783 12 14 17 13 13 15 12 13 14 15 14 13 
All values are in cubic feet per second.  

Figure Supply. 21 Monthly Means and Standard Deviations, Precipitation = 61 Percent of 
Historical  
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historical mean! Yamanaga Windward: (0.61)^0.588! Fontaine: (0.61)^0.985! Gingerich: (0.61)^1.338! Yamanaga Leeward: (0.61)^2.783!  
Vertical black bars represent intervals of one standard deviation above and below the sample mean. 
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Table 36 Monthly Means and Standard Deviations, Precipitation = 50 Percent of 
Historical  

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

historical mean 144 137 183 209 199 159 191 190 147 146 177 162 

Yamanaga Windward: (0.5)^0.588 97 94 123 149 134 101 126 125 91 94 116 108 

Fontaine: (0.5)^0.985 77 74 90 103 97 78 97 99 82 83 91 81 

Gingerich: (0.5)^1.338 60 57 70 84 81 60 76 72 54 54 69 64 

Yamanaga Leeward: (0.5)^2.783 23 22 26 30 29 23 29 27 21 20 25 24 

             
historical standard deviation 51 49 55 47 50 56 54 54 56 54 52 47 

Yamanaga Windward: (0.5)^0.588 39 35 37 33 31 33 33 32 39 37 32 30 

Fontaine: (0.5)^0.985 29 24 26 21 27 25 22 27 29 30 26 28 

Gingerich: (0.5)^1.338 20 19 27 19 22 24 19 17 20 23 21 16 

Yamanaga Leeward: (0.5)^2.783 7 7 9 7 8 8 9 8 8 8 6 6 
All values are in cubic feet per second.  

Figure Supply. 22 Monthly Means and Standard Deviations, Precipitation = 50 Percent of 
Historical 
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Figure Supply. 23 Simulated Streamflows for 24 Realizations of Wailoa Ditch Flows, 
Altering Precipitation Conditions and Flow Elasticity to Precipitation 

The preceding 24 diagrams show 480 months of streamflow simulation for Wailoa Ditch each, with different 
precipitation conditions and flow-precipitation relationships. Graphs are colored consistently for all trials: white 
represents the long term mean flow in Wailoa Ditch (1923-1987), while dark green and dark red are set to the 
minimum and maximum monthly mean flows observed in Wailoa Ditch between 1923 and 1987 (NWIS 2011). 
Black represents an emergency flow level below which supplying both drinking water and fire suppression water 
is difficult or impossible. The flow-precipitation relationships used are those from regression equations 
referenced as Yamanaga Windward (21), Fontaine (18), Gingerich (19), and Yamanaga Leeward (22). 
 
A few noticeable trends stand out. First, the trials with the more precipitation-sensitive exponents (Gingerich and 
Yamanaga Leeward) experience more drought overall, and trials with all relationships are exposed to more 
drought as the precipitation factor becomes smaller. Second, the trials associated with the precipitation 
conditions that show seasonality reflect this seasonality. In these examples, precipitation is assumed to increase 
during the summer and decrease during the winter: because this model accepts annual precipitation data only, 
resolution is not high enough to determine whether summer flows will be higher than winter flows or not (a 5 
percent increase in low rainfall might not produce such a “green stripe” effect as is observed in the figures. 
Third, even flow sequence realizations where precipitation is high occasionally experience emergency drought 
months, suggesting that this model captures some of the variability of Maui’s streamflow. 
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Actual Data: 1947-1986 
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100% Sample Run (1) 
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100% Sample Run (2) 
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 Yamanaga Windward 95% 
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Yamanaga Windward Seasonal 95% 
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Yamanaga Windward 85% 
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Yamanaga Windward 61% 
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Yamanaga Windward 50% 
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Fontaine 95% 
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Fontaine Seasonal 95% 
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Fontaine 85% 
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Fontaine 61% 
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Gingerich 95% 
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Gingerich Seasonal 95% 
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Gingerich 85% 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Gingerich 61% 
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Gingerich 50% 
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 Yamanaga Leeward 95% 
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Yamanaga Leeward Seasonal 95% 
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Yamanaga Leeward 85% 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40



 226 

Yamanaga Leeward 61% 
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Yamanaga Leeward 50% 
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In addition to the problems of using streamflow equations to characterize ditch 

flows and the fact that precipitation-flow relationships could be altered under climate and 

other changes, this analysis is limited by the use of annual mean precipitation data. While 

regression equations were designed to be used with annual mean precipitation, they were 

also designed to predict annual median flows. Thus, scaling annual data by 

might be more statistically valid than scaling monthly data. Many of the 

synthetic flow sequences generated through the course of this study had good agreement 

with expected annual flows but were less well correlated with expected monthly flows. 

Future work might extend the analysis by considering monthly values for precipitation. 

More information about using the regression equations presented here with monthly 

precipitation data is presented in Using Regression Equations With Monthly Precipitation 

Data (page 266). 
 

!"#$%&'($)*+)#,&-./0&1+,/23"&4/2&52/6%*)&7$8.("#"&

Drought analysis is a major motivation for preserving correlations between 

monthly flows. Synthetic sequences preserve interannual relationships at monthly 

resolution, so consecutive periods of dryness are statistically supported. The synthetic 

sequences derived here provide for more than single-period frequency analysis, as 

consecutive events are related to one another. 

Table 37 and Table 38 present some results from the synthetic ditch flow 

sequences that focus on drought frequency and severity. Extreme drought months are 

defined as those months where mean flows in Wailoa Ditch at the Honopou gage are 

below 20 million gallons per day: 20 million gallons per day from EMI is considered an 

emergency level, the amount at which flows are not adequate to simultaneously supply 

drinking water treatment plants at normal levels and provide adequate fire suppression 
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water to the HC&S sugar mill at Puunene574. If Wailoa Ditch is carrying 20 million 

gallons of water per day, the entire EMI ditch system is likely carrying more, but as 

mentioned above, Wailoa Ditch is a larger fractional contributor to total EMI flows 

during drought periods. Considering the additional 5.24 percent of flow that Wailoa gains 

between the gage and the ditch terminus, and assuming Wailoa contributes 75 percent of 

EMI flow during extreme drought periods, the total EMI flows in extreme drought 

months might be estimated at 28 million gallons per day. This analysis considers average 

monthly flows of 20 million gallons per day in Wailoa to be extreme drought months, as 

those months are almost certain to have some days of emergency. In many cases in the 

scenarios assessed here, some of the extreme drought months indicate Wailoa gage-

location flows substantially less than 20 million gallons per day. Extreme drought 

conditions as defined here were only recorded for one of the 778 months of Wailoa Ditch 

historical data.  

                                                
574 (Hamilton 2008) 
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Table 37 Months of Extreme Drought 

 
More months of extreme drought occur in Octobers than in any other month for the realizations of many 
scenarios for precipitation and ditch flow sensitivity to changing precipitation conditions. As expected, the 
scenarios with the lowest flow response to precipitation (YW, 0.588) also showed the fewest extreme drought 
months, and those with the most sensitivity to precipitation (YL, 2.783) were frequently in extreme drought. Max 
value = 40, min value = 0. YW = Yamanaga Windward; F = Fontaine; G = Gingerich; YL = Yamanaga Leeward. The 
95% precipitation scenario with seasonal variation is not compared to the others because of its significantly 
different characteristics.

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
95% Precipitation 
0.588: YW 1        2 3 1  
0.985: F              
1.338: G             
2.783: YL      1   1 4 1  
85% Precipitation 
0.588: YW  1       1 1   
0.985: F  1       1 1 1  
1.338: G  1 1      1 2   
2.783: YL  2 1       1   
61% Precipitation 
0.588: YW  1 1   2 1  1    
0.985: F  1    2    1 1  
1.338: G  1 1  1 4 1  2 1   
2.783: YL 7 12 11 3 2 10 2 3 13 15 8 6 
50% Precipitation 
0.588: YW 1 1    1   2 1   
0.985: F 1 2 1   2    1   
1.338: G 2 3 3   3   6 6 1 1 
2.783: YL 36 36 31 24 26 32 27 29 35 37 33 36 
             
Total 48 62 50 27 29 57 31 32 65 74 46 43 
             
95%  Precipitation (Seasonal) 
0.588: YW 1        1    
0.985: F   1          
1.338: G 1        1    
2.783: YL 2 2 1          
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The 12 month drought of record is defined as the 12 month period with the lowest 

total observed flows in Wailoa Ditch gage records. The number of independent 12 month 

periods where the total flow was less than the flow in the drought of record was recorded 

for each scenarios. Independent 12 month periods are defined as 12 month periods that do 

not share data from any month. All scenarios with  had many 

predicted 12 month droughts more severe than the 12 month drought of record. Slight to 

medium reductions in precipitation and low responsiveness of ditch flow to precipitation 

produced few 12 month droughts worse than the drought of record, but most scenarios 

showed declines that were significant in some cases. The 48 month drought of record and 

independent 48 month droughts are defined similarly, and similar results are observed. 

All consecutive 48 month periods experienced drought more severe than the 48 month 

drought of record when precipitation was assumed to decline by 50 percent. 

Notably, for the scenarios assuming the most severe declines in precipitation, the 

extreme droughts and long-term droughts were substantially more severe than the most 

extreme single month, year, or four year drought. The lowest value for monthly, yearly, 

or four-yearly flows is presented for each scenario as a percent of the lowest value in the 

historical record in Table 38. 
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Table 38 Droughts of Record for Synthetic Ditch Flow Sequences, 480 Months 

Test 
Conditions 

extreme 
drought 
months 

12 month periods 
with total flow 
less than the 12 

month drought of 
record 

lowest value 
as % of 

historical 
lowest 

48 month periods 
with total flow 

less than 48 
month drought of 

record 

lowest value 
as % of 

historical 
lowest 

1923-1962 
actual data 

0 0 107 0 105 

1947-1986 
actual data 

1 1 100 1 100 

stochastic, 
historical 

1 0 113 0 106 

95% 
0.588: YW 7 0 104 1 98 
0.985: F 0 2 97 1 100 
1.338: G 0 0 105 0 101 
2.783: YL 7 2 95 4 92 

85% 
0.588: YW 3 2 89 2 90 
0.985: F 4 2 87 3 84 
1.338: G 5 4 92 5 75 
2.783: YL 4 19 79 10 64 

61% 
0.588: YW 6 5 83 6 77 
0.985: F 5 17 79 10 66 
1.338: G 11 27 50 10 51 
2.783: YL 92 40 26 10 25 

50% 
0.588: YW 6 13 68 10 66 
0.985: F 7 29 53 10 50 
1.338: G 25 40 42 10 39 
2.783: YL 382 40 13 10 15 

95%, Seasonal 
0.588: YW 2 0 106 0 108 
0.985: F 1 0 101 1 90 
1.338: G 3 1 91 0 101 
2.783: YL 5 0 116 1 99 

12 and 48 month droughts counted here are independent, which means that they share no months. In the 480 
month record, 40 occurrences of 12 month drought worse than the drought of record (as in some of the lower 
precipitation/higher sensitivity cases) represent permanent drought worse than the existing drought of record. 
Similarly, 10 occurrences of 48 month drought represent permanent drought worse than the existing 48 month 
drought of record. The flows respond as expected, with more drought occurring at lower precipitation and higher 
flow sensitivity. Notably, for the 95%, Seasonal scenario where precipitation increases during parts of the year, 
the most sensitive relationship (YL, or Yamanaga Leeward, with an exponent of 2.783) has a worst drought that is 
significantly higher than any of the others. Numbers in left column are elasticities. YW = Yamanaga Windward; F 
= Fontaine; G = Gingerich; YL = Yamanaga Leeward. 
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Other Ditch Systems on Maui 

Maui has four main ditch systems, but East Maui Irrigation is by far the largest, 

and the Wailoa Ditch is the largest ditch on the EMI system (Figure Supply. 24).  
 

Figure Supply. 24 East Maui Irrigation System 

 
Source: Hawaii Department of Agriculture, hawaii.gov/hdoa/meetings_reports/legislative-reports/2004legreports/ 
 

Synthetic flows reflecting precipitation patterns like those generated for Wailoa 

Ditch were not generated for ditches on any of the other three systems because of 

inadequate data. Most importantly, historical flow records for ditches on the other 

systems are much shorter than Wailoa Ditch’s historical record (Table 39).  
 

Table 39 Streamflow Gage Records for Non-EMI Ditches 

System Ditch Years of Record 
West Maui Irrigation Palolo 1910-1917 
 Waikapu 1910-1917 
PMIS Olowalu 1911-1967 
 Kauaula 1912-1917 
 Honokowai 1912-1967 
 Honokohau 1907-1913 
Upcountry no records  
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Source: NWIS. 
 

Pioneer Mill Irrigation System (Figure Supply. 25) has two ditches with 

substantial records, but neither Olowalu nor Honokowai Ditches are dominant on PMIS 

the way Wailoa Ditch is on the EMI system (Figure Supply. 13). PMIS’ dominant ditch is 

Honokohau Ditch, but Honokohau only has a four year record (Table 39). PMIS is not 

currently operating at its full capacity of about 50 million gallons per day575, as the 

plantation agriculture it once supplied no longer exists. Also, the ditch system is no 

longer maintained as a single unit. The limited recent data available on PMIS ditch flows 

thus do not reflect the system’s full supply capability. The available annual mean flow 

data for the PMIS ditches is presented in Figure Supply .26. 
 

Figure Supply. 25 Pioneer Mill Irrigation System 

 
Source: Hawaii Department of Agriculture, hawaii.gov/hdoa/meetings_reports/legislative-reports/2004legreports/ 

 

                                                
575 (Water Resource Associates 2004) 
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Figure Supply. 26 Gaged Flows for PMIS Ditches 
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Source: NWIS. Few data are available for PMIS’ dominant ditch, Honokohau. 
 

West Maui Irrigation System (Figure Supply .27) has a capacity of about 120 

million gallons per day576, but virtually no gage data are available through NWIS577. Only 

annual flow data are available for the West Maui Irrigation System, and these annual 

flow data are associated with significant uncertainties: in testimony to the Commission on 

Water Resources Management, diversions for certain users are reported as ungaged and 

so diversion volumes are estimates578. 

 

                                                
576 (PBR Hawaii and Associates 2009) 
577 (USGS 2011) 
578 (Commission on Water Resources Management 1997) 
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Figure Supply. 27 West Maui Irrigation System 

 
Source: Hawaii Department of Agriculture, hawaii.gov/hdoa/meetings_reports/legislative-reports/2004legreports/ 
 

Upcountry Irrigation System (Figure Supply. 28) refers mainly to the Upper Kula 

Pipeline system, which diverts flows from three streams into a 36 inch and a 12 inch 

pipeline at about 4,320 feet of elevation579. These pipelines carry water to Olinda Water 

Treatment Plant, then convey potable water. A secondary nonpotable line is under 

construction580. The system conveys less than four million gallons per day, and it might 

be expanded to a four million gallon per day capacity in the future581. Monthly flow data 

are not available.  

 

                                                
579 FI2009040701 (Commission on Water Resource Management 2009) 
580 (Office of Mazie Hirono n.d.) 
581 (Maui County Council 1996) 
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Figure Supply. 28 Upcountry Irrigation System (Upper Kula Pipeline) 

 
Source: Hawaii Department of Agriculture, hawaii.gov/hdoa/meetings_reports/legislative-reports/2004legreports/ 
 

Linking Ditch Flows and Streamflows 
Linking ditch flows to precipitation via equations meant for streamflows is 

possible where data are sufficient to generate a robust synthetic record (see page 179), 

but there are multiple challenges associated with the process. In many cases, data are not 

sufficient to derive synthetic streamflows. Another disadvantage of trying to link ditch 

flows to precipitation via stream-like relationships is that flows are difficult to estimate 

for ungaged ditches or potential new ditch diversions, as there is no or little information 

available about the flow patterns in these structures. 

Another possible approach to estimating ditch flows is to estimate streamflows 

from regression equations, then estimate the amount of water that is moving from 

streams to ditches. This method carries the disadvantage of greatly expanding the size of 

the analysis, as a single ditch system might divert over 100 streams582. However, 

estimating streamflow for individual streams might be useful for assessing conditions 

like instream flow standards, or regulatory requirements to keep water in streams to 

support habitat and other instream uses. Instream flow standards are likely correlated 

with the magnitude of a given stream’s flow, and they are relevant to estimating ditch 
                                                
582 (S. Gingerich 2005) 
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flows because water retained in streams for environmental and other reasons is water 

that is no longer diverted to ditches. Instream flow standards are often expressed as a 

reduction in allowable stream diversions to ditches, which makes these easy to use in 

tandem with ditch flow data583. Having estimates of individual streamflows enables 

investigators to predict what instream flow standards might be for streams that have not 

yet been assigned numerical instream flow standards584 (see Chapter 5). As with the 

methodology that estimates ditch flows using regression equation-based relationships 

between precipitation and flow, a disadvantage of using regression equations is that their 

predictive accuracy depends on conditions in the future remaining the same as they were 

in the past. Climate change, land use changes, and other changes could alter the 

elasticity of stream flow to precipitation and other variables, reducing prediction 

accuracy. 

 

Using Regression Equations to Estimate Streamflows 

Median undiverted streamflows were predicted for the major streams diverted for 

each of Maui’s four major irrigation systems, described above (page 232). More data 

exist for the East Maui Irrigation system than the other systems, so calibration to actual 

data is less complete for PMIS, West Maui Irrigation, and Upcountry Irrigation than for 

EMI. However, PMIS data from the 1970s allow predictions to be compared to diversion 

capacity for an active PMIS, which provides a better indication of the potential water 

supply that could be served by PMIS than do figures from recent, reduced utilization 

conditions.  

The two regression equations utilized for this estimate of streamflows on Maui, 

the Fontaine and Gingerich equations (18) and (19), link median streamflow to 

                                                
583 (Commission on Water Resource Management 2011) 
584 For further discussion of the IFS process, see Sproat 2009. 
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precipitation and other parameters for unregulated perennial streams and are replicated 

here for clarity: 

 

  (18)585 

 

  )586. 

 

Details of the derivation, parameters, and limitations of these equations are 

presented above (page 157). 

Particularly on the EMI system, streams are often diverted multiple times, and not 

all diversions are gaged: thus, assumptions of unregulated flow cannot be made for 

stream reaches below the highest elevation diversion. Accordingly, this assessment uses 

regression equations to predict median streamflow at the highest elevation diversion.  

The web-based tool StreamStats587 was used to obtain drainage areas, elevations, 

and estimated annual precipitation for diverted perennial streams on Maui. StreamStats 

uses hydrologic tools based in ArcGIS. For this analysis, StreamStats was chosen as a 

preferable alternative to personal computer-based work with ArcHydro and other ArcGIS 

tools because of a desire for repeatability. Though very similar results can be produced 

from hydrologic analysis performed in ArcGIS and in StreamStats, basin delineations are 

often slightly different, and different base datasets combined with choices about 

resolution produce slightly different renderings of stream channels. StreamStats is 

                                                
585 (Fontaine, Wong and Matsuoka, Estimation of Median Streamflows at Perennial Stream Sites in Hawaii 
1992) 
586 (Gingerich 2005) 
587 StreamStats (USGS 2010) 
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publicly available online, and the basin parameters reported here can be easily replicated 

given the latitude and longitude of the delineation point chosen. 

StreamStats allows users to delineate watersheds (drainage basins) for any point 

of interest. Here, StreamStats provided the total drainage area, elevation, and 

precipitation for stream segments upstream of the highest elevation diversion, 

corresponding to parameter values needed for use with the Fontaine equation (18). 

Streams with gages at or near their highest elevation diversions were delineated from the 

gage point, while streams without gages were delineated from the point of intersection 

between the stream and the ditch as shown on the StreamStats basemap. Streams are 

sometimes diverted above the point of stream-ditch intersection, but delineating a stream 

basin from the point of stream-ditch intersection represented a reasonably defensible and 

consistent methodology that can be applied to all streams. Additionally, stream diversion 

gages tend to be found on the larger streams, so the streams that contribute the most to 

ditch flows are those for which basin delineation is most likely to accurately reflect the 

actual location of the diversion. 

 
 

!"#$%&"'(%)**(+"$(,-%./#$01%

Median flows were predicted for 39 of the largest streams on the East Maui 

Irrigation System (Figure Supply. 24) based on drainage basin characteristics at the 

highest-elevation point of diversion. Here, this typically means that drainage basin 

information was derived from the point of stream intersection with Wailoa Ditch, which 

is found at about 1,300 feet of elevation588 (Table 40). The list of streams analyzed here is 

not an exhaustive list of the streams diverted to the EMI system. Rather, it was derived 

                                                
588 (USGS 2010) 
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from the list of streams marked as major contributors on L. De Naie’s EMI schematic 

combined with the list of streams in East Maui that have listed diversions and are or were 

under petition for streamflow restoration589 (Figure Supply. 29). The streams, their basin 

characteristics as derived from StreamStats, and the latitude and longitude of the 

delineation point for each stream are presented in Table 40. StreamStats uses a 10-meter 

USGS Digital Elevation Model (DEM) to define elevations590. 
 

Figure Supply. 29 East Maui Irrigation System EMISystem.png (PNG Image, 2513x1952 pixels) - Scaled (29%) http://www.state.hi.us/dlnr/cwrm/currentissues/iifsmaui3/EMISystem.png

1 of 1 9/23/10 5:54 PM

 
Source: Lucienne de Naie. 
 

                                                
589 staff submittal (Commission on Water Resources Management 2010) 
590 (Rosa and Oki 2010) 
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Table 40 StreamStats Parameters for 39 East Maui Streams 

 drainage 
area 

mean basin 
elev 

max basin 
elev 

min basin 
elev 

max-min 
basin elev 

mean ann 
precip 

24 hr 2 yr 
precip 

nad83 lat nad83 long gage 

Alo 0.47 1910 2500 1250 1260 198 11.5 20.8593 -156.1942 16557000 

Haipuaena 1.21 3440 6050 1510 4540 228 11.4 20.8479 -156.1883 16536000 

East 
Wailuaiki 

3.49 4380 8520 1350 7170 187 10.8 20.8141 -156.1378 16517000 

East 
Wailuanui 

0.52 2040 2780 1300 1470 245 11.8 20.8201 -156.1409 16520000 

Halehaku 1.54 2190 3110 1160 1960 176 8.27 20.8832 -156.2669 16596000 

Hanawi 3.58 4800 8090 1360 6730 187 11.6 20.8066 -156.1143 16508000 

Hoalua 0.65 1890 3530 1190 2350 181 9.4 20.8798 -156.2269 no gage 

Honomanu 2.94 4870 8330 1740 6590 182 9.79 20.832 -156.1857 16527000 

Hoolawaliili
i 

0.62 1810 2600 1250 1360 176 9.11 20.8848 -156.2404 16586000 

Hoolawanui 1.32 2350 3510 1230 2280 188 9.13 20.8838 -156.2451 16585000 

Honopou 0.59 1790 2290 1200 1090 169 8.57 20.8858 -156.2524 16588000 

Huelo 
(Hanehoi) 

0.36 1750 2300 1210 1090 175 9.21 20.8839 -156.2314 no gage 

Kaaiea 0.68 2180 3240 1310 1930 209 11.4 20.864 -156.2019 16565000 

Kailua 2.41 3140 4980 1320 3660 212 10.8 20.8728 -156.2206 16577000 

Kapaula 0.37 2060 2660 1350 1310 250 11.7 20.8094 -156.1154 16510000 

Kolea 0.0877 2180 2560 1880 684 226 11.9 20.8403 -156.1933 16535000 

Kopiliula 3.84 4860 8370 1300 7060 172 11 20.815 -156.1338 16516000 

Lilikoi 0.18 1370 1490 1200 291 83.8 5.83 20.8812 -156.3084 no gage 

Makaa 0.0626 1310 1530 1150 381 132 8.05 20.8891 -156.2655 no gage 

Makapipi 1.26 2700 5290 1330 3950 252 12.3 20.8017 -156.1041 16506000 

Maliko 11.2 3050 6640 861 5780 95.6 6.71 20.8785 -156.3236 no gage 

Nailiilihaele 3.69 3270 6760 1210 5550 188 10.3 20.8712 -156.2156 16570000 

Nuaailua 0.0983 2040 2440 1760 679 230 11.8 20.8324 -156.1776 no gage 
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Ohanui 0.84 2210 3310 1360 1950 195 9.75 20.8738 -156.2224 no gage 

Ohia 0.83 1670 2290 1170 1120 96.9 6.11 20.8822 -156.3028 no gage 

Oopuola 0.25 1670 2060 1250 809 180 10.8 20.8681 -156.2055 16566000 

Paakea 0.76 2560 4510 1300 3210 248 12 20.8131 -156.1199 near 
16512000 

Opaepilau 0.61 1780 2370 1220 1150 136 7 20.8834 -156.2843 no gage 

Opana 3.46 3010 6280 1030 5240 161 8.55 20.8873 -156.2729 16602000 

Piinaau 14.9 5640 10000 1300 8710 135 8.23 20.8281 -156.1746 near 
16523000 

Palauhulu  2.04 2660 5850 947 4900 254 11.7 20.8218 -156.164 no gage 

Puohokamo
a 

2.22 3040 5620 1330 4280 238 11.8 20.8525 -156.1886 16545000 

Waiaaka 0.33 1840 2730 1270 1450 235 11.6 20.8161 -156.128 no gage: as 
Puaaka 

Waikamoi 3.94 5720 9330 1140 8190 133 8.45 20.8607 -156.1956 16556000 

Waipio 0.0622 1360 1530 1190 343 156 9 20.8858 -156.2387 no gage 

Waiokamilo 1.43 3490 6490 1380 5110 221 11.2 20.824 -156.1568 no gage 

Waiohue 0.39 1830 2350 1320 1030 234 11.6 20.8149 -156.1266 16515000 

West 
Wailuaiki 

3.64 4580 8850 1350 7500 182 10.5 20.8174 -156.1408 16518000 

West 
Wailuanui 

5.05 6140 8890 1310 7580 111 7.83 20.8243 -156.1455 16519000 

Source: StreamStats
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The streams diverted for EMI are in or near the region where Gingerich’s 

regression equation for estimating undiverted median streamflow applies (Figure Supply. 

8), and so both the Fontaine and Gingerich equations were used to estimate median 

streamflow. The Fontaine equation (18) requires stream basin drainage area in square 

miles, mean channel elevation in feet, and mean annual precipitation in inches: these data 

were all available directly from StreamStats. The Gingerich equation requires stream 

basin rainfall in cubic feet per second, maximum elevation in feet, and basin elongation 

ratio. The maximum elevation was directly available from StreamStats. Stream basin 

rainfall was calculated from StreamStats information by multiplying the drainage basin 

area (square miles) by the mean annual precipitation (inches) and converting to cubic feet 

per second. Some of the streams of interest were also analyzed in Gingerich 2005591, and 

the StreamStats-derived maximum elevation and rainfall matched the reported values 

well for those streams (Table 41). Gingerich derived rainfall data from Giambelluca592, 

basin areas from a manually adjusted 10-meter DEM, and all other parameters from a the 

GIS program Basinsoft593.  
 

                                                
591 (Gingerich 2005) 
592 (Giambelluca, Nullet and Schroeder 1986) 
593 (S. Gingerich 2005) 
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Table 41 Calculated and StreamStats Parameters for East Maui Streams 

 Gingerich 
DA (square 
miles) 

StreamStats 
DA (square 
miles) 

Ging
erich 
ER 

calcu
lated 
ER 

Gingerich 
rainfall 
(cfs) 

StreamStat
s rainfall 
(cfs) 

Gingerich 
maxelev 
(feet) 

StreamStats 
maxelev 
(feet) 

Alo 0.47 0.47 0.33  6.8 6.9 2505 2500 

Haipuaena 1.20 1.21 0.17  20 20.3 5979 6050 

East 
Wailuaiki 

3.51 3.49 0.28  48 48.1 8527 8520 

East 
Wailuanui 

0.51 0.52 0.3  9.1 9.4 2733 2780 

Halehaku  1.54  0.30  20.0  3110 

Hanawi 3.62 3.58 0.34  51 49.3 8093 8090 

Hoalua  0.65  0.18  8.7  3530 

Honomanu 3.07 2.94 0.27  43 39.4 8331 8330 

Hoolawaliili
i 

 0.62  0.28  8.0  2600 

Hoolawanui  1.32  0.25  18.3  3510 

Honopou  0.59  0.32  7.3  2290 

Huelo  0.36  0.26  4.6  2300 

Kaaiea 0.64 0.68 0.26  9.8 10.5 3140 3240 

Kailua 2.39 2.41 0.29  37 37.6 4975 4980 

Kapaula 0.69 0.37 0.17  13 6.8 4325 2660 

Kolea  0.0877  0.29  1.5  2560 

Kopiliula 3.88 3.84 0.3  50 48.7 8372 8370 

Lilikoi  0.18  0.47  1.1  1490 

Makaa  0.0626  0.33  0.6  1530 

Makapipi  1.26  0.29  23.4  5290 

Maliko  11.2  0.32  78.9  6640 

Nailiilihaele 3.61 3.69 0.23  50 51.1 6686 6760 

Nuaailua 0.12 0.0983 0.33  2 1.7 2409 2440 

Ohanui  0.84  0.24  12.1  3310 

Ohia  0.83  0.24  5.9  2290 

Oopuola 0.24 0.25 0.34  3.1 3.3 2014 2060 

Paakea  0.76  0.20  13.9  4510 

Opaepilau  0.61  0.28  6.1  2370 

Opana  3.46  0.22  41.0  6280 

Piinaau 14.96 14.9 0.42  152 148.2 10011 10000 

Palauhulu 
(part of 
Piinaau) 

2.41 2.04 0.24  44 38.2 5816 5850 

Puohokamo
a 

2.31 2.22 0.26  40 38.9 5620 5620 
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Waiaaka 0.27 0.33 0.29  4.7 5.7 2491 2730 

Waikamoi 3.90 3.94 0.22  39 38.6 9329 9330 

Waipio  0.0622  0.45  0.7  1530 

Waiokamil
o 

1.48 1.43 0.19  24 23.3 6483 6490 

Waiohue 0.53 0.39 0.23  9.7 6.7 2771 2350 

West 
Wailuaiki 

3.69 3.64 0.26  49 48.8 8857 8850 

West 
Wailuanui 

1.88 5.05 0.22  24 41.3 8055 8890 

Streams with bolded parameters were described in Gingerich 2005. 
 

The basin elongation ratio was more challenging to derive. The Basinsoft-derived 

elongation ratio from Gingerich 2005594 was used for streams that were analyzed in that 

report. In other cases, it was estimated. The elongation ratio is defined as the diameter of 

a circle with the same area as a drainage basin divided by the basin length. That is, a 

circular basin has an elongation ratio of one, while a highly oblong basin has an 

elongation ratio that approaches zero. Elongation ratio (ER) is not a parameter that can be 

requested from StreamStats, but it can be calculated as 

 

 

 
(33)595, 

 

where DA is stream drainage area and BL is basin length. Equation (33) is 

equivalent to the diameter of a circle with area DA divided by basin length by the 

definition of a circle’s area: 

 

 
 (34). 

 

                                                
594 (Gingerich 2005) 
595 (S. Gingerich 2005) 
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Since  

 

  (35), 

 

ER is given by (33). 

 

Basin length is not available from StreamStats, but basin perimeter and basin area 

are. If one assumes that Maui’s stream drainage basins can be approximated as 

rectangles, basin length can be derived from basin perimeter and drainage basin area 

using the quadratic equation as follows. In the following discussion, BP denotes basin 

perimeter, BL is basin length, BW is basin width, and DA is drainage area. BP and DA 

are values obtained from StreamStats and BL is estimated. 

Assuming basins are approximately rectangular, , or 

 This is because for a rectangle. Since the goal is to 

estimate BL from the known values DA and BP, the equation is manipulated to give 

 

  (36). 

 

Using the quadratic equation, 

 

 
 

(37), 

 

which can then be entered into (33) to give an approximate estimate of the basin 

elongation ratio. Estimates using this method for streams with published elongation 
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ratios 596  compare favorably to the published values. Typical elongation ratios for 

northeast Maui streams range from 0.17 to 0.34, the range used to derive the Gingerich 

equation597. Of the 39 streams considered, one stream had a published elongation ratio out 

of the regression equation range and two had derived elongation ratios out of range. 

Equations (18) and (19) were used to predict annual median streamflow (Q50) for 

17 gaged and 47 ungaged stream reaches in Northeast Maui. Table 42 presents flow 

estimates for 17 gaged stream reaches from both (18) and (19) alongside measured 

historical median flow. Table 43 does the same for 47 ungaged reaches and presents 

observed flows where possible. In both the gaged and ungaged reaches, the difference 

between estimates and observations is lower for the summed total flow from all basins 

than it is on average for individual streams (Table 44). 

 

                                                
596 (Gingerich 2005) 
597 (Gingerich 2005) 
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Table 42 Median Flow Predictions for Gaged East Maui Streams, Gingerich and Fontaine 
Equations 

gaging 
station 
numbe

r* 

rainfall 
(ft3/s)* 

drainage 
area 

(mi2)* 

elongati
on ratio 

(no 
unit)* 

maximu
m 

elevatio
n (ft)* 

minimu
m 

elevatio
n 

(ft)* 

precipitatio
n 

(in)** 

mean 
channel 

elevation 
(ft)** 

Gingeric
h TFQ50 

(Eqn. 1) 

Fontaine 
TFQ50 

(Eqn. 2) 

measure
d flow 
(ft3/s)* 

5080 51 3.62 0.34 8093 1318 190.7 4706 7.8 9.9 7.1 
5100 13 0.69 0.17 4325 1357 255.0 2841 5.7 4.8 4.9 
5150 9.7 0.53 0.23 2771 1358 247.8 2065 5.3 4.6 6.2 
5160 50 3.88 0.30 8372 1379 174.4 4876 8.2 9.4 8 
5170 48 3.51 0.28 8527 1341 185.1 4934 8.1 9.1 9.1 
5180 49 3.69 0.26 8857 1339 179.8 5098 8.4 9.0 10 
5190 24 1.88 0.22 8055 1349 172.8 4702 4.3 5.3 4.4 
5200 9.1 0.51 0.30 2733 1309 241.5 2021 3.9 4.4 3.2 
5270 43 3.07 0.27 8331 1737 189.6 5034 7.4 8.3 5.7 
5360 20 1.2 0.17 5979 1511 225.6 3745 6.5 5.5 6.3a 
5430 8.0 0.48 0.22 5613 2908 225.6 4261 1.6 2.4 1.4 
5440 7.6 0.44 0.31 4470 2860 233.8 3665 1.5 2.6 1.9 
5450 40 2.31 0.26 5620 1316 234.4 3468 12.0 10.3 12 
5540 26 3.13 0.30 9329 2989 112.4 6159 2.9 4.4 2.5 
5550 38 3.87 0.22 9329 1295 132.9 5312 6.5 6.8 7 
5560 39 3.9 0.22 9329 1134 135.4 5232 6.8 7.0 7.1 
5570 6.8 0.47 0.33 2505 1235 195.9 1870 2.7 3.5 2.7 
           

AGGREGATE FLOW (FT3/S) 99.6 107.3 99.5 

The Fontaine and Gingerich equations both predict aggregate flows close to the measured aggregate flow, 
though estimates for individual streamflows vary. 
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Table 43 Median Flow Predictions for Ungaged East Maui Streams, Gingerich and 
Fontaine Equations 

gaging station 
number* 

rainfall 
(ft3/s)* 

drainage 
area 

(mi2)* 

elongatio
n ratio 

(no 
unit)* 

maximu
m 

elevatio
n (ft)* 

minimu
m 

elevatio
n 

(ft)* 

precipitatio
n 

(in)** 

mean 
channel 

elevation 
(ft)** 

Gingeric
h TFQ50 
(Eqn. 1) 

Fontaine 
TFQ50 

(Eqn. 2) 

measure
d flow 
(ft3/s)* 

Hanawi lower 79 5.36 0.29 8093 53 200 4073 16.3 15.6 >28 
Kapaula lower 18 1.07 0.20 4325 174 228 2250 7.5 7.1 >7.5 
Waiaaka lower 1.9 0.14 0.23 1546 64 184 805 1.3 2.1 >0.86 
Paakea lower 7.9 0.53 0.27 2372 76 202 1224 4.3 5.3 >4 
Paakea upper 3.8 0.23 0.28 2372 1313 224 1843 1.6 2.3  
Waiohue lower 15 0.91 0.28 2766 28 223 1397 7.9 8.2 >6.8 
Waiohue middle 13 0.75 0.28 2766 497 235 1632 6.5 6.7 >6.8 
Puakaa middle 6.4 0.39 0.23 2491 602 222 1547 3.5 3.9  
Puakaa upper 4.7 0.27 0.29 2491 1314 236 1903 1.9 2.7  
Kopiliula lower 62 4.70 0.30 8372 29 179 4201 10.9 12.3 >11 
Kopiliula middle 54 4.19 0.26 8372 572 174 4472 10.4 10.5 >9 
East Wailuaiki lower 54 3.94 0.25 8527 29 186 4278 10.5 11.0 >9.4 
East Wailuaiki middle 52 3.80 0.26 8527 431 185 4479 9.6 10.3 >9.4 
West Wailuaiki lower 54 4.07 0.24 8857 35 180 4446 10.4 10.6 >11 
West Wailuaiki middle 53 3.97 0.25 8857 472 181 4665 9.7 10.2 >11 
Wailuanui lower 44 3.24 0.22 8055 38 184 4047 9.7 9.6 >9.5 
Waiokomilo lower 40 2.63 0.18 6483 24 206 3254 13.9 10.4  
Waiokomilo middle 34 2.11 0.20 6483 506 218 3495 10.1 8.8  
Waiokomilo upper 24 1.48 0.19 6483 1375 220 3929 6.7 6.2  
Ohia lower 2.2 0.22 0.25 413 25 135 219 9.1 5.3  
Palauhulu lower 48 2.74 0.22 5816 71 237 2944 17.1 13.2  
Palauhulu middle 44 2.41 0.24 5816 517 247 3167 14.0 11.9  
Kano upper 18 0.97 0.22 5816 2024 251 3920 4.6 5.0  
Hauoli Wahine upper 7.5 0.36 0.51 3049 1997 282 2523 1.6 3.4  
Piinaau lower 192 17.58 0.29 10011 35 148 5023 40.0 26.5  
Piinaau middle 181 16.63 0.39 10011 475 147 5243 27.9 24.6  
Piinaau upper 152 14.96 0.42 10011 1322 138 5667 20.6 20.0  
Nuaailua lower 16 1.19 0.29 2409 20 182 1215 10.1 9.2  
Nuaailua middle 7.1 0.48 0.25 2409 518 200 1464 3.9 4.3  
Nuaailua upper 2.0 0.12 0.33 2409 1756 226 2083 0.6 1.3  
Honomanu lower 76 5.09 0.26 8331 27 202 4179 16.5 14.9 <5.7 
Honomanu middle 65 4.34 0.27 8331 677 203 4504 12.9 12.5 <5.7 
Punalau lower 12 0.84 0.27 2566 35 193 1301 6.7 7.0  
Punalau middle 12 0.78 0.28 2566 513 208 1540 6.5 6.4  
Haipuaena lower 25 1.60 0.15 5979 270 212 3125 9.9 7.4 6.8 
Haipuaena middle lower 24 1.46 0.16 5979 470 223 3225 8.8 7.1 6.8 
Haipuaena middle upper 23 1.37 0.16 5979 937 227 3458 8.3 6.5 6.8 
Puohokamoa lower 50 3.12 0.23 5613 14 217 2814 18.1 13.9 >12 
Puohokam/ middle lower 49 2.97 0.24 5613 513 223 3063 17.0 13.0 >12 
Puohokam/ middle upper 45 2.65 0.24 5613 913 230 3263 15.1 11.7 >11 
Wahinepee lower 4.1 0.40 0.46 1320 73 139 697 2.4 4.2  
Wahinepee middle 3.0 0.28 0.56 1320 574 145 947 1.3 2.7  
Waikamoi lower 50 4.74 0.20 9329 124 143 4727 10.3 9.2 <11 
Waikamoi middle lower 49 4.67 0.21 9329 495 142 4912 9.6 8.9 >11 
Waikamoi middle upper 49 4.61 0.22 9329 735 144 5032 9.2 8.7 >10.5 
Kolea lower 7.0 0.62 0.29 1846 38 153 942 4.8 5.4  
Kolea middle 6.1 0.51 0.32 1846 525 162 1186 3.6 4.2  

           
AGGREGATE FLOW (FT3/S) 463.2 422.1  

AGGREGATE FLOW FROM STREAMS WITH AVAILABLE ESTIMATES (FT3/S) 251 233 >224 

The Fontaine and Gingerich equations both predict aggregate flows close to the measured aggregate flow, 
though estimates for individual streamflows vary. Bolded figures indicate where inputs are out of the intended 
range of the Gingerich equation. Not all reaches have accurate measured flow information, so error between 
estimates and actual flows cannot be easily measured. However, comparing the sum of estimated flows for the 
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Gingerich and Fontaine predictions with measured flows for 24 of the 47 reaches shows that the results are all 
similar in size. Most measured flows are listed as floors, which means that overestimation is probably accurate. 
 

Table 44 Comparison of the Gingerich and Fontaine Estimates for Aggregated Median 
East Maui Streamflows 

 Gingerich 
Estimate 

Fontaine 
Estimate 

gaged streams, absolute mean difference 2% 18% 
gaged streams, magnitude of mean 
difference 

11% 26% 

ungaged streams, absolute mean difference 23%* 19%* 
ungaged streams, magnitude of mean 
difference 

31%* 29%* 

   
gaged streams, sum of measured stream 
flows 

0% 8% 

ungaged streams, sum of measured stream 
flows 

12%* 4%* 

While the new (Gingerich) equation outperforms the old (Fontaine) equation for estimating flows in individual 
streams within the region of interest, the equations perform similarly in estimating flow at ungaged streams. The 
difference between the estimates and the measured flows is substantially reduced when flows in all the stream 
reaches are summed, as would occur in an irrigation diversion situation. 

 

Most estimates of flow at the ungaged sites are indicated to be underestimates598, 

but the figures presented in Table 43 show that the estimates from (18) and (19) are 

relatively similar. Estimates based on (19), which are derived from information about 

streams near the ungaged reaches in Table 43, are different from those based on (18) in 

the expected direction in eight of the 24 cases. That is, if the flow at a given stream is 

reported as a minimum, one would expect an accurate estimate to exceed the reported 

flow. Estimates from (19) exceed (are less than) those from (18) in eight cases where the 

flow is reported as an underestimate (overestimate). However, all eight of these cases are 

for reaches with characteristics within the limits of the regression equation, of which 

there are 11. This does not necessarily indicate that estimates from (19) are better than 

those from (18) in these cases, just that the discrepancy could lead to a more accurate 

                                                
598 (S. Gingerich 2005) 
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estimate, based on whether reported measured flows are considered under- or 

overestimates. 

The Fontaine equation (18) and Gingerich equation (19) produce similar estimates 

for the total median streamflow from all 39 streams considered, predicting 159.5 million 

gallons per day and 158.7 million gallons per day of total median flow at 39 diversion 

points, respectively. On an individual stream basis, the Fontaine equation produced 

estimates that were on average 27 percent higher than (or 37 percent different from) 

Gingerich equation estimates, which suggests that estimates of aggregated streamflow 

might be more robust than estimates of individual streamflow (page 252).  

The estimate of approximately 160 million gallons per day of available median 

flow at diversion points is similar to actual diverted flows on the EMI system, even 

though some of the smaller streams diverted by EMI were not included and the additional 

water gained between the uppermost and lowermost diversion points was not 

incorporated. Actual ditch flows would thus be expected to be somewhat higher. Data 

corroborate the estimate made here: long-term daily deliveries from the EMI system 

average about 165 million gallons per day, which is within 4 percent of the estimate. 

Adding additional small streams and additional diversions to the estimate made here 

suggests that this stream-based median flow estimate is relatively accurate. Notably, this 

prediction suggests that assuming basically total diversion of median streamflows on the 

EMI system is probably valid, as Gingerich and others suggest599. StreamStats figures 

for total basin precipitation are based on long-term averages reported in a 1986 

publication600,601. However, current precipitation is currently about 85 percent of the 

                                                
599 (Gingerich 2005) 
600 (USGS 2010) 
601 (Giambelluca, Nullet and Schroeder 1986) 
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long-term historical average602. Using the precipitation-flow relationship from (19) and 

the scaling technique described above (page 172) to scale the stream-based prediction by 

 predicts recent flows of about 133 million gallons per day. This estimate is 

within 5 percent of reported deliveries of 139 million gallons per day between 2003 and 

2009603, which suggests that the scaling relationship is useful for EMI.  

The general Maui perennial streams equation (18) predicts aggregated median 

flows for northeast Maui streams within 1 percent of predictions by the more specific 

(19) using the techniques discussed above (page 194). Additionally, total EMI system 

delivery averages can be predicted within 5 percent of the actual long term average by 

gathering data for the major diverted streams based on the point at which those streams 

either intersect the highest elevation ditch or are gaged for diversion. These findings are 

significant because they suggest that even a general Maui regression equation can be 

accurately used to predict ditch flows from individual stream flows, assuming that the 

major diverted streams are known. While the prediction accuracy is potentially 

coincidental, these findings are difficult to validate on other Maui ditch systems because 

of a lack of data and the fact that Maui’s other ditch systems have significantly different 

characteristics from EMI. However, a similar technique yields a fairly good prediction for 

flows from PMIS as well, suggesting that the method is likely valid for supply estimation. 
 

!""#$"%&$'()$#*+*(,-'.).'+%/(0&#$%12/34(5*&.1%&$*(

East Maui Irrigation ditch flows can be predicted fairly accurately from median 

streamflow estimates using either the general Fontaine equation (18) or the more specific 

Gingerich equation (19) that was derived for streams in the region where many EMI 

diversions are located. The finding that the general Maui-wide equation predicts almost 

                                                
602 (Fletcher 2010) 
603 (Commission on Water Resource Management 2009) 
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the same total ditch flow as the more specific Northeast Maui equation does is useful, as 

specific regression equations do not exist for areas of Maui other than the Northeast. 

In some cases, regression equations that produce high errors for individual 

streams can accurately estimate the total water available from a group of streams. Since 

ditch flows comprise aggregated streamflows, a group of inaccurate streamflow estimates 

could be a relatively good predictor of ditch flows (Table 44). Likewise, an aggregated 

estimate of the median water volumes available from many streams could be a more 

robust estimate of water availability than the estimated water availability from one 

stream, assuming streamflows are independent variables. This is because even if one 

stream has lower than usual flows, it is unlikely that all streams will have these lower 

flows simultaneously. While Maui’s streams are often physically near each other, an 

assumption that flows are independent might be reasonably accurate. Most (if not all) 

perennial streams receive flow from groundwater, and dike-impounded groundwater 

tables can differ dramatically in elevation over short distances. High flows tend to be 

nonlinear responses to precipitation that occur when stream channel storage capacity is 

exceeded by heavy rainfall604, so streams receiving similar precipitation inputs might 

flood at different times. Available water supply from Maui’s four main surface water 

diversion systems is estimated as an aggregate of divertible stream flows in these areas. 

The accuracies of estimates by (18) and (19) for aggregated divertible streamflow 

in Northeast Maui are compared to demonstrate the impact of aggregation on error 

reduction. While the Gingerich equation is more accurate on a stream-by-stream basis for 

the gaged streams used to derive it605, the Fontaine equation is simpler to use and more 

widely applicable since it is intended for use for all perennial streams on Maui and Kauai. 

                                                
604 (Oki, Surface Water in Hawaii 2003) 
605 (S. Gingerich 2005) 
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Since the Fontaine equation is the most specific equation available for most regions of 

Maui, it is relevant to investigate whether the Fontaine equation provides a reasonable 

estimate of aggregated streamflows, which approximate ditch flows, when compared to 

the state-of-the-art, higher resolution 2005 Gingerich equation for Northeast Maui 

streamflows. If the Fontaine equation is adequate, it might not be important that 

regionally specific regression equations do not yet exist for areas of Maui other than the 

Northeast Maui region. Work to characterize streamflows on West Maui and other 

regions of Maui is underway606. 

The results of analysis using both (18) and (19) are presented in Tables 42 

through 44. Though the newer, more specific equation (19) predicts both individual reach 

flows and the total flow from all reaches with lower error than (18) for the gaged streams 

it was derived from, (18) and (19) give similar results for the ungaged stream reaches. 

(18) applies to all perennial streams on Maui, not just those in the northeastern region 

described, and given that average channel elevation (CE) might be a simpler input than 

basin elongation ratio because it is available from the web-based tool StreamStats, it is 

helpful to see that its use provides a reasonably accurate estimate of aggregated stream 

flows when compared with the results from a more specific equation. However, the more 

specific equations are better estimators for individual streamflows, which is important for 

estimating the amount of water that might be allocated for environmental flows and other 

stream-specific instream or on-stream uses. 

It is difficult to compare the accuracy of the older and newer equations when 

applied to ungaged streams that do not have high quality measurements available for 

calibration. However, the sum of the Gingerich estimates for median streamflow is more 

                                                
606 (Oki, Median and low flow regression equations for streams on Maui-- Plans to update for regions other 
than Northeast? 2011) 
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similar to the sum of Fontaine estimates than the estimates for individual streams from 

the two equations are to each other. That is, the Fontaine equation provides an estimate 

for aggregated median streamflows that is similar to the estimate from the Gingerich 

equation, even though the Gingerich equation more accurately predicts flows for 

individual streams. This suggests that the Fontaine equation might be adequate for rough 

estimates of total water availability despite occasionally large error for individual 

streams, since some streamflows are overestimated and others are underestimated. 

Summing streamflows smooths these individual errors. 
 

Pioneer Mill Irrigation System 

The Pioneer Mill Irrigation System (PMIS) on Maui’s western coast formerly 

supplied a sugarcane plantation, among other users (Figure Supply. 25). That sugarcane 

plantation, Pioneer Mill, ceased operations in 1999, and PMIS has been less utilized 

since. PMIS is no longer maintained as a single unit607, which has in some cases led to 

system degradation. Though rehabilitation costs are estimated at about $9 million608, this 

assessment seeks to estimate the total potential water supply from PMIS in its maintained 

and operable state. As mentioned above, data on Maui ditch systems other than EMI are 

fairly limited, but a detailed assessment of PMIS from 1976 by PMIS engineer Bert 

Hatton provides fairly detailed information on the system’s diversions and limitations609. 

Hatton provides hydrographs and other details about each of eight diversions on the 

PMIS system. In particular, median and mean diversion volumes are presented as annual 

average daily flows (that is, a year’s total volume is divided by 365 to give an average 

daily flow, but the temporal data resolution is one year, not one day). Estimates of 

                                                
607 (Bigelow 2010) 
608 (Rocky Mountain Institute 2006) 
609 (Hatton 1976) 



 256 

median streamflows using Fontaine, et al’s equation (18) for median perennial 

streamflow are compared with Hatton’s figures for historical median diversions in order 

to test the accuracy of using existing regression equations to predict PMIS ditch flows. In 

addition, Hatton’s estimate of mean PMIS diversions are compared with mean 

streamflows predicted with the Yamanaga equation for leeward Hawaiian streams (22). 

Drainage area, mean channel elevation, and annual mean precipitation were 

derived from StreamStats for the eight PMIS diversions using the methodology described 

above: basins were delineated from the highest-elevation point at which a stream 

diversion has been gaged or intersects a ditch. For the PMIS diversions, all basins were 

delineated from a gage (in most cases, an inactive gage). Additional parameters needed 

for use with the Yamanaga leeward equation are the difference between the maximum 

and minimum basin elevation (R) and the maximum 24 hour rainfall expected to recur 

every two years (PI). R and PI were also recorded from StreamStats. The diversions, 

parameter values, and coordinates of the delineation point for each diverted stream 

considered are presented in Table 45. StreamStats-derived drainage areas compare 

favorably with estimates made by Hatton 610 .

                                                
610 (Hatton 1976) 
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Table 45 StreamStats Parameters for PMIS Streams 

 drainage area 
 (square 
miles) 

mean basin  
elev (feet) 

max basin 
 elev (feet) 

min basin  
elev (feet) 

max-min  
basin elev (feet) 

mean ann  
precip (inches) 

24 hr 2 yr  
precip (inches) 

nad83 lat nad83 long gage 

Honokohau 4.18 3100 5780 876 4900 234 9.45 20.9596 -156.5868 16620000 

Honokowai 1.06 3540 5700 1510 4180 203 9.62 20.9308 -156.6222 16629000 

Kahoma 1.38 4080 5780 1930 3850 205 10.3 20.9011 -156.6237 16634000 

Kanaha 1.58 3160 5710 1110 4600 126 8.44 20.8925 -156.6418 16636000 

Kauaula 1.95 3280 5230 1510 3720 132 8.18 20.8777 -156.6237 16643000 

Launiupoko 1.23 2800 4690 1260 3440 80.9 6.23 20.8544 -156.6165 16644000 

Olowalu 4.02 2020 5210 215 5000 106 6.22 20.8232 -156.6119 16645000 

Ukumehame 3.72 2250 4610 383 4230 83.3 3.9 20.8184 -156.5835 16647000 

Source: StreamStats. 
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The Fontaine equation (18) is used to predict median streamflows at the eight 

PMIS diversions, which are compared in Table 46 with Hatton’s estimates of median 

diversions between the 1950s and 1970s. The StreamStats-derived precipitation 

parameters used by (18) are based on a 1986 report611. 
 
 

Table 46 Predicted Median Streamflows for PMIS Streams 

Intake Hatton Median 
Diversion 
(MGD) 

Fontaine 
Estimate Q50 

(MGD) 

Notes Revised 
Fontaine Q50 

(MGD) 

Difference: 
Hatton - 
Revised 

Fontaine 
Honokohau 18.6 11.5 +4.44 for minor intakes 15.9 2.7 

Honokowai 4.6 3.0 +1.75 mgd for pump r3 4.8 -0.2 

Kahoma 3.19 3.5  3.5 -0.3 

Kanaha 2.68 2.8 upper diversion 3.15 mgd 
max 

2.8 -0.1 

Kauaula 4.5 3.4  3.4 1.1 

Launiupoko 0.6 1.6  1.6 -1.0 

Olowalu 4.08 6.7 inefficient capture 4.0 0.1 

Ukumehame 3.3 4.6 some dirtiness 4.6 -3.3 

      

SUM 41.55 37.1  40.6 1.0 

Source: Hatton 1976 and calculations based on StreamStats data. Including background information about 
nonstreamflow conditions at PMIS diversions produces an estimate closer to Hatton’s reported figures for 
diverted water than not including that information. 

The median flows predicted using (18) underestimate the median diversions 

reported by Hatton. However, Hatton’s narrative includes diversion-specific information 

that increases the accuracy of prediction when taken into account. During the period on 

which Hatton’s estimates are based, streamflow at the Honokowai diversion was 

supplemented by 1 to 2 million gallons per day of pumped groundwater612 whose 

presence are not predicted by a median flow-based estimate. The Honokohau diversion is 

actually four diversions on four separate streams, and measured data indicate that more 

                                                
611 (Giambelluca, Nullet and Schroeder 1986) 
612 (Hatton 1976) 
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than four million gallons per day attributed to the Honokohau diversion are not actually 

from Honokohau stream613. Also, the Olowalu diversion is far less efficient at capture 

than the other diversions614: while 100 percent median streamflow capture is assumed at 

other diversions in this study’s PMIS estimate, Olowalu diversions are adjusted to 60 

percent of the median flow. After Fontaine equation-based median flow estimates are 

adjusted for these three issues, the aggregated estimate about 41 million gallons per day 

for median ditch deliveries on PMIS is within 2 percent of the reported median. Without 

adjustment, the estimate is within 11 percent of the reported median. As seen with the 

EMI predictions, the aggregate estimate more accurately reproduces historical data than 

estimates for individual diversion flows. On PMIS, the Fontaine equation (before and 

after adjustments) substantially underestimates flows from the Honokohau diversion and 

overestimates flows from the Ukumehame diversion (Table 46). 

Another possible explanation for underpredicted median flows on the PMIS 

system could be that PMIS stream diversions are sized to capture more than median and 

low streamflows. As presented by Hatton615, mean PMIS diverted flows exceeded median 

PMIS diverted flows between the 1950s and 1970s, suggesting that diversions are large 

enough to capture more than median flows. Mean flow predictions were generated from 

both the windward and leeward Yamanaga equations (21) and (22) for comparison. 

Results indicate that (22) might have been mistranscribed in Verdin and Worstell616, as 

dividing estimates by 10 produces mean flows that are close to those recorded by 

Hatton617. This analysis modifies (22) to   
 
  (23), 

                                                
613 (Hatton 1976) 
614 (Hatton 1976) 
615 (Hatton 1976) 
616 (Verdin and Worstell 2008) 
617 (Hatton 1976) 



 260 

 
and estimates should be used with extreme care. 

The modified leeward equation (23) produced an aggregate mean PMIS ditch 

flow estimate that was more similar to Hatton’s than the windward equation (21). The 

leeward prediction was closer to the reported mean diversion618 for six of the eight 

diversions. The windward equation more closely approximated Hatton’s estimates619 for 

mean flows from Kahoma and Launiupoko diversions, but these two streams are 

distinctly within the leeward region as defined by Yamanaga620 (Figure Supply. 9). 

Thus, leeward estimates were used in all cases. Equation (23) predicts total mean 

diversions of about 57 million gallons per day, about 7 percent higher than Hatton’s 

estimates (Table 47). Hatton’s estimates include the influences of additional diversions at 

Honokohau, groundwater pumping at Honokowai, and inefficient diversion at Olowalu, 

and removing these inputs suggests that (23) overpredicts mean streamflow-related 

diversions by about 15 percent. Mean streamflows are expected to overpredict mean ditch 

flows because ditch diversions are typically designed to divert low and medium level 

flows, and high flows have a disproportionately large impact on mean streamflows. 
 

                                                
618 (Hatton 1976) 
619 (Hatton 1976) 
620 (Verdin and Worstell 2008) 
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Table 47 Predicted Mean Streamflows for PMIS Streams 

Intake Hatton 
Mean 

(MGD) 

1/10 
Yamanaga 

leeward 
(23) Mean 

(MGD) 

Yamanaga 
windward 

(22) 
Mean 

(MGD) 
Honokohau 24.3 26.2 6.3 
Honokowai 6.2 6.9 1.6 
Kahoma 4.9 8.9 2.2 
Kanaha 3.2 2.7 1.6 
Kauaula 5.2 3.9 1.9 
Launiupoko 0.8 0.9 0.7 
Olowalu 4.7 3.5 2.7 
Ukumehame 3.9 3.8 1.4 
    
Total 53.2 56.8 18.4 

The Yamanaga leeward equation overpredicts Hatton’s estimates for mean diversion even when results are 
divided by 10 to account for a possible mistranscription. Mean streamflows might be expected to exceed mean 
ditch flows because of diversion capacity limitations. This table does not augment flow predictions with narrative 
data on groundwater development, etc., which suggests that the overprediction is actually higher than indicated 
here. The equation for windward streams predicts diversion volumes much lower than reported by Hatton. 

StreamStats and regression equation-based estimates for total ditch flow for a 

fully operational PMIS are relatively accurate when compared with empirical data as 

reported by Hatton621 (Table 46, Table 47) and can likely be usefully used to predict total 

supply capacity from that system. However, PMIS will likely need some rehabilitation 

before it can deliver the levels of flow discussed here622. As in the EMI case, aggregated 

flow predictions more accurately reflect empirical ditch flow data than flow predictions 

for individual streams reflect empirical streamflow data. 
 

West Maui Irrigation System 

The West Maui Irrigation System serves Central Maui from the eastern slope of 

Mauna Kahalawai, the volcano that is West Maui (Figure Supply. 27). Historically, this 

                                                
621 (Hatton 1976) 
622 (Rocky Mountain Institute 2006) 
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system has diverted about 67 million gallons of water per day from four major streams623. 

Daily average diversions range from about 62 million gallons of water per day to 92 

million gallons of water per day, depending on the season624. StreamStats-derived 

parameters for the West Maui Irrigation streams are presented in Table 48. 
 

Table 48 StreamStats Parameters for West Maui Streams 

 drainage 
area 
(square 
miles) 

mean 
basin 
elev 
(feet) 

max 
basin 
elev 
(feet) 

min 
basin 
elev 
(feet) 

max-min 
basin elev 
(feet) 

mean ann 
precip 
(inches) 

24 hr 2 yr 
precip 
(inches) 

na
d8
3 
lat 

nad
83 
lon
g 

gage 

Wai
hee 

4.33 2640 5700 595 5100 152 9.23 20.
93
63 

-
156
.54
62 

1661
4000 

Nort
h 
Waie
hu 

0.7 2490 5170 958 4210 88.7 8.03 20.
90
91 

-
156
.53
32 

near 
1661
0000 

Sout
h 
Waie
hu 

0.8 2480 4740 840 3900 87.9 7.96 20.
90
61 

-
156
.53
35 

1661
0000 

Iao 6.14 2560 5790 754 5030 186 9.01 20.
88
24 

-
156
.53
85 

1660
4500 

Wai
kapu 

2.78 2530 4610 873 3740 78.4 7.33 20.
85
62 

-
156
.52
67 

1664
9000 

Source: StreamStats. 

Using the Fontaine equation (18) and parameters derived from StreamStats 

according to the method described above suggests that the total median flow on the 

diverted streams is about 33 million gallons per day (Table 49). 

  
 

                                                
623 (Commission on Water Resource Management 1997) 
624 (Commission on Water Resource Management 1997) 
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Table 49 Predicted and Historical Flows for West Maui Streams 

Stream Predicted 
Median 

Flow 
(mgd) 

Historical 
Diversions 

(mgd) 

Predicted 
Median as 
Percent of 
Diversion 

Diversions 
as Percent 
of Total 
Annual 
Flow 

Design 
Diversion 
Capacity 

(mgd) 

Current 
Diversion 
Capacity 
Setting 
(mgd) 

Waihee 8.6 40 21% 70-90% 60 40 
North 
Waiehu 

1.2 3 40% 40-60% 5 1.5 

South 
Waiehu 

1.3 3 44%    

Iao 14.1 18 79% 30-50% 60 20 
Waikapu 7.5 3 248% 60-80% 5 3 

Commission on Water Resource Management 1997 and calculations. 
 

Regression equation estimates of median flows do not predict West Maui 

Irrigation System diversions well. The fact that West Maui Irrigation delivers about twice 

the estimated median flow of 33 million gallons per day suggests that ditch diversion 

structures in the West Maui Irrigation System region were designed to capture a greater 

fraction of high water flows than the structures on the EMI and PMIS systems. 

Commission on Water Resource Management reports indicate that in fact, the West Maui 

Irrigation System does divert more than median stream flow (Table 49). As shown in 

Table 49, about 30 to 50 percent of total flow from the Iao Stream is diverted, which 

suggests that median flow estimates should predict Iao diversions better than diversions 

for other West Maui Irrigation streams. This is borne out in the regression equation 

predictions, as Iao predicted diversions are about 79 percent of actual diversions. 

Predicted diversions for the other streams range from 20 to 50 percent of actual 

diversions. Waikapu stream is an outlier: though the predicted median flow (at 7.5 

million gallons per day) is about 2.5 times the actual diversion of 3 to 4 million gallons 

per day, the Waikapu intake is limited to 5 million gallons per day capacity and is 

currently set at 3 million gallons per day (Table 49). 



 264 

Median flow predictions are not effective predictors of ditch flows when more 

than median flows are diverted. The West Maui Irrigation System supply capacity is 

modeled based on historical records, as regression equation-based techniques are not 

accurate here. 
 

Upcountry Irrigation System 

The Upcountry Irrigation System, or the Upper Kula Pipeline, provides less than 

four million gallons of water per day625 (Figure Supply. 28). Water is collected near the 

headwaters of three streams and flumed to pipelines and water treatment plants that bring 

the water to potable standard626. A secondary system to supply nonpotable water to 

Upcountry farmers has been authorized since 1997 but is not yet in place627. StreamStats 

parameters describing the three streams diverted to the Upper Kula Pipeline are presented 

in Table 50. 
 
 

                                                
625 (Maui County Council 1996) 
626 field investigation report (Commission on Water Resource Management 2009) 
627 (Office of Mazie Hirono n.d.) 
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Table 50 StreamStats Parameters for Upcountry Streams 

 Drainage 
Area 

(square 
miles) 

Mean 
Basin 
Elev 
(feet) 

Max 
Basin 
Elev 
(feet) 

Min 
Basin 
Elev 
(feet) 

max-min 
basin elev 

(feet) 

mean ann 
precip 

(inches) 

24 hr 2 yr 
precip 

(inches) 

nad83 lat nad83 long gage 

Waikamoi 2.5 7090 9330 4470 4860 78.3 6.55 20.8046 -156.2313 16552800 

Haipuaena 0.27 5160 6050 4320 1730 164 9.58 20.8034 -156.2213 16531100 

Puohokamoa 0.14 4940 5620 4280 1340 177 10.1 20.8078 -156.2241 no gage 

 
Source: StreamStats. 
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The Fontaine equation (18) predicts that the total median flow from the three 

streams diverted to the Upper Kula Pipeline is about 2.6 million gallons per day (Table 

51). The volume of water treated at the Olinda water treatment plant, which Upper Kula 

supplies, is about 2 million gallons per day628.  
 
 

Table 51 Predicted Flows for Upcountry Streams 

 Q50 (Fontaine: median annual) 
MGD 

Treatment Plant 
Use (MGD) 

Waikamoi 1.5 Olinda: 2 
Haipuaena 0.6  
Puohokamoa 0.4  
   
Total 2.6 2 

The Fontaine equation might predict flows in the Upper Kula Pipeline accurately, but only the water diverted to a 
treatment plant is considered here as the system’s actual use rate. 

 

The 1996 Makawao-Pukalani-Kula Community Plan indicated that Upper Kula’s 

capacity might be augmented to allow for sustained water deliveries of four million 

gallons per day629, which suggests that the estimate of 2.6 million gallons per day of 

diversions is of the right order of magnitude for actual flow. 
 

Using Regression Equations With Monthly Precipitation Data 

The regression equations used for this analysis are intended for use with long-

term annual average precipitation data, but for purposes of estimating surface water 

supply, it would be useful to have higher temporal resolution. Water demands – 

particularly irrigation demands – are often presented as functions of months or seasons, 

and so predicting streamflow and therefore ditch flow by month or season is desirable. 
                                                
628 fi2009040701 (Commission on Water Resource Management 2009) 
629 (Maui County Council 1996) 
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Regression equations can sometimes be useful under conditions for which they were not 

designed. One application of interest is using monthly precipitation information with 

regression equations designed for use with annual precipitation data to estimate monthly 

streamflows. Monthly streamflow conditions are compared with regression equation-

based flow predictions that substitute a year’s worth of a single month’s average 

precipitation data for long-term annual average precipitation data – that is, a year’s worth 

of Januaries or whatever the month of interest is. This technique does not predict monthly 

streamflows particularly accurately for the PMIS streams where it was tested, in part 

because data do not overlap well: for some streams, streamflow data are available, while 

others have only diverted flow data. Additionally, monthly streamflow data are available 

for only one year, which is not a particularly robust sample. Rain gage data are average 

monthly rainfalls for the period from 1986 to 2009, which is the period not available for 

the 1986 Rainfall Atlas 630  from which the regression equation used here derived 

precipitation data. Since Hawaiian rainfall has declined by about 15 percent since 

1990631, the 1986 to 2009 precipitation averages might be out of the equation’s original 

precipitation range.  

The Fontaine equation (18) for median stream flow takes long-term annual 

average precipitation data as parameter P. Average monthly precipitation data can be 

multiplied by 12 months to approximate a year of precipitation: though data would more 

properly be multiplied by a factor accounting for the different number of days in a month 

such that the input precipitation was based on 365 days of average daily precipitation in a 

given month, the goal of this assessment is to indicate roughly whether the technique 

                                                
630 (Giambelluca, Nullet and Schroeder 1986) 
631 (Fletcher 2010) 
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might be valid. Given the discrepancy between actual and predicted monthly flows, the 

technique was not refined.  

Few of Maui’s streams are associated with rain gages, and so precipitation data is 

taken from the rain gages closest to the streams analyzed here. The PMIS system is 

associated with four rain gages, and average monthly rainfall data from these gages was 

multiplied by 12 and input to the Fontaine equation for each of the PMIS diversion points 

as follows: 

 

  (38). 

 

Then, these estimates of median flow based on scaled monthly precipitation were 

compared to actual flow data. Honokohau Stream was selected as the best test case for 

this experiment, as monthly mean flow data for the stream are available for July 2009 to 

June 2010632. Monthly 2009-2010 diversion data for the other PMIS diversions are 

available, but because PMIS is not currently operating at full capacity, one would not 

expect diversions to match median flows.  

Given the challenges associated with using the Fontaine equation to predict 

monthly median flows, the predictions made for Honokohau streamflows are not 

expected to be accurate. This inaccuracy is expected particularly because mean 

streamflows are typically higher than median streamflows633, so equation (18) for median 

flow is expected to underestimate mean Honokohau streamflow. Notably, while the 

rainfall data634 do not accurately predict streamflow on an absolute basis, the flow 

patterns predicted by the Fontaine-based estimates using precipitation from the two gages 

                                                
632 http://hi.water.usgs.gov/recent/lahaina/streamflow.html (USGS 2010) 
633 (S. Gingerich 2005) 
634 lahaina rainfall (USGS 2010) 
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nearest Honokohau (Figure Supply. 30) are similar in shape to that seen in the actual 

2009-2010 data (Figure Supply. 31).  
 

Figure Supply. 30 Rainfall Gages, West Maui 

 
Source: http://hi.water.usgs.gov/recent/lahaina/rainfall.html 
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Figure Supply. 31 Honokohau Streamflow Predicted Using Annualized Monthly 
Precipitation Data 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

5 

Jul  09 Aug 09 Sep 09 Oct 09 Nov 09 Dec 09 Jan 10 Feb 10 Mar 10 Apr 10 May 10 Jun 10 

m
ul

tip
le

 o
f m

ea
n 

flo
w

 

Honokohau Stream Monthly Flows Normalized to Mean 

mean flow predicted, Puu Kukui gage predicted, Haelaau gage predicted, Launiupoko gage predicted, Olowalu gage 

 
Honokohau Stream’s mean flow is in black, and it matches the normalized flow curves for two nearby rainfall 
gages well (Puu Kukui and Haelaau), suggesting that regression equations could be modified for higher temporal 
resolution. 

 

This pattern similarity suggests that streamflow and precipitation are linked at 

temporal resolution that is higher than annual, or that short term precipitation changes 

will be visible in streamflow patterns. Even though most regression equations use long 

term annual precipitation as a variable, shorter term precipitation also has an impact. This 

result agrees with the conventional wisdom that streamflow is responsive to rainfall.  
 

Other Potential Modeling Approaches 

Hawaiian surface water systems resemble the electricity system to a greater 

degree than do most mainland surface water systems. Hawaiian streams generally have 

relatively few tributaries, flowing from water source to ocean rather than from water 
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source into another stream or river 635 . This approximately straight line behavior 

resembles transmission lines on the electric grid. A variety of softwares have been 

developed for electric grid analysis, including IPSA+636. In IPSA+, users define the size 

and location of generators and link them to loads via transmission lines of varying length. 

The analogy for Mauian and other Hawaiian streams is that high-rainfall regions of 

mountains are similar to generators, producing surface water as a function of 

precipitation (or fuel, for the electricity case). Streams can be modeled as transmission 

lines that move water from mountains, or generators, to the ocean, or the final load. 

Transmission lines have line losses that depend on their lengths, and other loads (or 

generation) may be placed between the generator and the final load. Similarly, streams 

can lose water to seepage or gain it from groundwater or small tributaries, and water 

demands like irrigation can be withdrawn from the stream before it reaches the ocean. 

Modeling Maui’s streams using electric grid modeling software could be an interesting 

exercise that might be attempted in the future. 
 

Surface Water and Groundwater 

A major weakness of this and other assessments of water supply is that the 

relationship between surface water diversion and groundwater withdrawal is not well 

characterized: it is likely that diverting large amounts of surface water has an impact on 

the sustainable yield of underlying groundwater, as groundwater tends to flow into 

streams when the stream stage is below the water table637 (Figure Supply. 5). As Fontaine 

writes, “Diversion of streamflow from losing reaches will likely reduce the magnitude of 

                                                
635 (Oki, Rosa and Yeung, Flood-frequency estimates for streams on Kauai, Oahu, Molokai, Maui, and 
Hawaii, State of Hawaii 2010) 
636 (IPSA Power 2010) 
637 (Fontaine, Evaluation of the Surface-Water Quantity, Surface-Water Quality, and Rainfall Data-
Collection Programs in Hawaii, 1994 1996) 
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recharge to the groundwater system from the stream”638. Surface water diversions tend to 

lower the surface of the water in a flowing stream, so where the hydrology permits (that 

is, for losing stream reaches), more groundwater will tend to flow into the stream than 

under natural conditions until the groundwater table falls below the stream stage again. 

Since water diversion systems draw from multiple aquifer and surface water systems, 

surface water supply is not necessarily linked to direct runoff alone. Streamflow 

comprises inputs from both precipitation and groundwater, and so it is inherently 

inaccurate to examine stream water availability and groundwater availability as 

independent functions of precipitation. Groundwater contributes to streamflow, and 

through seepage, streamflow contributes to groundwater. Also, many of Maui’s ditch 

systems include wells and development tunnels that add some groundwater to the ditch 

flows639. 
The relationship between stream diversions and groundwater availability on 

Maui is not well understood640. However, in most of the regions with substantial surface 

water diversion, groundwater is accessed only to a limited extent (largely because of the 

high elevations at which many stream diversions are found, which makes groundwater 

pumping extremely expensive: see Water and Energy chapter). Groundwater data are 

subject to more error than surface water data on Maui because they have been less 

closely characterized. The degree of confidence in sustainable yield estimates for 

groundwater is moderate to low in all except for one aquifer district, the Iao Aquifer: 

this aquifer supplies most of Maui’s groundwater and has been extensively studied641 

(Figure Supply. 32). Groundwater is further discussed starting on page 274. 

 

                                                
638 (Fontaine, Evaluation of the Surface-Water Quantity, Surface-Water Quality, and Rainfall Data-
Collection Programs in Hawaii, 1994 1996) 
639 mauiwells.index.pdf (Commission on Water Resource Management 2011) 
640 (Wilson Okamoto Corporation 2008) 
641 (Wilson Okamoto Corporation 2008) 
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Figure Supply. 32 Sustainable Yield from Maui’s Aquifers and Degree of Confidence in 
Estimate 

 
 

Red indicates low confidence, yellow indicates medium confidence, and green indicates high confidence in the 
sustainable yield figures listed on Maui’s aquifers. Adapted from Wilson Okamoto Corporation 2008. 

 

The data problems and incomplete understanding of surface and groundwater 

interactions led to the choice to focus on modeling surface water in this study, presenting 

Maui’s groundwater resources more descriptively. Additionally, this work focuses first 

on the availability of water given current infrastructure, which favors attention to surface 

water systems. The existing infrastructure in regions where ditch flows might be affecting 

groundwater yields significantly is more developed for surface water diversion than 

groundwater pumping, so this work assumes that surface water use will continue to be 

more significant than groundwater use in those regions for the next several decades at 

least. Using surface water to the extent described by this work’s modeled assumptions 

might have significant impacts on the sustainable yields of underlying aquifers, but the 

groundwater aquifers likely to be affected are not considered likely candidates for 
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significant groundwater production over the next 40 years. These groundwater sources 

are especially unlikely to replace surface water for agricultural supply because of the 

large cost difference between groundwater and surface water in relatively high elevation 

regions where surface water diversions and groundwater supply might most likely 

compete.  
 

GROUNDWATER 
 

Maui’s groundwater supply is presented descriptively in this work rather than 

being carefully modeled, in part because of the uncertainty associated with streamflow 

diversions’ effects on groundwater supply. While modeling work like that done for the 

Hawaii Water Resource Protection Plan 642  can estimate physical groundwater 

availability, physical water constraints might not be the most important modeling 

parameter for many of Maui’s aquifers. Rather, electricity availability for pumping and 

distribution is the major limiting resource for much of Maui’s groundwater. The previous 

section linked surface water supplies to their major input, precipitation. Groundwater 

supply also depends on precipitation to a large degree, but the input more important to 

making groundwater available is electricity. 

Maui’s surface water supply is primarily linked to streamflow, which in turn is 

linked to precipitation. Surface water conveyance on Maui is mostly gravity driven, 

which means that distributing raw surface water is not energy intensive. In fact, surface 

water conveyance systems actually are used to generate electricity at hydroelectric plants 

that produced 27 gigawatt hours of electricity in 2006 643 . By contrast, Maui’s 

groundwater must be pumped to the surface before it can be treated or used. Thus, 

                                                
642 (Wilson Okamoto Corporation 2008) 
643 (Jakeway 2007) 
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groundwater supplies depend on both physical water availability and on electricity 

availability. In many cases, particularly in the high elevation regions of East Maui, 

electricity is the main constraint on supply. While aquifer sustainable yields might be 

high (Figure Supply. 32), the cost of pumping groundwater several thousand feet is 

prohibitive. Electricity can be a constraint even in some of Maui’s lower elevation 

regions. For example, Central Maui’s HC&S sugarcane plantation has approximately 228 

million gallons per day of groundwater supply capacity from 15 wells644, but electricity 

constraints reduce the actual water availability to about 100 million gallons per day645. 

Sustainable yields for Maui’s groundwater aquifers are expressed as long-term average 

daily pumping rates, but the temporal resolution of groundwater supply is more closely 

linked to electricity load profiles. The impacts of sustainable yield and electricity as 

groundwater supply constraints are discussed in this section. For this work, groundwater 

availability is assumed to be the lower of the aquifer sustainable yield and an energy-

related cost constraint.  
 

Sustainable Yields from Maui’s Groundwater Aquifers 

Maui’s groundwater supply is often more constrained by electricity needs than by 

physical water availability, particularly because sufficient electricity supply allows users 

to desalinate brackish groundwater. Brackish sea water is effectively infinitely available 

to Maui (Desalination, page 292). This discussion of groundwater availability looks only 

at groundwater that is usable without desalination. However, desalinated brackish 

seawater from local, shallow aquifers might be a more efficient use of available 

electricity than pumping and conveying fresh groundwater from deep, distant aquifers. In 

                                                
644 (PBR Hawaii and Associates 2009) 
645 exhibit 3 (Commission on Water Resource Management 2010) 



 276 

some cases, brackish groundwater is directly useful for irrigation, so nondesalinated 

groundwater supply is not necessarily all fresh. 

There are important regions of Maui where groundwater supply is physically 

limited by the sustainable yields of the aquifers being exploited. Sustainable yield refers 

to the rate at which groundwater can be extracted from an aquifer without reducing water 

quality and water storage capacity below a certain level, and values of the sustainable 

yield for each of Maui’s major aquifer systems are defined (and periodically refined) by 

Hawaii’s Commission on Water Resource Management (Figure Supply. 32). When 

adjustments have been made, they have usually been downward (indicating that the 

sustainable yield is thought to be less than the original value)646. While the 2007 CWRM 

whole-island sustainable groundwater yield was estimated at 476 million gallons per day, 

2008 revisions reduced this to 427 million gallons per day, roughly three quarters of 

which are east of the Central Plain647. Most of Maui’s groundwater supply comes from a 

few aquifers in the Central Plain and to the west, where expected sustainable yields are 

much lower (Table 52). 

  
 

                                                
646 (de Naie and McMahon 2005) 
647 (Wilson Okamoto Corporation 2008) 
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Table 52 Maui’s Aquifer Sectors and Sustainable Yields 

Aquifer 
Sector 

Demand 
(mgd) 

Sustainable 
Yield (mgd) 

Notes 

Lahaina 5.900 40  
Wailuku 23.222 38 Maui’s main source of drinking water  
Iao 18.940 20 Maui’s main single-aquifer source of drinking water. The 

Iao aquifer is also the only aquifer where the SY estimate is 
considered “high confidence”. Groundwater Management 
Area. 

Waihee 4.282 8 Groundwater Management Area. 
Central 45.334 27 the Central aquifers receive substantial recharge from 

return irrigation flows, and pumping at current levels has 
not degraded water quality significantly – but much of the 
groundwater pumped is brackish for irrigation 

Koolau 2.136 202  
Hana 0.309 133  
Kahikinui 0.000 36  

(Wilson Okamoto Corporation 2008), (Commission on Water Resource Management 2004). The shaded aquifers 
are part of groundwater management areas. 
 

Some of these aquifers are at risk of overpumping – the Iao and Waihee aquifers 

were designated Groundwater Management Areas by the CWRM648. Population growth 

and corresponding groundwater demands are expected to grow in the areas currently at 

risk of overpumping rather than the areas with large amounts of available groundwater 

(Figure Supply. 32). As will be discussed below, the eastern aquifers are more electricity 

limited than water limited, while the central aquifers are currently water limited but 

supply demands at relatively low elevations, which requires electricity for distribution. 

For Maui’s major supply aquifers, additional data and monitoring studies have 

been used to supplement sustainable yield calculations, which has improved confidence 

in those estimates649. Additional detail on the manner in which sustainable yields are 

calculated can be found in the Hawaii Water Resource Protection Plan650. The sustainable 

                                                
648 (Commission on Water Resource Management 2004) 
649 (Wilson Okamoto Corporation 2008) 
650 (Wilson Okamoto Corporation 2008) 
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yields assumed for the majority of Maui’s aquifers, however, are designated low 

confidence estimates because of a lack of data and the limitations of estimation 

methodologies in use (Figure Supply. 32). Sustainable yields are calculated for aquifers 

under natural conditions that might not reflect the human-influenced regime651. Two 

major examples of how sustainable yield estimates might be affected by human-

influenced conditions are related to irrigation practices on the island. Aquifers underlying 

regions that are heavily irrigated, such as Central Maui, are supplemented by irrigation 

water return flow and thus might have higher sustainable yields than predicted. 

Conversely, aquifers underlying the regions from which irrigation water is taken, such as 

those beneath East Maui’s streams, might not have sustainable yields as high as expected 

because much of the groundwater is extracted via streams. Groundwater extraction near 

streams can reduce streamflow, and stream diversion can reduce groundwater 

availability652.  

While many of East Maui’s aquifers are assumed to have very high sustainable 

yields, estimate confidence is low because of a dearth of data. Surface water diversions 

could reduce practicable yields even if the CWRM estimates for sustainable yield under 

natural conditions are correct. However, for this assessment of available water supply, 

most of Maui’s aquifers are not considered significant water sources because of the 

infrastructural and energy-related challenges of extracting water from high capacity 

aquifers and transporting it to demand centers. The aquifers of interest here are those that 

are already being exploited or are near enough to projected demands to be targets for 

exploitation. In general, the regions with projected increased groundwater demands do 

not coincide with the potentially high yielding aquifers of East Maui (Figure Supply. 33). 

                                                
651 (Wilson Okamoto Corporation 2008) 
652 (Fontaine, Evaluation of the Surface-Water Quantity, Surface-Water Quality, and Rainfall Data-
Collection Programs in Hawaii, 1994 1996) 
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Figure Supply. 33 Regions of Expected Water Demand Growth on Maui 

 
Reproduced from Fontaine 1996. Water demand is expected to grow in some of the regions least able to supply 
additional groundwater. 
 

Excluding the East Maui aquifers from consideration as a potential future 

groundwater supply is justifiable when the costs of exploitation and the small regional 

demands of the area are considered, but it dramatically reduces a sustainable yield-based 

estimate of Maui’s available groundwater resources. Approximately two thirds of Maui’s 

estimated groundwater resources are found in aquifers underlying the eastern part of the 

island, though the reported sustainable yields of those aquifers have been repeatedly 

reduced as more data and more sophisticated models are used653. Not only are eastern 

aquifers likely affected by the substantial and long-term surface water diversions in the 

region, but sustainable yield estimates are made based on Oahu’s aquifer characteristics. 

Oahu is an older island than Maui, and erosion and sedimentation processes have 

                                                
653 (Wilson Okamoto Corporation 2008) 
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confined Oahu’s aquifers over time654. That is, large amounts of silty sediment have built 

up around the island’s coasts and formed a caprock that effectively dams the freshwater 

floating on the ocean water, preventing mixing and preventing the freshwater from 

equilibrating with the ocean. Maui is a much younger island geologically, and East Maui 

in particular has not developed coastal caprock that confines its water655. The only 

significant coastal caprock on Maui confines the Iao Aquifer656, Maui’s largest single 

source of groundwater for domestic uses657.  

The published sustainable yields of Maui’s aquifers are based on modeled 

estimates supplemented with further information. Aquifer models currently in use have 

several serious limitations, many of which are due to a lack of good hydrologic 

information about Maui’s groundwater. The aquifer boundaries used by the CWRM do 

not reflect subsurface hydrology658, for example, as aquifer communication and other 

important aquifer characteristics are unknown for much of the island. Aquifers are 

modeled as volumes of uniform thickness and are assumed to be unconfined659, two 

assumptions that are untrue in many cases. Models would likely better predict true 

sustainable yields for aquifers if subsurface hydrologic boundaries were known, as this 

information would allow better characterization of aquifer thickness, confinement, and 

other parameters. Also, the zone of mixing between freshwater and saltwater is not well 

understood660. Estimated sustainable yields assume that groundwater extraction wells are 

spaced ideally and that water is removed slowly and consistently.  

                                                
654 (de Naie and McMahon 2005) 
655 (de Naie and McMahon 2005) 
656 (de Naie and McMahon 2005) 
657 (Wilson Okamoto Corporation 2008) 
658 (Wilson Okamoto Corporation 2008) 
659 (Wilson Okamoto Corporation 2008) 
660 (Wilson Okamoto Corporation 2008) 
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Maui’s groundwater aquifers take one of three major forms: perched aquifers, 

where water rests on top of a horizontal zone of low permeability; dike-impounded 

aquifers, where water is dammed by a vertical zone of low permeability; and freshwater 

lenses, where freshwater floats on ocean water (Figure Supply. 34). For a more detailed 

description, see Grubert 2010.  

 

Figure Supply. 34 Freshwater Lens Aquifers 

 
Reproduced from Sproat 2009. 

 

Freshwater lenses are roughly modeled by the Ghyben-Herzberg relationship, 

which states that for every foot of freshwater above sea level, forty feet of freshwater 

overlie ocean water below sea level661 (Figure Supply. 35). This is because sea water is 

                                                
661 (Gingerich and Oki 2000) 
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about 2.5 percent (one fortieth) more dense than freshwater662. What this relationship 

means for freshwater lens aquifers is that every foot of water table drawdown 

corresponds to roughly forty feet of lost aquifer height below sea level.  

 

Figure Supply. 35 Ghyben-Herzberg Relationship 

 
Source: http://pubs.usgs.gov/fs/2000/fs-057-00/images/fig04.gif 
 

Sustainable yield estimates assume that water is drawn out of an aquifer slowly 

and uniformly, but in practice, individual wells alter local aquifer conditions. In 

particular, wells are associated with what is called upconing, where freshwater is depleted 

around the intake of a well as it is pumped (Figure Supply. 36).  
 

                                                
662 (Gingerich and Oki 2000) 
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Figure Supply. 36 Upconing in Water Wells 

 
Source: http://earthsci.org/education/teacher/basicgeol/groundwa/fresh-lens-pump.gif 

 

Maui’s groundwater aquifers overlie ocean water, so upconing can draw salt 

water into a freshwater aquifer and cause permanent damage to the groundwater quality if 

wells are not properly designed. Ideally, wells operate with a low, uniform pump rate and 

are designed to with a large vertical separation between the foot of the well and the 

brackish transition zone separating fresh from ocean water663. However, well spacing is 

often determined by capital considerations and accessibility, so most aquifers do not have 

optimally spaced wells. An aquifer can be damaged or overpumped without its 

sustainable yield being exceeded. 

Conversely, some aquifers can be pumped beyond their natural sustainable yields 

without sustaining long-term damage664. This situation is commonly due to artificial 

aquifer recharge, often by irrigation. The USGS estimates that between 1979 and 2004, 

groundwater recharge in central and west Maui declined by 44 percent, in large part 

                                                
663 (Wilson Okamoto Corporation 2008) 
664 exhibit 3 (Commission on Water Resource Management 2010) 
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because of more efficient irrigation practices and an overall decline in irrigated land665. 

Halting irrigation entirely in the central and west Maui regions would likely reduce mean 

recharge by about 18 percent assuming constant climatic conditions, and droughts could 

reduce recharge further666. The loss of irrigation return flow has impacted some of Maui’s 

aquifers in the past. Notably, when Pioneer Mill Company and Wailuku Agribusiness 

stopped irrigation, the seven aquifers underlying those irrigation regions lost large 

amounts of recharge. Twenty-four of Maui Department of Water Supply’s 35 

groundwater wells are located in those seven aquifers 667 . Central Maui’s major 

groundwater resources depend to some extent on continued irrigation in the Central Plain. 

The Central Maui region’s aquifers have a total estimated sustainable yield of 27 

million gallons per day, but they sustain pumping of over 45 million gallons per day668. 

Some of this pumped water is brackish, but it tends to be nearly fresh brackish water that 

is suitable for agriculture. Looking more closely at individual aquifers, 43 million gallons 

per day are pumped from two aquifers (Kahului and Paia) with combined sustainable 

yields of 9 million gallons per day (Table 53). 

  

Table 53 Groundwater Pumping in the Central Maui Aquifer Sector 

Aquifer Reported Pumping Demand669 
(mgd) 

HC&S Pumping 
Average670 (mgd) 

Sustainable Yield671 
(mgd) 

Kahului 25.978 35 1 
Paia 17.208 30 8 
Kamaole 1.859 8.4 11 
Total 45.059 73.4 20 

Source: Wilson Okamoto Corporation 2008, Commission on Water Resource Management 2010 

                                                
665 (Engott and Vana 2007) 
666 (Engott and Vana 2007) 
667 (de Naie and McMahon 2005) 
668 (Wilson Okamoto Corporation 2008) 
669 (Wilson Okamoto Corporation 2008) 
670 exhibit 3 (Commission on Water Resource Management 2010) 
671 (Wilson Okamoto Corporation 2008) 
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The Kahului and Paia aquifers have been pumped far beyond their sustainable 

yields for decades, but the brackish water extracted has remained of high enough quality 

for irrigation672. However, the water availability and quality is related to the amount of 

available surface water recharge. During times of extended drought and during summers, 

when less surface water is available to seep into the ground for storage in Central 

aquifers, the salinity in pumped water rises appreciably673. According to HC&S, a major 

groundwater user in the Central Maui region, the Hawaii Water Resources Protection 

Plan figures cited in Table 53 for pumping demand actually underestimate the pumping: 

HC&S claims that it pumps 65 million gallons per day (long term average) from the 

Kahului and Paia aquifers in addition to any other users674.  

Estimating the available groundwater supply from the Central Maui aquifers is 

challenging because the actual water available is not directly related to the sustainable 

yields in the aquifer. While pumping is currently limited by electricity675, cessation of 

irrigation with surface water could rapidly leave the area water-limited. The Central Maui 

aquifer sector bears the largest pumping demand of Maui’s aquifer sectors676, even 

without considering the higher demand numbers indicated by HC&S (Table 53). 

Simultaneously, the Central Maui aquifer sector has the lowest estimated sustainable 

yields of the aquifer sectors. Meeting groundwater demand at its current level depends 

greatly on irrigation return flow, and so this model assumes that groundwater availability 

from the Central Maui aquifers declines proportionally with surface water application. 

However, the groundwater demands in the area would likely steeply decline if surface 

                                                
672 (Commission on Water Resource Management 2010, 77) 
673 (Commission on Water Resource Management 2010, 77) 
674 exhibit 3 (Commission on Water Resource Management 2010) 
675 exhibit 3 (Commission on Water Resource Management 2010) 
676 (Wilson Okamoto Corporation 2008) 
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water were no longer available, as the major groundwater user – HC&S sugarcane 

plantation – is heavily dependent on surface water for irrigation and would likely cease 

operations (Appendix Energy.2: Case Study, page 433). 
 

Electricity and Groundwater Pumping on Maui 
 

Electricity is a constraint to groundwater development on Maui Island. There are 

two major reasons for this: first, Maui’s electricity is among the most expensive in the 

country677, and second, much of Maui is at high elevation, which means that water must 

be pumped significant vertical distances. Water is heavy, so this pumping load is large: 

Maui devotes an estimated 15 percent of its electricity to water pumping (see page 26). 

More detail on the relationship between energy and water on Maui can be found in 

Chapter 2. 

Groundwater supply on Maui can be modeled as a function of electricity 

availability and prices, and for many parts of the island, this energy limitation is more 

significant than water availability constraints (Table 52). Groundwater pumping 

requirements also introduces a temporal limitation to groundwater supply. While the 

physical presence of water is not dramatically different for different time periods in most 

cases678, electricity availability varies throughout the day. The daily electricity load 

profile is roughly the same year round 679 . Maui’s relatively stable year-round 

temperatures and mild climate, due to its position in the tropics and the input of cool 

ocean breezes680, mean that summer and winter loads do not differ as much as they might 

                                                
677 (Hawaii Energy 2009) 
678 While there are seasonal fluctuations due to rainfall conditions, particularly where groundwater is 
pumped near the aquifer’s capacity to provide, this is not a major problem in most of Maui’s aquifers. 
679 (Reynolds 2010) 
680 (Western Regional Climate Center n.d.) 
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in mainland settings. In 2009, peak daily demands varied between about 170 and 190 

megawatts, with the higher end of the range seen in winter and summer681,682. This 

seasonal variation of about 20 megawatts is much less than intradaily variation of 90 to 

100 megawatts, with minimum loads around 3:00 or 4:00 am and maximum loads around 

7:00 pm (Figure Supply. 37). 
 

Figure Supply. 37 Daily Load Profile, 4 November 2009, Maui Island 

 
Source: MECO. 
 

Power plants are generally more efficient when they can be run at consistent loads 

rather than being ramped up and down on a daily cycling pattern. Load smoothing is thus 

often desirable for power plant operators. Maui’s groundwater pumping demand could be 

large enough that more control over the timing of pumping could potentially have 

significant effects on the shape of the load profile. Adjusting operating procedures such 

                                                
681 (Reynolds 2010) 
682 Maui has no natural gas other than that refined from crude oil. Heating and cooling needs are relatively 
minor needs served by electricity. 
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that groundwater pumping takes place during periods of low electric demand and not 

during periods of high electric demand could allow power plants to run more consistently 

and with less need to deploy expensive peak supply. Currently, Maui’s electric utility 

(Maui Electric Company, or MECO) does not have control over groundwater pumping. 

While MECO has been known to ask groundwater pumpers to delay pumping in response 

to exceptionally high expected loads, the utility has not historically communicated with 

high-load users during normal operations683. As of January 2011, MECO now offers 

time-of-use pricing, making electricity cheaper during off-peak hours684. This now gives 

groundwater pumpers and other electricity users an incentive to shift activities to off-peak 

periods without direct communication with the utility. 

The true size of the opportunity for groundwater pumping to provide load 

smoothing services is unclear, but pumping demands are expected to account for 18.8 

megawatts by 2025685. Groundwater pumps that must run at capacity 24 hours per day to 

supply water needs cannot be turned on and off in response to electric system conditions 

if they are to supply enough water. Additionally, pumping groundwater at slow but 

consistent rates is more aquifer protective than pumping large amounts of water in short 

bursts686. In cases where only limited reservoir and tank storage capacity is available, any 

benefits from cheaper electricity that might come of time-of-use pricing could be 

outweighed by the costs of building new storage capacity so that water demands can 

continue to be met. HC&S likely already makes choices about when to pump based on 

the electricity rate that it receives for providing electricity at different times of day.  

                                                
683 (Reynolds 2010) 
684 (Maui Electric Company 2011) 
685 (Itron, Inc. 2006) 
686 (Wilson Okamoto Corporation 2008) 
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As MECO supplies more of Maui’s electricity with renewables, some of which 

are intermittent, communication with large electricity users could become more 

important. Groundwater pumping applications could be a major early target for Smart 

Grid-like two-way communication between electric demand and electric supply so that 

pumping can be adjusted according to the needs of the power system. Maui’s daily 

electric load is consistent throughout the year 687  (Figure Supply. 37), so grid 

responsiveness might be easily approximated without two-way communication by 

planning pumping around a typical daily load. 

Given that many of the groundwater pumps currently in use are incapable of 

running at variable loads688 or are difficult to turn on and off because of reliability 

issues689 , an initiative to make groundwater pumping loads responsive might require 

investment in new pumping infrastructure. However, over a forecast period of 40 years, 

many pumps currently in service might be expected to be replaced anyway. This 

infrastructural turnover will likely be accompanied by increased pump efficiencies 

regardless of whether the pumps are more capable of serving as responsive electric load. 

Reducing the electricity demands of groundwater pumping with more efficient pumps or 

reducing the electricity-related costs of groundwater production with responsive load 

could reduce energy constraints to groundwater supply, allowing Maui to pump more 

groundwater without increasing costs. 

Many of the largest pumping demands are under the control of relatively few 

groups. Specifically, Maui County Department of Water Supply and HC&S control large 

pumping demands. The amount of electricity used for groundwater pumping is not the 

same as the amount of electricity used for water on the island in general, which is about 

                                                
687 (Reynolds 2010) 
688 (Wilson Okamoto Corporation 2008) 
689 unallocated supply (Eagar 2009) 



 290 

25 percent: however, pumping alone accounts for an estimated 15 percent of Maui’s 

electricity consumption (Energy for Water, page 26). While HC&S supplies its 

groundwater pumps with its own electricity, HC&S also sells surplus electricity to the 

main Maui grid through Maui Electric Company (MECO), so HC&S’ pumping choices 

can directly affect the balance of electricity supply and demand on the island. 
 

Groundwater Quality 

Groundwater supply can also be limited by water quality. While groundwater can 

be treated to remove contaminants that might not be acceptable for water users, treatment 

is often expensive and can be capital intensive. On Maui, the major concerns about 

groundwater contamination are related to urban and agricultural runoff and to salt 

intrusion from ocean water. Currently, several of Maui’s wells are not usable for 

groundwater supply because of chemical contamination from prior agricultural activity. 

Regions associated with pineapple production are usually at higher risk of contamination 

than regions associated with sugarcane production, as different chemical control 

techniques are or have been used for the two plantation crops. In particular, sugarcane 

growers do not and have not historically used pesticides690, while pineapple producers 

have. The main contaminants associated with past pineapple production are the 

organochlorine compounds DBCP, EDB, and TCP, used as or found in nematocides. 

These compounds have been found in several of Maui’s public wells (near a former 

pineapple plantation village at Hamakuapoko) at levels sufficient to cause the shut down 

of several wells691. Several water quality studies evaluating the risk to groundwater from 

chemicals and urban contaminants are underway692. 

                                                
690 (Hawaiian Commercial & Sugar Company 2011) 
691 (de Naie and McMahon 2005) 
692 (de Naie and McMahon 2005) 
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Groundwater salinization is another major water quality concern on Maui. 

Groundwater salinity can rise for several reasons, including aquifer mismanagement and 

rising sea levels. Overpumping aquifers can deplete their capacity to store freshwater, and 

local aquifer disturbances around wells can lead to greater salt- and freshwater mixing 

that can salinize the accessible water and cause well abandonment693. Salinization and 

decreased freshwater storage capacity can also occur in response to rising sea levels, 

which have been observed for decades and are predicted to continue as a result of climate 

change694 and possibly global discharges of freshwater to the oceans695. Local sea level 

rise has been approximately 2 to 2.5 millimeters per year for the past fifty years, but the 

rate of rise is accelerating696. Additionally, erosion has led to a shoreline retreat of about 

0.3 meters per year697. Maui County became the first in Hawaii to establish a science-

based coastal setback in 2003, designating the 50 year expected erosion region plus a 25-

year buffer as a setback698. Sea level rise can exacerbate inland flooding even absent the 

threat of full-time inundation. Groundwater fluctuations tied to tide- and storm-related 

sea level fluctuations can be observed as far as three miles inland, indicating that there is 

very little time delay between sea level and groundwater rise for unconfined floating 

freshwater aquifers699. During times of high surf and/or high tides, inland flooding can 

occur. Storm drains are connected to oceans, so when ocean levels increase, storm drains 

function in the opposite direction of that for which they were designed and streets can 

flood700. A water table rising in response to sea level rise has several major implications: 

                                                
693 (de Naie and McMahon 2005) 
694 (Norcross-Nu'u, et al. 2008) 
695 (Wada, et al. 2010) 
696 (Norcross-Nu'u, et al. 2008) 
697 (Norcross-Nu'u, et al. 2008) 
698 (Norcross-Nu'u, et al. 2008) 
699 Rotzoll 2007 as cited in (Norcross-Nu'u, et al. 2008) 
700 (Norcross-Nu'u, et al. 2008) 
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not only are high water levels (as at high tide or during storms) expected to create inland 

flooding more often, but perforated pipes can become nonfunctional as water is able to 

flow both in and out, injected wastewater plumes and other contaminant plumes move 

upward into regions where wells might be active, and the zone of saline water moves 

upward and can contaminate water supplies701. Climate change is expected to lead to 

higher sea levels and decrease precipitation and streamflow in Hawaii702. Decreased 

groundwater recharge from streams and rain, combined with rising water tables, could 

result in greater groundwater aquifer contamination risk over time as a result of climate 

change. 
 

DESALINATION 
 

In addition to fresh and groundwater resources, desalinated water could contribute 

to Maui’s water supply. Physical availability of brackish and seawater is not a constraint 

to desalination. However, electricity costs limit desalination to an even greater extent 

than they limit groundwater supply. Also, desalination processes produce a briny waste 

stream that can be a disposal challenge, and desalination plants are expensive to build and 

operate. The energy and waste impacts of desalination are discussed further in Chapters 2 

and 3. 

Several desalination plants have been proposed for Hawaii. Oahu’s Kalaeloa plant 

(which has not been constructed) was designed to produce 5 million gallons per day of 

drinking water from brackish basal aquifer groundwater in a reverse osmosis process. 

The feedwater stream was designed to be 12 million gallons per day, leaving 7 million 

gallons per day of concentrate to be disposed in injection wells. Despite Hawaii’s high 

                                                
701 (Norcross-Nu'u, et al. 2008) 
702 (Fletcher 2010) 
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electricity costs, the water produced was expected to cost about $3.20 per thousand 

gallons, or about $0.85 per cubic meter, which is similar to figures noted in Greenlee, et 

al703 (Table 54). However, pumped groundwater on Oahu costs less than $1 per thousand 

gallons, or about $0.26 per cubic meter. Kalaeloa was expected to cost $35 million to 

construct and about $6 million annually to operate704. 

 

Table 54 Desalination Supply Costs versus Current Water Prices 

Reverse Osmosis Desalinated Water Current Water Supply 
source cost ($/kgal) source price ($/kgal) 
  brackish groundwater (HC&S) 0.03 to 0.29 
  surface water 0.12 
brackish water  0.38 to 3.80 potable water (agriculture) 0.62 
  potable water (up to 10,000 gallons) 1.65 
seawater 2.01 to 5.68 potable water (over 10,000 gallons) 2.90 to 4.10 

Sources: Desalinated water rates, Greenlee, et al 2009. Surface and potable irrigation water: see Grubert 2010. 
Potable water: The Maui News 2009. Reverse Osmosis costs on the left are in line with current water supply 
prices that are similar in magnitude. However, prices are generally higher than costs. Desalinated water is 
expensive. 
 

Table 54 shows that on Maui, the cost of producing desalinated water is not 

competitive with the price of nonpotable water supply. However, the cost of desalinated 

water can be less than the price of potable water in some cases. As expected, domestic 

users are more likely to be willing to pay for desalinated water than large agricultural 

water users, based on current prices. However, the prices listed in Table 54 include 

distribution and overhead costs for Maui’s Department of Water Supply, while the costs 

for desalination do not. The price of desalinated water would likely be higher than the 

cost of producing desalinated water. Still, brackish water reverse osmosis in particular 

could be competitive with Maui’s current potable water supply in some cases. 

                                                
703 (Greenlee, et al. 2009) 
704 (California Rural Water Association 2011) 
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Reverse osmosis plants have been proposed for Maui by both County and private 

groups. Central and South Maui are the main candidates for desalination plants, as these 

regions face rapid population growth and limited water supplies705 . Maui County 

Department of Water Supply has considered a 5 million gallon per day facility to produce 

drinking water for Central Maui, and a private real estate developer in Wailea, South 

Maui has considered a 1.5 million gallon per day facility to produce drinking water for a 

670 acre, 1,400 unit development. Both plant designs are for reverse osmosis facilities 

treating brackish groundwater, not seawater706. The South Maui facility proposed to 

desalinate very high quality water that would not be considered brackish by some 

definitions707, with feedwater total dissolved solids content of 300 to 350 mg/L708 (Table 

55). This Total Dissolved Solids (TDS) level is 1 percent that of seawater and is still 

actually within the U.S. Environmental Protection Agency’s limits for drinking water: 

though drinking water typically has TDS less than 100 mg/L, the secondary standard for 

TDS in drinking water, based on aesthetics, is 500 mg/L709.  

The desalination plant proposed by the Maui County Department of Water Supply 

is larger, with a 5 million gallon per day product stream. It was designed to treat water 

with a higher solids content than the Wailea plant, though the feedwater TDS of 900 to 

1360 mg/L is still similar to freshwater TDS710 (Table 55). As discussed in Desalination 

Brine (page 135), the concentrate would likely be disposed in injection wells. Waters 

must have compositions similar to the receiving body to be discharged into surface water, 

and so one result of using relatively low TDS groundwater for desalination is that even 

                                                
705 (Matasci and Mickley 2008) 
706 (Matasci and Mickley 2008) 
707 (Greenlee, et al. 2009) 
708 (Matasci and Mickley 2008) 
709 (Environmental Protection Agency 2011) 
710 (Matasci and Mickley 2008) 
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the briny waste is not saline enough to be discharged directly to the ocean, as it has a 

TDS only 13 to 20 percent that of the ocean. 
 

Table 55 Proposed Desalination Plants for Maui 

 Product Flow 
(mgd) 

Feed Flow 
(mgd) 

Concentrate 
Flow (mgd) 

Feed TDS 
(mg/L) 

Concentrate 
TDS (mg/L) 

DWS Plant 5 6.25 1.25 900-1,360 4,500-6,800 
Wailea plant 1.5 2.0 0.5 300-350 1,200-1,400 

The concentrate flow at these plants is actually lower than the feed flow, probably because the feed water is very 
high quality. Source: (Matasci and Mickley 2008). 
 

Brackish groundwater desalination for Central Maui was one of the most 

expensive water supply strategies considered in a Maui County assessment of future 

water supplies, with an expected levelized cost of about $3.767 per thousand gallons 

(2008 dollars; versus a reference scenario cost of $3.589 per thousand gallons), assuming 

oil prices of $75 per barrel711,712. Given the availability of high quality (that is, low TDS) 

brackish groundwater on Maui, seawater desalination is not necessary and was deemed 

economically unfeasible by the County713. 
 

Modeling Water Supply from Desalination on Maui 

The potential water supply from desalination on Maui is limited by costs, energy 

availability, and waste disposal constraints, not physical water availability. Maui has 

access to effectively infinite supplies of brackish groundwater and seawater, but deriving 

freshwater from these sources is resource-intensive. While Maui currently has sufficient 

                                                
711 (Freedman, Maui County Water Use and Development Plan, Central District Final Candidate Strategies 
Report 2009) 
712 Cost sensitivity analysis can be found in the Maui County Water Use and Development Plan: Central 
District Final Candidate Strategies Report (Freedman 2009). 
713 (Freedman, Maui County Water Use and Development Plan, Central District Final Candidate Strategies 
Report 2009) 
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electrical capacity for its needs and might even have some surplus capacity714 to devote to 

energy-intensive processes like desalination, County and state goals to convert the 

electricity system to low- or no-carbon sources715 could discourage the simultaneous 

construction of new energy-intensive projects. Additionally, having available generation 

capacity is not the same as having electricity that is economically feasible to use. 

Electricity costs are currently a major limitation on desalination deployment on Maui.  

The high cost of energy is one reason that this model assumes that any 

desalination plant on the island is a reverse osmosis (RO) facility, as RO plants have 

lower energy intensity than thermal plants716. This model also assumes that feedwaters 

are brackish, not seawater, and that the product water is potable (less than 100 mg/L 

TDS). The salinity of the brackish groundwater depends on the location and capacity of 

the plant. Brines are assumed to be injected underground or blended with higher quality 

waters and applied as irrigation water, the disposal methods chosen for the two Maui 

plant designs discussed above717. The chosen plant location has a significant impact on 

the available water sources, potential plant capacities, and brine disposal technique. 

Desalination plants are energy intensive to run. In addition, water distribution 

might be particularly energy intensive for desalination plants at certain locations because 

of the difference in plant and user elevations. While there is an energy advantage to siting 

plants at locations and elevation that minimize feedwater pumping needs, distribution 

will be energy intensive if users are distant and/or at higher elevations. Energy is the 

main constraint on desalination as modeled. Desalination itself is the main source of 

energy demand, and in some cases, it might make sense to pump groundwater higher in 

                                                
714 (Reynolds 2010) 
715 (Maui County Energy Alliance 2009) 
716 (Greenlee, et al. 2009) 
717 (Matasci and Mickley 2008) 
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order to access a less saline brackish water source. Some of the energy tradeoffs of 

pumping and desalinating are discussed in Desalinated Water (page 47). 

The cost of a given water supply can seem high or low depending on the value of 

the use. If desalinated water is replacing a source that remains available, the price 

charged for that water can be reasonably expected to be lower than the price of the 

previous source. Otherwise, the original use would remain other use. Exceptions to this 

assumption include cases where users are willing to pay for some attribute of desalinated 

water that the previous water source did not have. Benefits of desalinated water like 

drought resistance might justify paying a higher price for some users. If desalinated water 

is presented as the only water source available, higher prices can likely be tolerated to the 

point where certain users might reduce their demand. Desalinated water is usually used as 

a potable water source because its high cost is more easily borne by users who depend on 

relatively small quantities of water than by users who are less sensitive to water quality 

and use large amounts of water. While people are likely to be willing to pay more for 

drinking water than is currently charged, large scale irrigators probably would not be 

willing to pay for unsubsidized desalinated water for irrigation. Thus, for the purposes of 

this model, desalination is considered as a potable water source only. However, in cases 

where the brine concentrate is relatively high quality, the briny desalination byproduct 

could be used for irrigation as well. As this waste stream is likely to be free or even 

associated with a payment for users willing to dispose of it, it could represent a new 

source of water for some irrigators. 
 

RECLAIMED WATER 

Reclaimed water represents a fairly small potential water supply. The opportunity 

for reclaimed water use is limited by the volume of wastewater treated on Maui, currently 
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about 15 million gallons per day. However, not all of Maui’s available reclaimed water is 

currently utilized. Like desalinated water and groundwater availability, reclaimed water 

availability is electricity limited: energy-intensive treatments like ultraviolet disinfection 

are often required or desired before reclaimed water can be used. Treating wastewater to 

standards at which it can be reused is less energy intensive than pumping and treating 

new potable water, but reclaimed water is more energy intensive than raw surface water 

for Central Maui irrigation uses (see Chapter 2).  

Infrastructural limitations are perhaps more important than energy limitations for 

reclaimed water use. Not only must wastewater plants have additional equipment like 

ultraviolet disinfection systems, but reclaimed water must be piped separately from other 

water sources, which means that piping systems for reclaimed water must replicate 

existing water conveyance infrastructure if reclaimed water is to displace other water 

sources718. Reclaimed water use is also limited by public health laws and public opinion, 

but Maui’s successful reclaimed water program has avoided many of the major 

challenges other reclaimed water programs have faced and enjoys significant public 

support719. The potential size of the reclaimed water supply is modeled as equal to the 

amount of water flowing into wastewater treatment plants on Maui, though this supply is 

restricted by capital, energy, and infrastructural availability. 

Maui already uses a large portion of its reclaimed water, with a 20 to 30 percent 

reuse rate depending on seasonal irrigation needs720. While former Mayor Charmaine 

Tavares and others have expressed goals for 100 percent reuse, not all reclaimed water 

can be used at all times. Storm events can lead to spikes in treated water volumes, and 

irrigation demands that might absorb large amounts of reclaimed water in the summer are 

                                                
718 (County of Maui 2011) 
719 exhibit 3 (Commission on Water Resource Management 2010) 
720 (Wastewater Community Working Group 2010) 
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much lower in the wet winters, though reclaimed water remains available year round. 

Since opportunities to use reclaimed water in non-irrigation applications are few on 

Maui, this seasonal pattern makes a goal of full reuse challenging. Reclaimed water 

classifications and their uses are presented in Table 56. For more on Maui’s wastewater 

reclamation programs and the motivations behind them, refer to Grubert 2010. 

 

Table 56 Classes of Reclaimed Water 

Class Treatment Examples of Allowed Uses 
R-1 oxidized, filtered, disinfected to 

inactivate viral and bacterial 
pathogens 

most irrigation, mist-generating industrial 
applications, flushing toilets in dual-plumbed 
buildings, all R-2 uses 

R-2 oxidized, filtered, disinfected to 
inactivate bacterial pathogens only 

most underground irrigation where vegetation may 
come in contact with humans, much irrigation for 
crops not eaten by humans, non mist-generating 
applications (eg flushing sanitary sewers), all R-3 
uses 

R-3 oxidized many surface, drip, and subsurface irrigation and 
industrial processes where human contact is 
avoided 

Reproduced from Grubert 2010. Adapted from Wastewater Branch 2002. 
 

Reclaimed water is a less flexible water supply than surface water, groundwater, 

and desalinated water, in part because of the legal restrictions on reclaimed water use. 

Also, conveyance infrastructure must be purpose-built or fully adapted for reclaimed 

water, as reclaimed water cannot be piped with other water supplies or added to waters of 

the United States (including irrigation ditches)721. This infrastructural intensity usually 

means that demands for reclaimed water are identified and committed to using the water 

for a long period so that pipes can be built between wastewater treatment plants and the 

demand sites. Separate infrastructure also leads to high costs. Infrastructure to support a 

substantial increase in reclaimed water use from Maui’s three County-run wastewater 

                                                
721 exhibit 3 (Commission on Water Resource Management 2010) 
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reclamation facilities (wastewater treatment plants) could cost an estimated $200 million, 

including plant upgrades and distribution infrastructure722. In addition to infrastructural 

needs, reclaimed water’s quality can also restrict its uses. In particular, reclaimed water 

tends to have higher nitrogen content than other water sources723. The nitrogen content is 

beneficial for some applications, such as those where fertilizer is consistently applied to 

grass or a crop. However, where the nitrogen load from the water exceeds desired load 

for all or part of an irrigation cycle, using reclaimed water for irrigation can be 

harmful724. 

Reclaimed water’s value as a water source is tightly connected to the nature of the 

water it is displacing. Where reclaimed water can replace potable water in irrigation 

applications, it has high value as a source. Where reclaimed water merely enables a water 

demand that would not otherwise exist, such as outdoor landscaping that would have 

been designed with lower water demand absent the availability of reclaimed water, it is 

not a particularly valuable water source. A major challenge to expanding Maui’s 

reclaimed water program is that there is limited opportunity to displace potable water 

usage in the Wailuku-Kahului region, but upgrading the Wailuku-Kahului Wastewater 

Reclamation Facility and building reclaimed water distribution infrastructure (“purple 

pipe”) would be costly725. 

Like other sources of water, reclaimed effluent is not always available at the times 

and places where it could be most useful as supply. For example, higher winter 

precipitation means that irrigation demands for reclaimed water are lower in the winter 

than the dry summer. Issues associated with potential human contact or potable and 

                                                
722 (Parabicoli 2008) 
723 (DIRE Coalition 2009) 
724 (Grubert 2010) 
725 (Wastewater Reclamation Division and Water Resource Planning Division 2010) 
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nonpotable pipe crossing potential prevent treated effluent from being used for many 

applications where demand is more consistent throughout the year, such as toilet flushing.  

Though parts of Maui have unmet water demand that could be met with reclaimed 

water, reclaimed water is often not located in places where it has the greatest potential to 

supply a demand or to offset potable water use. Offsetting potable water use where a 

lower quality water could be used is a major goal because of the high value (and 

treatment costs) of potable water. Also, the Commission on Water Resource Management 

policy is that that water supply be matched with its highest and best use726, so the use of 

potable water for nonpotable applications is generally discouraged. Most of the potential 

users of nonpotable reclaimed water are farms, golf courses, or commercial landscapes, 

as the use of reclaimed water in residential applications is restricted (Table 56). However, 

many of Maui’s golf courses are already irrigated with reclaimed or nonpotable 

(brackish) water, and much of Maui’s farmland is geographically isolated from reclaimed 

water sources. This distance is important in two dimensions. First, increasing horizontal 

distance is associated with increasing costs for pipes and other distribution infrastructure. 

Since pipes can cost up to $1,000 per linear foot727 depending on the region, minimizing 

horizontal distance between supply and demand is desirable. Vertical distance is also 

important to the cost effectiveness (and feasibility) of reuse projects, as pumping costs to 

move water to higher elevations are substantial. Pumping costs are a particular burden 

given Maui’s high electricity prices728. Wastewater treatment plants are typically located 

as close to sea level as possible, and this is true on Maui. A major reason for this is to 

ensure that sewage flows naturally towards wastewater treatment plants. Since pumping 

depends on electricity, power outages can disrupt pumping: if wastewater treatment 

                                                
726 (Wilson Okamoto Corporation 2008) 
727 (Wastewater Reclamation Division and Water Resource Planning Division 2010) 
728 (Hawaii Energy 2009) 
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plants were located at higher elevations than sewage sources, raw sewage would flow 

back into homes and businesses. This practical consideration means that treated effluent 

must almost always be pumped up to users. On Maui, the most water-scarce regions are 

typically also the highest elevation regions, in part because water pumping is so 

expensive. Even though these regions could use the treated effluent, the distribution 

requirements are prohibitive. 

Reclaimed water cannot be used to satisfy another major unmet freshwater 

demand on Maui, or streamflow restoration. Many of Maui’s streams are dewatered by 

surface water diversions, and increasing flows could have beneficial impacts on habitat 

conditions and cultural accessibility729. Though treated wastewater is often returned to 

rivers and streams on the mainland (for example, in any city that discharges wastewater 

to a water body that is not the ocean), such discharges are considered waste dumping and 

are illegal in Hawaii730. Given the small volumes of flow and ecological sensitivity of 

many of Maui’s streams, this restriction is probably logical. Irrigation ditches are 

considered waters of the United States in many cases, and so treated effluent cannot be 

added to irrigation ditches either731. 
 

SENSITIVITY TO CHANGES IN PRECIPITATION QUANTITIES AND PATTERNS 

Maui has four main water supply options, and some are heavily dependent on the 

availability of affordable energy. However, precipitation is ultimately the major 

controlling factor for Maui’s water supply. Surface water is largely precipitation-related 

runoff, groundwater originates as precipitation, reclaimed water supply is water that was 

once surface or groundwater, and expensive desalination alternatives are unnecessary if 

                                                
729 (Parham, et al. 2009) 
730 exhibit 3 (Commission on Water Resource Management 2010) 
731 exhibit 3 (Commission on Water Resource Management 2010) 
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precipitation inputs to key systems are adequate. This section describes Maui’s 

precipitation regime and its potential sensitivity to rising temperatures under climate 

change. 

The freshwater supply on Maui and other Hawaiian islands is a product of 

orographic rains brought by the trade winds, which blow from the northeast between 80 

and 95 percent of the time during the summer (May through September) and between 50 

and 80 percent of the time during the drier winter (October through April)732. Orographic 

rain occurs when moisture in passing winds condenses as the winds encounter obstacles 

and are forced upwards, cooling and releasing condensed moisture as they rise. In the 

Hawaiian case, these obstacles are the volcanic mountains that rise above sea level. 

Under trade wind conditions, a moisture discontinuity develops between about 4,000 and 

8,000 feet above sea level, above which conditions are dry and below which conditions 

are wet733. Clouds develop below the temperature inversion that forms, which usually 

settles between about 5,000 and 7,000 feet, depending on temperatures and relative 

humidity734. Accordingly, the zone of maximum rainfall tends to be a belt about 4,000 

feet in height in the cloud zone, creating a region of high rainfall between about 2,000 

and 6,000 feet elevation 735  (

                                                
732 (Western Regional Climate Center n.d.) 
733 (Western Regional Climate Center n.d.) 
734 (Western Regional Climate Center n.d.) 
735 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 
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Figure Supply. 38).  
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Figure Supply. 38 Maui’s Rainbelt, East Maui 

 
Source: Emily Grubert, 2010. The orographic cloud cover to the right (northeast) of this picture contributes to a 
distinct belt of vegetation on Haleakala’s flank. 

 

The height of an island’s mountain influences its precipitation: islands with 

mountain summits above about 6,000 feet have the most rain, while islands with 

mountain summits below 2,000 feet are very dry. Maui Island comprises two volcanoes 

connected by a land bridge: Mauna Kahalawai (the West Maui Mountains) to the west 

reaches 5,788 feet736, and Haleakala to the east reaches 10,023 feet737. The summit of 

Mauna Kahalawai is one of earth’s wettest locations, with average annual rainfall of 367 

inches738, and ubiquitous cloud cover tends to encircle the mountain’s peak. Haleakala’s 

northeastern mid-elevation flank is also very wet, but because the clouds do not rise high 

enough to overtop the mountain, the southwestern (leeward) side of the volcano is in 

rainshadow and is quite arid739. By contrast, the highest peak on the nearby island of 

Lanai is less than 4,000 feet and has an annual precipitation of less than 40 inches740: the 

island is barely inhabited. Without Hawaii’s mountains to intercept wind moisture, the 

island chain would be extremely dry. 
                                                
736 rainfall (USGS 2010) 
737 (Western Regional Climate Center n.d.) 
738 rainfall (USGS 2010) 
739 (Western Regional Climate Center n.d.) 
740 (Hawaii State Climate Office n.d.) 
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Streamflow as measured at 16 long-term Hawaiian gaging stations, four of which 

are on Maui, has trended downward at most sites for the period between 1913 and 

2002 741 . There are several potential explanations for this, including declines in 

precipitation and reduction in groundwater discharge to streams742. Precipitation could 

be declining for a variety of reasons, including cyclic variability related to El Nin !o-

Southern Oscillation (ENSO) or Pacific Decadal Oscillation (PDO) conditions. ENSO 

tends to act for periods of a few to several years and is usually felt in tropical regions743. 

The PDO is longer lasting, acting in the North Pacific for a few to several decades744. 

While ENSO is more closely related to rainfall and runoff patterns than to groundwater 

storage and baseflow745, records are insufficient to demonstrate long-term precipitation 

and streamflow trends related to cycles like ENSO and the PDO. Another possible 

contributor to declining precipitation is climate change, which is expected to cause 

decreased precipitation in Hawaii. While long term, permanent declines in precipitation 

due to climate change would be problematic, most likely estimates from an ensemble of 

global climate models suggest that by 2100, Maui will experience 5 to 10 percent 

precipitation declines during the wet winter months (November to April) but 5 percent 

increases during the dry summer months (May through September)746, when water 

demand is higher. This predicted rate of decline is small relative to the observed changes 

of the past several decades, which suggests that most of the observed precipitation change 

is due to nonanthropogenic climate change. Stream baseflows between 1913 and 2002 

tended to be above average until the early 1940s and below average between the mid 
                                                
741 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 
742 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 
743 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 
744 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 
745 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 
746 (Timm and Diaz, Synoptic-Statistical Approach to Regional Downscaling of IPCC 21st Century 
Climate Projections: Seasonal Rainfall over the Hawaiian Islands 2009) 
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1940s and 2002 (the end of the period studied)747, which does not contradict the 

suggestion that declining baseflow could be linked to increased groundwater withdrawals 

and overpumping in some aquifers. Lower water tables would tend to reduce 

groundwater input to streams (Figure Supply. 5). 

Particularly if precipitation patterns on Maui and other Hawaiian islands are 

primarily due to cyclical events, precipitation could either increase or decrease in the 

future. For this work, decreases are more relevant to a discussion of long-term water 

availability. Absent major flood events, it is easier to meet water demands with more than 

less water. Thus, possible increases in water availability from precipitation are not 

considered here. This choice is further justified by the fact that surface water supply is 

here defined by the amount of water that can be conveyed by existing ditch systems. 

Currently, Maui’s main diversions tend to capture most or all of a stream’s baseflow to 

median flow748, but high flows often overtop diversions and remain in streams. Thus, 

increases in stream flow would not increase ditch flows linearly, as the systems are 

limited by ditch and individual diversion capacity. Also, current surface water users 

consider themselves undersupplied749, so some increases in ditch water availability would 

be absorbed by current demands. However, major, long-term increases in ditch water 

supply would likely need to be addressed with diversion modifications or other steps to 

increase the amount of water left in streams rather than diverted to an oversupplied 

region. 

Future precipitation is difficult to predict from the historical record750,751, which 

has led some investigators to predict extremely large declines in precipitation as a 
                                                
747 (Oki, Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii 2004) 
748 (S. Gingerich 2005) 
749 exhibit 3 (Commission on Water Resources Management 2010) 
750 (Bassi, Harrisson and Mistry 2009) 
751 (Wilson Okamoto Corporation 2008) 
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conservative baseline752. However, overly conservative estimates could preclude the 

success of economic and environmental water-using initiatives on Maui, like agriculture 

and streamflow restoration efforts. Using very low estimates for surface water availability 

on the island for planning purposes will likely require close examination of how those 

estimates were obtained and how likely they are to be accurate. 

One trend that can be quantitatively estimated is the effect of a rising cloud base 

height on water availability. As discussed above, the wettest regions of Hawaiian islands 

are the regions enveloped in cloud cover for a majority of the year. Currently, those 

regions are typically the windward flanks of mountains that extend through the space 

2,000 to 6,000 feet above sea level753. Temperature directly affects the height of the cloud 

base, though, and so rising temperatures (and rising cloud bases) could in some cases lead 

to less water being captured by mountains. If cloud bases rise so much that the full 4,000 

foot extent of the cloud region is no longer captured by a mountain, islands could lose 

part of their water supply. A rough estimate of the effects of predicted temperature 

increases on the area intercepted by clouds on Haleakala indicates that the effect of rising 

clouds could affect the amount of water available from orographic precipitation as the 

area receiving rain decreases. Similarly, a narrowing cloud zone could decrease available 

precipitation on East Maui. 
 

Precipitation, Climate, and Haleakala 

East Maui’s volcano Haleakala is approximately cone-shaped, and so assuming 

that the area receiving cloud-based precipitation is the surface area of the cloud zone, the 

formula for the surface area of a cone can be adapted to predict the area receiving cloud 

                                                
752 (Bassi, Harrisson and Mistry 2009) 
753 (Western Regional Climate Center n.d.) 
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precipitation. Cones grow narrower toward the top, and so as clouds move upwards, the 

area receiving rain – that is, the zone that extends 4,000 feet above the cloud base – 

grows smaller (Figure Supply. 39). This estimate predicts the size of the East Maui 

Watershed as a function of cloud base height, assuming clouds are 4,000 feet tall and 

Haleakala is a right regular cone. For reference, East Maui Watershed Partnership 

estimates the area of the watershed at about 100,000 acres754. The motivation for 

performing this estimate is to attempt to quantify potential impacts of climate change – 

specifically, rising temperatures – on the water yield of East Maui Watershed as clouds 

move upward, leaving less surface area in the cloud zone. 

 

                                                
754 (East Maui Watershed Partnership n.d.) 



 310 

 

Figure Supply. 39 A Cone 

 
Cones with the same opening angle have constant height (H) to radius (R) ratios. 

 

Orographic clouds do not pass over the top of Haleakala, and winds tend to blow 

from the northeast. The expected size of the East Maui Watershed is estimated as about 

one third of the lateral surface area of a 4,000 foot tall slice of a right circular cone, both 

to simplify calculation and because visual inspection indicates that the orientation of 

Haleakala relative to the trade winds would result in about one third of the mountain’s 

circumference being intersected by winds. A right circular cone is a cone with a circular 

base and vertex centered over the base755. Haleakala is not a right circular cone, but the 

northeastern third can be approximated as the northeastern third of a right circular cone 

with a 16 mile radius (Figure Supply. 40). Haleakala’s radius (summit to sea level) varies 

between about 12 miles and somewhat less than 18 miles across the northeastern third of 

the mountain’s flank, with due east and due north summit-to-sea distances of 16.5 and 

15.9 miles, respectively (Figure Supply. 40). Summit-to-sea distances on leeward 

Haleakala are much shorter, varying between about 6 and 12 miles. 

 

                                                
755 (Weisstein 2011) 

R’ 

R 

H’ 
H 
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Figure Supply. 40 Haleakala as Cone 

 
Map created and colored in ArcExplorer. Haleakala’s northeastern flank can be approximated as a third of a right 
circular cone. From the summit, the distance to the northern and eastern coasts is roughly 16 miles. 
 

Approximating northeastern Haleakala as a right circular cone rather than as a 

right elliptic cone confers significant mathematical advantage. The assumption that the 

East Maui Watershed occupies the northeastern third of a 16-mile radius right circular 

cone between cloud base height and 4,000 feet above cloud base height produces a fairly 

accurate estimate of the watershed’s area, as will be shown below, so using the 

mathematically simpler formula for the surface area of a right circular cone seems 

justified in this case. The lateral surface area of a right circular cone is given by 
 
  (39), 
 

where A is lateral surface area (that is, the area of a cone excluding the circular 

base), R is the radius of the base, and H is the height of the cone. By contrast, assuming 
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that Haleakala is well-approximated as an elliptic cone would require the use of the 

following formula for lateral surface area: 
 
 

 

(40), 

 

where A is lateral surface area, a is the semimajor elliptic axis, b is the semiminor 

elliptic axis, H is the cone height, and E(x) denotes the complete elliptic integral of the 

second kind (which involves integration of a squared Jacobi elliptic function)756. The 

northeastern third of Haleakala is not necessarily better represented by an ellipse than a 

circle, as the northerly and easterly dimensions are roughly the same, and so the simpler 

approximation of Haleakala as a circle is used here. 

Since only the region of Haleakala under cloud cover is of interest for estimating 

East Maui Watershed’s area as a function of temperature via cloud base height, watershed 

area is estimated by  
 
 

 
(41), 

 

where R is the cone radius at the cloud base height and R’ is the cone radius at the 

cloud top height. Similarly, H is the height of the cone above the cloud base height and 

H’ is the height of the cone above the cloud top height. These relationships are illustrated 

in Figure Supply. 39. 

The ratio  is defined by a cone’s opening angle, or the vertex angle of a cross 

section of the cone’s apex and base757. Thus,  is constant for any cone with the same 

opening angle: specifically, the Haleakala cones beginning at the cloud base height 
                                                
756 (Weisstein, Elliptic Cone 2011) 
757 (Weisstein, Cone 2011) 
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(radius = R and height = H) and at the cloud top height (radius = R’ and height = H’) 

share the relationship 
 
 

 
(42) 

 
 

in the approximation used here (assuming that Haleakala’s total summit-to-sea 

level height is 10,023 feet, or about 1.9 miles758). 

Using the above ratio (42), the watershed area formula (41) can be simplified to 
 
 

 

(43), 

 
where K is the lesser of cloud height and the distance between the cloud base and the 

cone apex (mountain peak).  

In order to use formula (43), one must know the cone radius at the elevation equal 

to cloud base height, the constant c derived from cone opening angle, and the distance K 

between cloud base and cloud top or between cloud base and mountain peak. Under 

current conditions,  
 
 

 
(44). 

 

At temperatures and relative humidities currently considered normal for 

windward East Maui, or about 20°C and 75 percent759, the cloud base is expected to be 

                                                
758 (Western Regional Climate Center n.d.) 
759 (Western Regional Climate Center n.d.) 
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about 2,000 feet above sea level based on the equation for cloud base height as a function 

of temperature: 
 
 

 
(45), 

 

where Hb is the cloud base height in feet, Tdry bulb is the dry bulb (ambient) 

temperature in °C, and Tdew point is the dew point temperature in °C760.  

The dew point temperature is related to the dry bulb temperature through relative 

humidity. For relative humidity greater than 50 percent, the dew point temperature is 

approximately 
 
 

 
(46), 

 

where RH is relative humidity in percent. For the full range of relative humidities, 

dew point temperature can be calculated by 
 
 

 
(47), 

 
 

where a = 17.231, b = 237.7°C, and  
 
 

 
(48). 

 

For average East Maui ambient (dry bulb) temperatures of 18 to 20°C and average 

cloud zone relative humidity of 75 percent761, equation (43) predicts that about 85,000 

acres of Haleakala’s windward flank are typically inundated by clouds, which 

approximates the area of East Maui Watershed. East Maui Watershed Partnership 
                                                
760 (Wolfram Alpha LLC 2011) 
761 (Western Regional Climate Center n.d.) 
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estimates the area at approximately 100,000 acres, which likely includes the region 

between the cloud base height and the ocean and suggests that the right circular cone 

approximation is acceptable for use on Haleakala’s northeastern slope.  

Most climate models assume that relative humidity will remain constant even as 

temperatures change762. This is because while warmer air holds more moisture, warmer 

temperatures also lead to more evaporation from the oceans. However, consistent global 

relative humidity data are limited, so this assumption is difficult to verify empirically763. 

Typical relative humidities in the cloud zone range from 70 to 80 percent on the 

windward sides of Hawaiian islands764. Assuming a relative humidity of 75 percent for 

the East Maui Watershed leads to an estimate that the cloud covered region is about 

80,000 to 85,000 acres across the range of average temperatures. If climate change is not 

expected to alter relative humidity, the predicted size of the East Maui Watershed is not 

particularly sensitive to temperature changes (Figure Supply. 41). Assuming fixed 

temperature, higher relative humidity is predicted to increase the area receiving 

precipitation, while lower relative humidity is predicted to decrease the area receiving 

precipitation (Figure Supply .42) because the difference between the dry bulb and dew 

point temperatures decreases as relative humidity increases. From (45), this smaller 

difference corresponds to a lower cloud base height, which in turn corresponds to a 

greater intercepted land surface area. Declining relative humidity would tend to raise 

cloud base heights and decrease the land area intercepted by clouds. Varying temperature 

does not alter this result substantially. 

 

Figure Supply. 41 Predicted East Maui Watershed Area with Changing Temperature 
                                                
762 (Willett 2007) 
763 (Willett 2007) 
764 (Western Regional Climate Center n.d.) 
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The temperature increases expected from climate change will not likely result in significant declines in East Maui 
Watershed area. This figure normalizes temperature and predicted land area by their means and assumes that 
temperatures increase on Haleakala by 0.48 degrees Fahrenheit per decade. Land area expected to receive 
precipitation does not change much in response to temperature over the next several decades. 
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Figure Supply. 42 Expected Watershed Land Area and Relative Humidity 
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Lower relative humidity corresponds to smaller expected areas receiving cloud water input. 

 

 

The response of cloud base height to varying temperature and fixed partial 

atmospheric pressure of water vapor can be assessed by defining relative humidity: 
 
 

 
(49), 

 

where  is the partial atmospheric pressure of water vapor and  is the 

saturated vapor pressure of water at a given temperature. The Arden-Buck equation gives 

the saturated vapor pressure of water as a function of temperature: 
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(50), 

 

where T is the dry bulb temperature. Assuming that the partial pressure of water 

vapor stays constant means that the dew point temperature remains constant as the dry 

bulb temperature varies. Here, higher temperatures correspond to lower cloud-intercepted 

area (Figure Supply. 41). 

This estimation exercise suggests that higher temperatures and lower relative 

humidity are expected to lower the area of Haleakala that receives cloud-based 

precipitation. Estimated changes can be significant. According to the calculations 

outlined here, one would expect the area of East Maui receiving cloud-based precipitation 

to decline by about 20 percent if relative humidity dropped from 75 percent to 60 percent 

on average. Assuming constant partial water vapor pressure, a long-term average 

temperature increase of 3°C would lower East Maui Watershed’s area by an estimated 20 

percent. The decline in predicted cloud-covered area as a function of temperature is 

roughly linear until the cloud top height begins to exceed Haleakala’s height (Figure 

Supply .43).  
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Figure Supply. 43 Expected Watershed Area with Constant Partial Water Vapor Pressure 
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If water’s partial vapor pressure is held constant, the expected area of land receiving cloud water input declines 
linearly. 

 

The relative humidity relationship with predicted cloud-covered area is better 

described by a logarithmic function, as would be expected from (48), but the local trend 

is approximately linear (Figure Supply. 42).  

The rough analysis performed here suggests that significant changes in rainfall 

could be effected by temperature-related cloud base height changes. To validate this 

hypothesis, historical temperatures were used to compute yearly average predicted cloud 

base heights assuming a constant relative humidity of 75 percent. Precipitation records 

from stations at nine elevations on Haleakala are available for part or all of the period 

from 1950 to 2010, and temperature records are available for the lowest and highest 

elevation stations765. These records are available online. Records from the station at 6,960 

feet were used here because they were the most complete766. Predicted cloud base heights 

                                                
765 (Western Regional Climate Center 2008) 
766 coop map (Western Regional Climate Center 2008) 
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were matched with precipitation data from the same year and elevation and plotted in 

Figure Supply. 44. 

 

 Figure Supply. 44 Cloud Base Height and Precipitation 
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Precipitation and temperature records suggest that during years with higher predicted cloud bases, precipitation 
was lower. While this result is consistent with a hypothesis that rising cloud base heights result in lower 
precipitation, confounding variables like higher evapotranspiration could be explanatory. 

 

Though the correlation is weak, higher cloud base heights appear to correspond 

with lower precipitations. However, the historical precipitation levels are lower than the 

modeling relationship would suggest: predicted cloud-region areas are less negatively 

correlated with estimated cloud base height than are historical precipitation levels. The 

negative trend in precipitation is visible against both predicted cloud base heights and 

time, though temperatures have remained stable at the 6960 foot recording station on 

Haleakala since 1950 (Figure Supply. 45). The fact that precipitation appears to be 
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declining while temperatures (and predicted cloud interception area) remain stable 

suggests that cloud base height is not the only controlling factor on precipitation in East 

Maui.  

 

Figure Supply. 45 Precipitation, Temperature, and Predicted Land Area Under Cloud 
Cover 
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Cloud base height changes in response to increased temperature do not explain the downward trend in 
precipitation on Maui. Between 1950 and 2010, temperatures and the region of Haleakala expected to be 
intercepted by clouds have remained fairly constant, while precipitation has trended downward. 

 

Assuming that temperatures on Haleakala increase by about 0.048°F per year767, 

the cone-based estimate would suggest a decline in the area of land intercepted by clouds 

of about 0.4 percent by 2050. This level of decline does not on its own explain the 15 

percent decline in Hawaiian precipitation between about 1990 and 2010768. A non-

exhaustive list of other possible explanations includes cyclic or permanent changes 

related to ENSO, the PDO, or global climate change. Cloud base height increases due to 

                                                
767 (Fletcher 2010) 
768 (Fletcher 2010) 
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rising temperatures could affect the precipitation input to Haleakala, but climate change 

could affect cloud water inputs in other ways as well. If there is less moisture in the trade 

winds, for example, the region of precipitation input might remain roughly the same size 

but receive less water overall. Also, if the width of the cloud zone decreases from 4,000 

feet to something less, less of the mountain will tend to receive cloud precipitation. 

Changing cloud base height is only one potential effect of climate change. Mauna 

Kahalawai, which forms West Maui, might be more susceptible to changing cloud base 

heights because its summit is lower, but the cone-based estimation method is not as 

useful there because of the different shape of the mountain and because the cloud region 

encircles the peak rather than remaining on one side of the summit.  

 

SUMMARY OF DISCUSSION 

Maui Island has four potential sources of water supply considered here: surface 

water, groundwater, desalinated water, and reclaimed water. Surface water is probably 

the largest source, but it is currently being used almost to capacity. Precipitation inputs 

affect surface water availability, and so this work focuses on characterizing the 

relationship between irrigation ditch flows and precipitation. A large decline in future 

precipitation could seriously decrease Maui’s surface water supply, which would make 

large scale agriculture difficult on the island. Surface water currently used on the island 

could be drawing from groundwater aquifers in regions where gaining streams are 

diverted to ditches, but the relationship between groundwater and surface water on Maui 

is not well understood. Groundwater sources are potentially large, but high electricity 

costs and large pumping needs restrict its availability. In addition, concerns about salinity 

in overpumped regions or regions where sea level rise is affecting aquifers pose quality 

limitations to groundwater supply. Reclaimed water is limited by wastewater treatment 



 323 

plant throughput. Desalinated water is potentially infinitely available, but high electricity 

and other costs make desalinated water a less desirable source than current surface water 

and groundwater sources. Notably, Maui has access to large amounts of high quality (low 

salinity) brackish groundwater that is likely to be a far cheaper source of desalination 

feedwater than seawater, even including pumping requirements. 

Climate change is likely to affect precipitation inputs to Maui, but rising cloud 

base heights do not alone appear to explain a several decade trend of declining 

precipitation and streamflow. 
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Chapter 5. Modeling Water Demand on Maui 

 

CHAPTER EXECUTIVE SUMMARY 

Assessing water supply adequacy requires information about both supply and 

demand for water. This chapter describes water demands and potential water demands for 

four major use types: potable (domestic), agricultural, industrial, and environmental. 

Water demands are further classified by quality requirements, location, and timing, which 

affect which water supplies can be used to satisfy demands and how much energy must 

be invested in a given water supply. Maui’s potable water demand is expected to grow 

alongside population over the next several decades. Agricultural water use could increase 

or decline, depending largely on decisions about sugar cultivation for export or for 

biofuels. Sugarcane uses more water than diversified agriculture per acre on average, but 

more biofuels can be produced per unit of water invested in sugar than in alternatives as 

assessed in this study. Industrial water use on Maui is low and might remain that way 

absent changes to the island’s economy. Environmental water demands are likely to 

increase as more streams are assigned numerical instream flow standards, which will 

likely primarily affect water supply adequacy in the Central Maui region. 

 

INTRODUCTION 
 

Water demand depends on factors like economic activity, population, land use 

choices, and others that could change significantly over the next forty years on Maui. 

Analyzing whether Maui’s freshwater supply will be adequate in the coming decades 

requires both an understanding of available sources of water (Chapter 4) and of potential 
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sources of demand. Relatively low supply could be adequate if demands are low, and 

high demands could require much more water than is currently used on Maui. 

Decisionmakers on Maui have some control over water adequacy from both the supply 

and the demand sides, depending on island development choices. For example, Maui 

could choose to invest all available resources into generating enough energy to pump or 

desalinate as much water as it needs, or Maui could choose to legislatively encourage 

high efficiency water use. Freshwater supply adequacy depends on both supply and 

demand, and decisions made over the next forty years can affect both. This section 

complements the previous chapter on water supply with an assessment of water demands 

and how these could change over the next several decades. 

Just as the previous chapter considered four major potential sources of water 

supply for Maui, this chapter addresses four major water demand classes: domestic, 

agricultural, industrial, and environmental. Here, domestic refers to all direct human use 

for residential and commercial activities – more simply, domestic demands are essentially 

Maui’s potable water demands769. Domestic water demands are modeled using existing 

regression equations in much the same way that surface water supply was modeled. No 

sensitivity analysis is performed using these regression equations, as the study that 

derived the equations includes detailed analysis to which the reader is referred770. This 

work modifies Freedman’s analysis slightly to include potable water supplies not 

provided by Maui’s Department of Water Supply. Agricultural water demand is analyzed 

in terms of crop water intensity per unit of cultivated land, with particular attention to the 

water needs of diversified agriculture and energy crops. Maui has little industry, and 

                                                
769 Some potable water is used for agriculture in Upper Kula (Freedman 2007) and for older golf courses, 
so not of Maui’s potable water supplies domestic demands as defined here. Domestic demand does include 
residential and commercial landscape irrigation, however. 
770 (Freedman 2007) 
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because industrial water needs are application-specific, the only industrial users 

considered here are power plants and potential biofuels processing facilities. Finally, 

environmental water requirements are modeled as a type of negative supply, much as 

photovoltaic electricity is often modeled as a negative electricity demand: to an electric 

utility, the power generated by solar panels at individual homes offsets electricity demand 

that the utility never faces. Similarly, the water demanded by streams for environmental 

flows is water that never becomes part of the supply. While water does not need to be 

sought, conveyed, and provided to streams for environmental flow, supply is reduced 

when environmental flow demands are higher. Other environmental uses like reforested 

tracts do not require water inputs but might alter supply patterns. 

Water supply is constrained by physical water availability, but it is also 

constrained by the availability of affordable energy supplies, as described in Chapter 4. 

Similarly, water demand is constrained by user water needs, but it is also constrained by 

the availability of land that can support users who demand water. Two of Maui’s largest 

potential water demands are for bioenergy crop and diversified agriculture irrigation. 

While these two agricultural uses can coexist to some extent, the island’s demands for 

energy, food, fiber, and feed – all of which are currently at least partially met by imports 

– likely exceed the amount of energy, food, fiber, and feed that can be simultaneously 

produced from Maui’s limited land resources. Thus, just as Chapter 4 considered both 

water and energy inputs as constraints to water supply, this chapter treats per-unit water 

demands and land availability as constraints to water demand. The modeling approach 

used here favors expressing water demand in terms of water intensity rates rather than 

water demand growth rates for reasons explained in further detail in the next section. 

Maui’s current land uses and land cover classifications are presented in Table 57, Table 

58, and Figure Demand. 1. Maui Island is about 470,000 acres, with 27,000 acres of 
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domestic demand (urban and rural), 240,000 acres of potential agricultural land, and 

190,000 acres of land in conservation771. 
 

Table 57 Land Use on Maui 

Land Use Type Acres, Maui Island 
domestic 27,000 

urban 23,000 
rural 4,000 

agriculture 244,000 
cropland 55,000 

conservation 195,000 
total 466,000 

Source: Maui Data Book 2010.

                                                
771 (Hawaii Business Research Library 2011) 
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Table 58 Land Use Cover on Maui 

Land Use Cover Acres 

Barren 30,000 
Developed 59,000 

Developed Open Space 33,800 
Developed Low Intensity 15,600 

Developed Medium Intensity 5,600 
Developed High Intensity 3,600 

Agriculture: Crops and Irrigated Agriculture 49,200 
Wet Forests 122,600 

Hawaii Lowland Rainforest 50,800 
Hawaii Montane Cloud Forest 8,100 

Hawaii Montane Rainforest 16,000 
Hawaiian Introduced Wet-Mesic Forest 47,800 

Dry and Mesic Forests 50,300 
Hawaii Lowland Dry Forest 2,900 

Hawaiian Introduced Dry Forest 35,800 
Hawaii Lowland Mesic Forest 8,400 

Hawaii Montane-Subalpine Mesic Forest 3,100 
Commercial Forests 2,100 

Hawaiian Managed Tree Plantation 2,100 
Shrubland 50,900 
Hawaii Wet Cliff and Ridge Crest Shrubland 3,300 

Hawaii Lowland Dry Shrubland 2,900 
Hawaii Lowland Mesic Shrubland 7,200 

Hawaii Montane Subalpine Dry Shrubland 14,000 
Hawaii Subalpine Mesic Shrubland 3,700 

Hawaii Alpine Dwarf Shrubland 0 
Hawaiian Introduced Deciduous Shrubland 19,800 

Grassland 106,600 
Hawaii Lowland Dry Grassland 500 

Hawaii Lowland Mesic Grassland 900 
Hawaii Montane Subalpine Dry Grassland 100 

Hawaii Montane Subalpine Mesic Grassland 500 
Hawaiian Introduced Perennial Grassland 104,600 
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Source: Landfire Database. USDA, US Forest Service n.d. 
 

Figure Demand. 1 Land Cover and Urban Land Use on Maui 

 
Source: Landfire database, County of Maui Planning. The top map shows land cover on Maui, where gold is 
agricultural land, red tones are urban, green tones are native lowland vegetation, blue tones are native montane 
vegetation, pink tones are introduced vegetation, and black denotes barren land. The bottom map shows urban 
regions outlined in red for clarity. Non-human settled portions of Maui are green, and each urban community is 
shaded in a different color. Maps produced using ArcGIS 10. 

Again like water supply, water demand is a multidimensional value that includes 

not only a magnitude but also spatial, temporal, and quality constraints. Water demand 

that might be easily met with existing supply on one part of Maui might go unfulfilled in 

Other 2,300 
Hawaii Dry Cliff 800 

Hawaii Dry Coastal Strand 1,300 
Hawaii Wet Mesic Coastal Strand 25 

Hawaii Bog 200 
  
Total 472,600 
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a drier or more infrastructure-limited region. This model incorporates spatial resolution 

concerns by assigning demands to specific water supply districts on Maui that correspond 

to existing infrastructures. Water uses in these regions are fairly isolated from each other 

in the sense that infrastructure that supplies one region cannot easily supply other regions, 

though East Maui Irrigation’s contribution to Upcountry Maui domestic water supply is a 

major exception. The regions considered, their main infrastructures, and the major 

demands associated with those regions are summarized in Table 59. 
 

Table 59 Regions and Water Infrastructures of Maui 

 Central Maui West Maui Upcountry Maui East Maui/Hana 

irrigation systems East Maui Irrigation 
West Maui Irrigation 

Pioneer Mill 
Irrigation System Upper Kula Pipeline rainfed 

public water treatment 
plants Iao Mahinahina 

Olinda 
Piiholo 
Kamole Weir 

wells only 

public wastewater 
treatment plants 

Wailuku-Kahului WWRF 
Kihei WWRF Lahaina WWRF Makawao-Pukalani 

Paia-Haiku Hana 

associated community 
plan districts (CPDs) 

Wailuku-Kahului 
Kihei-Makena Lahaina   

agricultural land 
served by irrigation 
systems 

   all rainfed 

major existing water 
users 

HC&S 
visitor industry visitor industry Kula Agricultural Park  

 

In addition to spatial limitations, some water demands are more urgent than 

others. Water demands for indoor domestic uses like drinking and cooking need to be 

supplied within hours or days of the need, while crops and landscaping can often more 

successfully tolerate periods of drought or no supply. Thus, the concept of firm water 

yield is relevant to a full model of Maui’s water supply and demand. Firm water yield is 

essentially the portion of water supply that is guaranteed to be supplied even during a 

drought, and it is often more valuable than interruptible supplies. Adding reservoir and 

tank water storage capacity can increase the proportion of water supply that is considered 
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firm yield. In this model, demands for indoor domestic uses and livestock must be met 

with firm yield water supplies, while crop and landscaping demands can be deferred in 

times of drought. Power plants and other facilities using freshwater for cooling must have 

a firm supply to continue operation, but some facilities are less critical to keep open 

during droughts. For example, electricity provided by freshwater-cooled power plants 

might be critical for continued groundwater pumping during times of surface water 

shortage, so those power plants would be modeled as priority users, while a 

manufacturing process with high freshwater demand might be considered interruptible 

during times of extreme drought. 

A third major constraint to consider when matching water supply with demand is 

water quality. Water quality issues will not be carefully considered in this work, but in 

general, domestic water users require higher water quality than other users. Some limits 

to quality that Maui faces include high salinity, agricultural contamination, and urban 

runoff contamination. For the purposes of this work, the quantity of water available and 

desired is the main parameter. Addressing issues like energy intensity and waste streams 

serves as a proxy for quality constraints in some cases. 
 

Approaches to Modeling Water Demand 
 

Two main methods can be used to model water demand, each with benefits and 

disadvantages. The first applies projected growth rates to existing water demands, such 

that  
  

  (51), 
 

where r is a growth rate per time period (typically percent growth per year) and t 

is the number of time periods. This technique is commonly used for city planning 
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assessments and other short- to medium-term forecasting applications that assume the 

past is a good indicator of the future. Advantages of using a growth rate method include 

simplicity, in the sense that the individual drivers of demand do not need to be well 

understood. Also, a growth rate model can provide a more continuous estimate of 

demand than a regression model with several parameters that require user-forecasted 

input values. Disadvantages of the growth rate method include its dependence on past 

conditions. Modeling radical shifts in an economy can be difficult with growth rate 

methods, as there are no data characterizing how the economy has reacted before. 

Similarly, calculating the impact of new types of water demands or water conservation 

can be challenging if it is not clear which portions of the growth rate those changes are 

affecting. Growth rates themselves can be hard to predict, particularly when the 

underlying cause of growth is unclear. Growth rate methods are often used for short- to 

medium-term forecasting because of their adeptness at predicting the near future from the 

near past, but long range extensions are easily distorted. 

The second approach to modeling water demand has already been introduced in 

Chapter 4: regression equations that use data and information about systems of interest to 

predict outcomes. Regression analysis seeks to quantify the correlation between a driver 

and an outcome of interest so that the impacts of altering conditions for the driver can be 

observed. Regression equations of the form introduced in Chapter 4, or  
 

  (52), 
 

 

link a quantity of interest to a known or estimable parameter via an elasticity (the 

exponent) that indicates how sensitive the quantity is to the parameter. In the simplest 

case, the elasticity is one and the parameter is related to the quantity by a constant. This 
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case arises (or nearly arises) in a few water demand contexts, such as agricultural water 

demand. As modeled here, agricultural water demand is approximately 
 

  (53), 
 

or total water demand is equal to an irrigation constant per unit of land times the 

amount of land a crop occupied. Regression-based models are highly flexible if 

correlation relationships are well understood. However, the flexibility is in part due to the 

somewhat static results. Regression equations are useful for predicting what the outcome 

of a given situation will be at the time. Unlike a growth rate equation, a regression 

equation will not typically be useful for describing systems over a long period of slow 

change, as new conditions need to be defined in each instance.  

 A solution to the problem of wanting flexibility without having to separately 

define many related scenarios is to combine the growth and regression-based approaches 

by assigning known (or estimated) growth rates to explanatory parameters. For example, 

population is generally closely related to urban water supply, and population growth rates 

tend to be fairly steady. Using a growth rate for population and an elasticity of water 

demand to population enables the simultaneous use of both types of models. This study 

will mostly use regression equations and hybrid regression-growth models because of the 

medium- to long-term of interest. Forty years is far enough in the future that some 

dramatic shifts might be expected, but some parameters – like population – can perhaps 

be accurately predicted over that time frame. 

Regression equations and growth rate equations already exist for potable water 

demands 772, and this study assumes that agricultural water demand is completely 

determined by the amount of land and type of crop under consideration. (An exception is 

                                                
772 (Freedman 2007) 
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Hana, where no additional irrigation is assumed.) Maui has little industry, but industrial 

water use rates are often tied to production with an elasticity near one. Environmental 

demands are difficult to model as unit users, so this work takes a different approach for 

environmental users by considering instream flow needs for individual streams. Other 

environmental uses like reforestation probably require no direct irrigation, but the effect 

of trees on water balances can be challenging to model. This work uses existing data and 

analysis to the extent possible, with the goal of extending rather than recreating prior 

investigation. In some cases, that reliance on existing information might preclude full 

access to modeling assumptions. 
  

NATIVE HAWAIIAN RIGHTS 
 

Native Hawaiian water rights are a special class of water right, even though most 

of the uses in question are considered in other demand classes, primarily agricultural and 

environmental demand. Native Hawaiian water rights are protected under Hawaiian 

public trust laws773, which means that these rights take legal precedence over most other 

uses. Native Hawaiian rights are extended to descendants of Hawaiian residents who 

predated Western contact, or those who had settled Hawaii before 1778774. Customary 

and traditional practices supporting subsistence and cultural and religious practices are 

protected by law, though the amount of water needed to fulfill Native Hawaiian needs has 

not been forecasted775. In practice, the strong protections for Native Hawaiian rights have 

not been enforced776, and demand for water related to Native Hawaiian rights is likely 

higher than is currently being met. The main uses of water in the Native Hawaiian rights 

                                                
773 (Sproat 2009) 
774 (Sproat 2009) 
775 (Sproat 2009) 
776 (Sproat 2009) 
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category are water for kalo cultivation and water that supports fish and plant habitats. 

Kalo cultivation is the major water demand that is not fulfilled by habitat-protective 

environmental laws, and kalo’s water needs are estimated in Table 60. In 2007, kalo was 

harvested from 106 acres in Maui County for a total production of about 350,000 

pounds777. 
 

Table 60 Irrigation Requirements for Kalo 

Type of Kalo Water Use Water Demand 
acre feet/acre-year 

wetland withdrawals 112-336  
wetland consumption 17-45 
dryland withdrawals  
dryland consumption 4.5-10 

Source: Paul, Johnson, Park and Niles for OHA; CWRM Hearings on Na Wai Eha; Uyeda et al 2011. Withdrawals 
for kalo cultivation are high. In practice, the proximity of kalo cultivation to ocean outlets means that this 
withdrawal is often effectively consumption. 
 

Habitat-based water demands are described further in the section on 

environmental water demands below. Maintaining fisheries healthy enough to support 

subsistence fishing likely requires habitat-protective flows, not just the connectivity-

based flows that have been proposed for some streams. 
 

DOMESTIC USES 
 

For the purposes of this work, domestic water demand is defined as 

nonagricultural demands for potable water. Providing potable water is a substantial task 

for Maui County’s Department of Water Supply (DWS), and so extensive work to define 

and forecast DWS water demand has been performed by Freedman778. This assessment 

aims to extend Freedman’s analysis to account for potable water supplied by private, or 
                                                
777 (United States Department of Agriculture 2009) 
778 (Freedman 2007) 
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non-DWS entities on Maui. Freedman forecasted water demand using both a growth rate-

based method and a regression equation method, both of which are presented in this 

section. 

Maui has grown rapidly over the past decades, both in resident and in visitor 

population. Maui County’s defacto population more than doubled between 1980 and 

2005779. As Maui’s population has grown, land, water, and energy limitations have 

become more apparent. The wait for water meters in Maui’s Upcountry region can be 

years long780. One factor contributing to the pace of Maui’s development is the fact that 

airport upgrades enabling direct flights between Maui, the mainland United States, and 

other overseas destinations781,782 made the island more accessible, which has caused some 

tensions on Maui. Domestic water use creates pressures on infrastructure and 

environmental systems, primarily because of the high level of energy-intensive treatment 

needed both before and after use (Chapter 2). A nonexhaustive description of impacts is 

found in Table 61. 
 

                                                
779 (Hawaii Business Research Library 2011) 
780 (Eagar 2010) 
781 (Clough 2010) 
782 (Mikell 2010) 



 337 

 

Table 61 Domestic Water Supply’s Impact on Infrastructural and Environmental Systems 

Domestic Water 
energy is embedded in potable water (pumping, distribution, treatment) 

is required during and after use (heating, wastewater treatment)  
water must be high quality 

must be supplied consistently and when demand occurs 
waste is emitted as sewage 
land is used for treatment plants 

ultimately receives wastes 
air  
water can be contaminated by leaking sewage and other wastes 
communities pay for and depend on water 
 

Maui’s domestic water supply is about 70 percent groundwater and 30 percent 

surface water, and domestic users – including private households, businesses, and hotels 

– used about 45 million gallons of water per day as of 2005783. Also as of 2005, an 

estimated 12 percent of this water was supplied by private water companies rather than 

the Maui DWS784.  

As mentioned above, this work relies primarily on Freedman’s analysis of future 

DWS water demand for the Maui County Water Use and Development Plan (WUDP) to 

estimate potable water demands for domestic uses on Maui Island785. However, some 

urban and rural-class water uses are not included in the WUDP analysis, which considers 

only DWS demands explicitly. Several groups using potable water are not served by the 

DWS, including residents with private wells and some resorts and developments that are 

self supplied. These uses account for approximately 4 to 5 million gallons of potable 

water demand per day, mainly in South and West Maui where resorts are common786,787. 
                                                
783 (de Naie and McMahon 2005) 
784 (de Naie and McMahon 2005) 
785 (Freedman 2007) 
786 (de Naie and McMahon 2005) 
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Additionally, some outdoor water uses that are typically considered urban uses are not 

captured by a model of potable water demand. In particular, Maui’s golf courses and 

some resort and other landscaping are often irrigated with reclaimed or brackish waters. 

An estimated 5 million gallons per day of reclaimed water788 and 6-10 million gallons per 

day of brackish irrigation water789 are used for golf courses and landscaping. In some 

cases, these uses would be served by potable water absent a reclaimed water supply. The 

largest non-DWS domestic water users are typically resorts, which are incorporated into 

Freedman’s analysis790 via estimates of the water intensity of the visitor industry. 

Freedman’s region-based regression equations and growth rates do not include these 

private users. While water demands for residents using private water can likely be 

accurately forecasted by extending Freedman’s analysis, visitors use water differently 

from residents and should be considered separately. 
 

Estimating Domestic Water Demand 
 

Freedman’s analysis for the Maui WUDP uses several techniques to project future 

water demands on Maui, including regional annual growth rates and regression equations 

linking water demand to two or three defining parameters791. This work hybridizes the 

two techniques, using the growth rate method to determine expected water demands and 

the regression equation method to assess sensitivity to parameters of interest. Population 

is the major parameter of interest for estimating domestic water demand. 

                                                                                                                                            
787 (Wilson Okamoto & Associates 2003)  
788 (Wastewater Community Working Group 2010) 
789 increased from a 2002 estimate of 6 to 7 mgd, (de Naie and McMahon 2005) 
790 (Freedman 2007) 
791 (Freedman 2007) 
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The WUDP derived base case, low, medium low, medium high, and high growth 

rates for each community plan district (CPD) assessed792. These growth rates are 

presented in Table 62. 
 

Table 62 Annual Growth Rates for Potable Water Demand, Maui Island 

annual growth rates (percent): potable water only 
Region base case low case medium low 

case 
medium high 

case 
high case 

Central 1.80 1.22 1.52 2.49 3.08 
Upcountry 0.83 0.57 0.70 1.22 1.57 
West Maui 0.97 0.23 0.61 1.50 1.97 
Hana/East Maui 1.01 0.79 0.90 1.45 1.85 

Source: Freedman 2007. Base case growth rates in green. 
 

                                                
792 (Freedman 2007) 
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Table 63 presents the WUDP prediction of 2010 potable water use from the DWS 

system for each of Maui’s regions for 2010793 alongside an estimate of system losses, the 

amount of potable water assumed to have been supplied by other entities, and the total 

regional potable water consumption. The growth rates given in Table 62 can be applied to 

the 2010 potable water demand in Table 63 using equation (51) to predict demand in a 

given region at time t, where t is expressed in years after the year for which a baseline 

demand is defined.  
 
 

                                                
793 (Freedman 2007) 
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Table 63 Estimated Potable Water Use on Maui Island by Region 

Region DWS 2010 mgd estimated DWS 
system losses 

(14%) 

other mgd  total 

Central 22.803 3.2 0.2-4.3 26.2-30.3 
Upcountry 6.795 1.0 0.1 7.9 
West Maui 5.243 0.7 3.4-6.5 9.4-12.5 
Hana/East Maui 0.175 0.0 0.2-0.3 0.4-0.5 

     
total 35.016 4.9 <11.2 <51.1 
Sources: Freedman, DWS, de Naie and McMahon, WRPP. System losses estimated from Exhibit 3, CWRM 2010. 
 

Maui DWS estimates its system losses at about 14 percent794. The Hawaii State 

Water Resource Protection Plan (WRPP) reports that 259 of Maui Island’s 450 

groundwater production wells have less than 25 gallons per minute of pumping capacity, 

and each of these wells is assumed to produce 1,700 gallons per day (collectively, about 

0.4 million gallons per day). For this estimate, half of this production is assigned to 

Central Maui, with one quarter each assigned to West and Upcountry Maui based on the 

WRPP795 (Figure Demand. 2). Kaanapali and Kapalua Resorts on West Maui have 

private water supply systems with a collective capacity of 6.4 million gallons per day796, 

and these uses are assigned to West Maui. As of 2003, Kaanapali and Kapalua were 

collectively providing about 3.3 million gallons per day797. Two private water companies 

in Hana provide an additional 0.245 million gallons of potable water per day798. As of 

2005, 4.1 million gallons per day of existing or proposed private domestic pumping 

                                                
794 (Commission on Water Resources Management 2010a) 
795 (Wilson Okamoto Corporation 2008) 
796 (Wilson Okamoto & Associates 2003) 
797 (Wilson Okamoto & Associates 2003) 
798 (Wilson Okamoto & Associates 2003) 
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capacity existed in South Maui799. These uses are added to the 2010 baseline for the 

Central Maui region, which includes South Maui. 

  

Figure Demand. 2 Groundwater Production Wells, Maui County 

 
Maui Island’s production wells are clustered in the populated regions. Figure reproduced from Wilson Okamoto 
and Associates 2008, Water Resource Protection Plan. 
 

Including private well and private water system capacities in the baseline is 

conservative, as private systems likely do not produce at full capacity year round. Private 

systems designed to supply growing resorts in particular are likely not producing their 

full capacity, as systems are often built to accommodate future growth. Thus, well or 

system capacity represents an upper bound. A best-guess estimate can be derived based 

on a 2005 estimate that 12 percent of potable water supply is private800, which implies a 

total private potable water supply of about 5.5 million gallons per day and a total potable 

water supply of somewhat over 45 million gallons of water per day island-wide. 
                                                
799 (de Naie and McMahon 2005) 
800 (de Naie and McMahon 2005) 
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One caution associated with extending Freedman’s growth rates to non-DWS 

water users is that since the growth rate was defined without including the private users, 

it is not clear whether the growth rate will be the same or even similar for the private 

users. This is especially true given the large proportion of visitor-industry private users, 

particularly in West Maui (Table 63). The non-DWS share of potable supply is much 

higher in West Maui than in the other regions considered here, at 60 to 130 percent of the 

DWS supply. Thus, West Maui’s total growth and water use is likely to be strongly 

impacted by non-DWS users. 

While the range of potential growth rates (Table 62) presented in the Maui 

WUDP is useful for generating multiple water demand scenarios for the island, the 

growth rates are not linked to parameters in a way that allows for sensitivity analysis 

based on specific economic, environmental, and policy choices. That is, growth rates are 

derived from and applied to historical demands that are driven by underlying parameters 

whose individual effects are not known. While it might be clear that domestic water use 

is related to population, a growth rate-based model does not explicitly estimate how much 

of the growth effect is due to population increases and how much might be due to higher 

per capita use, for instance. A low precipitation year or a strict policy of water 

conservation could be modeled using the low growth rate, but the impacts of the 

parameter changes are difficult to make explicit in a growth rate-based model. Sensitivity 

analysis is desirable in a model like this one that aims to project medium- to long-term 

demand, as being able to estimate how policy choices or changing economic conditions 

might affect domestic demand can aid long term planning. For example, knowing that 

domestic water use is explained fully by population growth might encourage decisions to 

reduce per capita water demand through efficient appliances or other means. Knowing 

that domestic water use is strongly influenced by precipitation conditions might 
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encourage examination of outdoor landscaping practices. One common technique for 

identifying explanatory variables is regression analysis, which was introduced in Chapter 

4. In addition to the growth rate analysis just presented, Freedman also derived regression 

equations for water demand in various Maui regions for his WUDP work801. These 

regression equations do allow for direct manipulation of important parameters of interest, 

as desired.  

Regression equations are empirical equations that link a value of interest to 

several independent, influential parameters (Chapter 4). Just as regression equations can 

be used to predict streamflow based on precipitation and other variables, regression 

equations can link water demand to urban and rural parameters of interest. The WUDP 

uses a multiplicative econometric regression to project water demand, so demand 

equations take much the same form as the streamflow regression equations seen in 

Chapter 4: 
 
  (54), 
 

where Q is water demand, Xi are explanatory parameters, and bi are the elasticities 

of water demand to each of the Xi
802. That is, if Xi increases by one percent, water demand 

will increase by bi percent803.  

Freedman performed a regression analysis on six different regions on Maui island 

to link water demand with demographic parameters. One challenge for the analysis was 

that the success of reclaimed water use and water conservation programs on Maui could 

mask drivers of potable water demand, and so Freedman reconstructed the historical 

water demand records as they most likely would have been absent these programs in 

                                                
801 (Freedman 2007) 
802 (Freedman 2007) 
803 (Freedman 2007) 
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order to more accurately separate demand from supply or policy effects804. Without 

reconstructing the record, a drop in water demand due to low-flow toilet mandates or 

other programs could lead to regression analysis suggesting that population is not a 

strong driver of water demand, even though it is the per capita water use that changed, 

not the relationship between total water demand and population. Freedman considered 

more than ten explanatory parameters for DWS water demand on Maui related to 

population, economic conditions, climate conditions, and others for which sufficient data 

were available. Three were explanatory for at least one of the six regions of Maui island 

for which regression equations were derived805. These variables are defacto population 

(visitors and residents), precipitation, and water price. Elasticities (exponents) of demand 

to the explanatory parameters are given in Table 64. More detailed discussion of how 

growth rates and regression exponents were derived can be found in the Maui County 

WUDP806. 
 

Table 64 Regression Equations for Six Regions of Maui Island 

Region defacto 
population 

precipitation water price correlation 
statistic (R2) 

Lahaina 0.859 -0.057 -0.227 0.959 
Kihei-Makena 1.277 -0.103 -0.492 0.989 
Wailuku-Kahului 1.03 -0.037 -0.178 0.969 
Makawao-Pukalani 1.003 -0.133 -0.155 0.980 
Paia-Haiku 1.047  -0.265 0.963 
Hana 1.024 -0.04  0.957 

 
Source: Freedman 2007. Paia-Haiku and Hana CPDs have only two explanatory parameters for domestic water 
demand. 
 

                                                
804 (Freedman 2007) 
805 (Freedman 2007) 
806 (Freedman 2007) 
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The correlation statistic (R2) values are close to one in all cases, implying that 

these regression equations fit their respective datasets well. For all regions, increasing 

populations tend to increase water demand, which makes sense. Likewise, increased 

precipitation and water prices tend to decrease water demand. Just as ditch flow 

sensitivity to changes in precipitation was estimated by multiplying projected ditch flows 

by a precipitation factor raised to the exponent in the corresponding regression equation, 

water demand sensitivity to changes in defacto population, precipitation, and water price 

can be estimated. For example, estimating the effect of a 15 percent decline in 

precipitation on water demand in the Makawao-Pukalani district could be done as 

follows: 
 
  (55), 
 

where Dprojected, 2050 is the 2050 water demand predicted by the growth factors in 
Table 64 and 0.85 is  (P is precipitation). 

One potentially noteworthy aspect of the regression equations presented in Table 

64 is the variability in elasticity to defacto population. Usually, water demand grows with 

population at a roughly one-to-one rate, and this is suggested for Wailuku-Kahului, 

Makawao-Pukalani, Paia-Haiku, and Hana here (Table 64). These districts have lower 

visitor populations than Kihei-Makena on South Maui and Lahaina on West Maui, which 

is relevant because the parameter used here is defacto population, not resident population. 

While both Lahaina and Kihei-Makena have large visitor populations, Lahaina shows low 

increases in water demand relative to the rate of population growth while Kihei-Makena 

experiences the opposite. Referring back to earlier discussion of where private potable 

water suppliers are active (Table 63) suggests a reason for this: Lahaina has a large 

amount of private water supply, which is mostly used at resorts. Kihei-Makena’s resorts 
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use public water supplies. The fairly sizeable impact of large visitor populations on water 

demand growth rates in either case suggests that considering visitor-focused water 

supplies separately could be instructive. The next section will attempt to quantify the 

water intensity of Maui’s visitor industry.  
 

The Water Intensity of the Visitor Industry 
 

“[The rapid growth of the visitor industry] has also altered the island’s social fabric; 
without appropriate monitoring and management, the large volume of visitors could 

strain the aloha residents extend to visitors”807 
 

Maui’s visitor industry provides large amounts of revenue to the island, but it also 

requires that local resources be invested in nonresident populations. Visitors often 

consume water and energy at higher levels than residents, in part because they are 

generally on vacation. Some of the additional water consumption associated with tourism 

is related to landscaping and water features at resorts and hotels, like swimming pools, 

golf courses, and outdoor plantings. The Maui County Department of Water Supply also 

assumes that direct water use is higher for visitors than residents and therefore plans for 

higher wastewater generation from visitors than residents. Visitors are assumed to 

produce about 50 percent more wastewater per day than residents of Lahaina (Table 65). 
 

Table 65 Wastewater Generation Rates per Capita by District 

District Wastewater Generation Rate 
per Capita (gpd) 

2007 Sewered 
Accounts 

Wailuku-Kahului 137 43,285 
Kihei 106 16,875 
Lahaina 100 20,417 
Visitors (All) 156  

Source: Wilson Okamoto & Associates 2003. Visitors are assumed to generate more wastewater per capita per 
day than residents. 

                                                
807 (County of Maui Planning Department: Long Range Division 2009) 
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Wastewater generation rates are indicative of total potable water use, but other 

factors like outdoor uses are not captured by wastewater generation rates. Total visitor 

water use can be estimated by using data on hotel water consumption and hotel 

occupancy to determine average water use per visitor, then applying this water use rate to 

visitors staying in commercial properties like condos and time-shares. Table 66 presents 

estimates for Maui’s visitor water use based on 2005 data. Total visitor bed occupancy 

rate is estimated at 79.6 percent for the 2005808, and 3.3 million gallons used for private 

water systems at Kapalua and Kaanapali809 are added to the Department of Water Supply 

consumption figures for West Maui810. 
 

Table 66 Visitor Industry Water Use Estimated per Occupied Bed 

CPD total 
visitor 
beds 

hotel and bed and 
breakfast beds 

hotel water 
use (mgd) 

water use per 
occupied hotel 

bed (gpd) 

total water 
use (mgd) 

Wailuku-Kahului 498 395 0.055 175 0.1 
Kihei-Makena 8067 3364 2.185 816 6.6 
Makawao-Kula 87 32 0.006 236 0.0 
West Maui 10400 3709 3.989 1351 14.1 
Hana 164 72 0.006 105 0.0 

    total 20.8 
Sources: Maui Data Book, Freedman 2007. Visitors to South Maui and West Maui are estimated to use much more 
water than visitors to other regions, which is likely because of the resort nature of the South and West Maui 
accommodations. Resorts tend to use far more water for landscaping, pools, fountains, and other uses than 
business hotels, bed and breakfasts, and individual house units. Total visitor water use for South and West Maui 
is likely overestimated by applying the hotel water use rate to all visitors. 

Table 66 estimates suggest that visitors consume up to 50 percent of the potable 

water used on Maui but account for only about 30 percent of the defacto population. 

Visitor water use is estimated to be about 1.7 times resident water use per capita.  

                                                
808 (Hawaii Business Research Library 2011) 
809 (Wilson Okamoto & Associates 2003) 
810 (Freedman 2007) 
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While direct hotel-based water use is likely overestimated in Table 66, visitor-

related commercial uses are not accounted for. Though water consumption at small rental 

houses and time shares might be lower than water consumption at resorts with large 

numbers of swimming pools and frequent laundry service, the estimate in Table 66 does 

not include water consumption at visitor-focused commercial establishments like 

restaurants. Given that significant commercial water use is also related to the visitor 

industry, assuming the hotel-based per capita water intensity for all visitors could 

produce an estimate close to actual water use by visitors. In addition, golf course 

irrigation needs can be largely attributed to visitors. Maui has 14 major golf courses811, 

each of which is assumed to use roughly one million gallons of water per day812. Many, 

but not all, obtain some or all of their irrigation water from reclaimed or brackish sources. 

The large water demand per golf course motivated a 2009 law banning potable water 

irrigation for new golf courses813. Thus, assuming that visitors account for 1.7 times as 

much water use as residents (based on hotel use figures) could be justifiable. 

Tourism is effectively an on-island export for Maui, as local resources are used to 

serve nonresident populations. Visitor-related revenues and water demand can be used to 

calculate the water intensity of each dollar of visitor revenue as  
 
 

 (56). 

 

This value can then be compared to the water per dollar embodied in Maui’s other 

major export, sugarcane. Visitors consume an estimated 20.8 million gallons of potable 

water per day, and an additional 14 million gallons of golf course irrigation water per day 

                                                
811 (Hawaii Tourism Authority 2011) 
812 (County of Maui 2009) 
813 (County of Maui 2009) 
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can also be attributed to the visitor industry. Visitors spent $2.274 billion in Maui County 

in 2005814, and Maui County experiences an impact of $1.1 for each dollar spent by 

visitors815. Taking Maui Island’s share of visitor-based revenue to be proportional to its 

share of Maui County’s population, visitors accounted for about $2.3 billion of economic 

output on Maui Island in 2005. Dividing this economic output value by domestic and golf 

course water consumption suggests that the visitor industry uses about 0.015 gallons of 

water per dollar of economic output.  

Maui’s other major export is raw sugar, which is also associated with embodied 

water. The sugarcane industry used about 2,000 gallons of water per dollar of sugar 

revenue in 2005, assuming the 2005 sugar price of $0.13 per pound816, 200,000 tons of 

sugar production, and 9 acre feet of water used to irrigate each of 37,000 acres of land. 

Assuming the 2010 sugar price of $0.28 per pound817 reduces this water need to about 

1,000 gallons of water per dollar of revenue818. The sugarcane industry requires an 

estimated 60,000 to 140,000 times as much water per dollar of revenue as the tourism 

industry requires per dollar of economic output (output multipliers for sugarcane on Maui 

are not available819). However, the visitor industry is more resource intensive than the 

sugarcane industry for other parameters, including energy and labor.!
 

                                                
814 (Hawaii Business Research Library 2011) 
815 (DBEDT Research and Economic Analysis Division 2009) 
816 (United States Department of Agriculture 2011) 
817 (United States Department of Agriculture 2011) 
818 Note that the sugar prices cited here are for refined sugar. HC&S sells raw sugar, so the company’s 
actual revenue can be expected to be lower than implied by the global refined sugar price. 
819 (DBEDT Research and Economic Analysis Division 2009) 
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AGRICULTURE 
 

Agriculture is a major water user on Maui. Agricultural water demand impacts 

infrastructural and environmental systems in numerous ways, most contentiously by 

diverting large amounts of surface water out of streams. For the purposes of estimating 

the water demand of Maui’s agricultural sector in this model, agriculture includes 

sugarcane, bioenergy crops, diversified agriculture for food and export, and commercial 

timber cultivation. Agriculture also includes livestock, but the water intensity factors for 

livestock are defined per animal rather than per acre. 

Just as different types of crops have different irrigation requirements, tolerance to 

low water quality or to drought varies by type of agriculture. For example, sugarcane can 

be irrigated with brackish water and can survive relatively long periods of drought820, but 

cattle require fresh water and cannot survive more than a few days without it. This model 

does not quantify drought and salt tolerance of different agricultural endeavors. 

Some major impacts of agricultural water use are listed in Table 67, which is not 

exhaustive. This section will describe the general approach to estimating agricultural 

water demand before addressing sugarcane, food, energy crops, and commercial forestry 

specifically. 
 

                                                
820 (Hawaiian Commercial & Sugar Company 2011) 
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Table 67 Impacts of Agricultural Water Demand on Infrastructural and Environmental 
Systems 

Agricultural Water 
energy is embedded in irrigation water (pumping, distribution) 

can be generated from irrigated biomass  
water demand is large but temporally flexible 

can be lower quality than for other applications 
waste water can be contaminated with organics, fertilizers, etc. 
land receives artificial recharge 
air  
water tables and streams can be depleted or dried 
communities have less access to water for use or habitat 
 

Agricultural water demand can vary significantly by crop, and agricultural uses 

are limited by land availability. The main explanatory parameters for agricultural water 

demand are the crops cultivated and the amount of land in each crop, and so a growth 

rate-style model that extrapolates future agricultural water demand from current demand 

is not considered as useful as a parametric model. In this work, Maui’s agricultural water 

demand is estimated by multiplying crop acreage by irrigation factors specific to the 

crops of interest, as 
 
  (57), 
 

where D is total demand, c is a constant given in water required per unit of land, 

and A is land area. Though regression analysis was not performed for agricultural water 

demand, (57) resembles a regression equation for which the elasticity of demand to crop 

area A is 1 and the regression constant is a crop water demand factor. Some factors that 

could contribute to elasticities of demand to crop area deviating from one include 

intermittent water uses like soil flushing. Additionally, and more relevantly, (57) likely 

predicts total water demand by a crop more accurately than total irrigation water demand. 
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Irrigation water demand also depends on factors like rainfall, evapotranspiration, shade, 

and soil type. This model takes a conservative approach and oversimplifies reality by 

assuming that crops in regions other than Hana/East Maui receive no precipitation or soil 

moisture inputs other than those embodied in crop water demand constants. Crops in 

Hana/East Maui are assumed to be rainfed because of that region’s very wet conditions. 

Assuming that all water demand must be met by irrigation at least sometimes is probably 

appropriate for ensuring water supply adequacy in many of Maui’s arid zones. Also, 

water supply estimates have monthly resolution in this work, and short term precipitation 

impacts are difficult to capture. Future work might simulate a single year of water supply 

and demand to assess adequacy, and higher temporal resolution and attention to 

precipitation inputs would be necessary in that work. 

Both irrigation requirements and potential acreage for each crop likely to be 

grown on Maui must be estimated to model water demand from agriculture by using 

water intensity factors and total acreage. Irrigation requirements are estimated from the 

literature (see tables for references), and potential acreage is estimated using information 

about agricultural zoning on Maui Island. This model follows the Maui County Island 

Plan’s example and assumes that only land zoned for agriculture is likely to be available 

for energy crops, excluding much of the island’s marginal lands821. Water requirements 

and potential acreage are estimated for sugarcane, food and specialty crops, energy crops, 

and commercial timber. Dedicating a modeled acre to a given crop is assumed to be 

mutually exclusive with other land uses and lasts a full year. That is, land cannot be used 

to simultaneously grow food and energy crops in the same year in this model, though in 

practice, crop cycles might be short enough to allow some multi-cropping activity. 

Grazing lands are assumed to exclude activities like reforestation or timber plantations. 

                                                
821 (County of Maui Planning Department: Long Range Division 2009) 
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Additionally, all agriculture except for pastureland, commercial timber, and agriculture in 

the Hana region is assumed to be irrigated. U.S. Department of Agriculture data suggest 

that almost 100 percent of diversified agriculture acreage in Hawaii is irrigated, while 

almost no pasture is irrigated822. In Maui County, 24,024 of 26,528 harvested cropland 

acres, or 91 percent, were irrigated as of the 2007 agricultural census823. 

Estimating the total water demand from Maui agriculture provides some insight as 

to the potential adequacy of water supply. However, direct comparison of whole-island 

water supply and demand magnitudes is not appropriate, as not all of the island’s water 

supply can be transported to all of the island’s agricultural lands. Thus, agricultural 

acreage is defined with some geographic resolution. The four regions of agricultural 

production are Central Maui (on the West Maui and East Maui Irrigation Systems), West 

Maui (on the Pioneer Mill Irrigation System), Upcountry Maui (on the Upcountry Maui 

Irrigation System), and Hana, or the far-eastern Maui region (not irrigated). As 

mentioned earlier, this model makes the simplifying assumption that irrigation demand 

for a given crop is constant across non-Hana regions, though some regions might provide 

more precipitation inputs. Crops in Hana are assumed to receive all of their necessary 

water from rainfall, as even water-intensive sugarcane has historically been grown as a 

rainfed crop in the Hana region824. (Transportation and other limitations mean that 

sugarcane is not allowed in Hana by this model.) 

Though sugarcane, food, bioenergy, and commercial forestry will be discussed in 

more detail below, Table 68 presents some relevant water demand factors and existing 

acreage or headcount for crops and livestock. Agricultural land is limited, and only one 

                                                
822 (United States Department of Agriculture 2010) 
823 (United States Department of Agriculture 2009) 
824 (Dorrance and Morgan 2000) 
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crop can occupy an acre at a time for this model, so crops compete for both land and 

water. 
 

Table 68 Crop Irrigation Demand Factors For Selected Crops  

use water demand  
(acre-feet/acre/year) 

notes existing demand 
(acres) 

diversified agriculture 3.8   
pasture 0  93,000 
grain crops    

wheat  7.6 365 day irrigation -- 
corn 6.0 - 9.0 3 crops/year 49  
rice 6.0 - 7.0 2 crops/year  

sugarcane 7.8  37,000 
other biofuels    

banagrass 6.5  -- 
jatropha 4.9  -- 
oil palm 5.2  -- 

timber 0  2,100 
kalo   100 

dryland 4.5 - 10   
wetland 17 - 45   

wetland withdrawal 112 - 336   

 
Existing acreage based on USDA County Ag Census, Landfire, Na Wai Eha testimony. Kalo as in Table 60. 
Sugarcane irrigation demand based on Maui-based evapotranspiration model. Banagrass, jatropha, oil palm 
irrigation demands as described in Water and Energy. Wheat and corn demands based on Texas (TAMU, 
Brewbaker). Rice demand based on California (UC Davis). Losses at the irrigation system level are assumed to be 
accounted for in irrigation system loss factors, not crop demand factors. 
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Table 69 Livestock Water Demand Factors 

livestock water need per head 
(gal/day) 

head on Maui 
(2007) 

cattle and calves 20 25,000 
feral animals (deer, goats, pigs) 5 17,000 

sheep and lambs 3 1,000 
goats 3 3,000 

elk 10 100 
horses 20 1,000 

chickens 0.125 2,000 
total 0.39  

Source: CWRM Haipuaena Instream Flow Standard Assessment Report, USDA County Ag Census. 
 

Special attention is now devoted to some specific crop classes for Maui, 

beginning with Maui’s dominant agricultural activity, sugarcane production. Sugarcane is 

currently produced as a water-intensive food export, so the water used for sugarcane 

production is effectively removed from local usefulness beyond the benefits of 

employment and energy production at the sugarcane plantation. Two of the most 

significant potential perturbations of Maui’s water systems that are under active policy 

and other consideration could come in the agricultural sector. Namely, Maui could 

increase its self sufficiency and security while potentially reducing its negative impacts 

on the environment by pursuing local food or fuel production. Either local food or fuel 

production would require large amounts of cropland and water, and Maui’s land and 

water limitations mean that sugar exports, local food production, and potential biofuels 

production compete for resources to some extent. Commercial forestry is also considered 

as a potential agricultural user for Maui, though managed forests would likely use 

different land and far less water than other agricultural users considered here. 
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Sugar 
 

“Under existing conditions sugar-cane is the most profitable crop that can be grown on 
this land; a statement which will doubtless remain true for a long time to come. But even 
if with altered economic conditions it were some time found advisable to substitute other 
crops for sugar-cane, irrigation would be none the less necessary if the most satisfactory 

results were to be obtained.” 
  –Ralph Hosmer, 1905,825 

 

Sugarcane has long been a dominant crop in Hawaii, first appearing on the islands 

in the year 600 AD826. At its peak, the Hawaiian sugar industry farmed over 250,000 

acres of land and used over 1,200 million gallons of surface and groundwater per day827. 

Acreage and production has fallen dramatically since the peak in the mid-1960s, 

however 828 . Maui’s Hawaiian Commercial and Sugar (HC&S) is Hawaii’s last 

operational sugarcane plantation. HC&S owns about 43,000 acres of land on Maui’s 

Central Plain and farms between 34,000 and 37,000 acres each year829.  

HC&S has several advantages over other sugarcane plantations that have 

contributed to its survival. Soil and sun conditions are good, and water has historically 

been available. Also, the proximity of the plantation to Maui’s main harbors has aided 

HC&S by reducing transportation costs830. The HC&S lands comprise the majority of 

land assumed to be appropriate for sugar farming for either sugar export or biofuel 

production in this model (Figure Demand. 3 and 6). Other than the HC&S lands, only 

about 3,000 acres are considered potentially viable for sugar-based biofuels production, 

and the challenges that have led to the collapse of the Hawaiian sugar industry make 
                                                
825 (Korte 1961) 
826 (Wilcox 1996) 
827 (Wilcox 1996) 
828 (Grubert 2010) 
829 (Hawaiian Commercial & Sugar Company 2011) 
830 (Korte 1961) 
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further commercial sugar farming for sugar exports unlikely. No large-scale sugarcane 

cultivation other than HC&S’ activity has existed on Maui in over 10 years, since the 

1999 closure of West Maui’s Pioneer Mill. Pioneer Mill’s closure suggests the West 

Maui lands will not be rehabilitated for sugar production, but sugar-based ethanol 

production is possible. However, industry experts suggest that a minimum of 20,000 

contiguous acres is preferable for bioenergy crops831, so biofuel production is unlikely to 

take place on non-HC&S lands.   

 

                                                
831 See Economic Impacts, (Hawaii Natural Energy Institute 2009) 
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Figure Demand. 3 Agriculture and Insolation on Maui 

 

 

 
Source: Hawaii GIS. Top map: insolation on Maui. Deep red represents the highest solar input, and yellow 
represents the lowest. Note that the low insolation regions are found on the northeastern sides of the island, 
which have Maui’s highest precipitation input due to orographic effects and trade winds. Bottom map: agriculture 
overlaid on insolation map. Green leaf pattern shows sugarcane production in the 1980s. Currently, the West 
Maui sugarcane production is mostly coffee or in transition, as Pioneer Mill ended sugar operations in 1999. The 
Central Maui sugarcane production continues at HC&S. Yellow spotted regions are used for grazing. Light 
orange is or was pineapple production. Dark green is vegetables and melons. Black is other agriculture. Data are 
outdated. 
 

Hawaiian sugar is a two-year crop, which is unusual. Most global sugar crops are 

cultivated for one year. In Hawaii, seed cane is cultivated for approximately 9 months 

and then planted. Field cane is allowed to mature for two years before harvest, when it is 

burned in the field to fix sugar content. Cane burning also makes harvesting easier by 
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removing most of the fibrous green leafy matter, which does not contain sugar and can 

easily harm workers with its sharp edges. The canes themselves, where the sugar is, are 

unharmed by the burning. Sugar content begins to degrade within 24 hours, so the cane 

must be collected and brought to the sugar mill for processing soon after cutting832. After 

harvest, the cane is ratooned. Ratoon cane grows from the remains of the previously 

harvested crop and is again allowed to mature for two years. Sugarcane has long been 

Hawaii’s main agricultural commodity833, and it remains Maui Island’s main commodity 

despite the decline of plantations elsewhere on Maui and across the state (Figure 

Demand. 4). 

 

Figure Demand. 4 Sugarcane production in Hawaii, 1934 to 2009 
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Reproduced from Grubert 2010. Hawaiian sugar production peaked in the 1960s and 1970s before entering a long 
decline. Only one sugarcane plantation remains, Maui’s Hawaiian Commercial & Sugar Company (data: USDA 
2010). 

                                                
832 (Kim and Day 2010) 
833 (Wilcox 1996) 
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Since Hawaiian sugarcane is a two-year crop, only about half of the farmed 

sugarcane acreage on Maui is harvested each year, about 18,000 acres. However, average 

per-acre yields of Hawaiian sugarcane are approximately twice those of one year 

sugarcane. This means that Hawaiian sugarcane plantations can produce as much sugar 

per cultivated acre as plantations cultivating one year cane but only need to harvest half 

the area. United States statistics for 2010 indicate that Maui’s sugar yield, at 76.3 tons of 

cane per acre, was over twice the yield in the next-highest yield state (Florida, at 36.7 

tons per acre)834. This yield is despite the fact that 2010 was considered a drought year on 

Maui, which tends to reduce yields: under more optimal conditions, Maui’s sugarcane 

yields are about 100 tons of cane per acre835. Ten to 15 percent of this cane tonnage is 

actually sugar, so HC&S produces about 200,000 tons of sugar in a good year836. 

As Hawaii’s dominant plantation crop, sugarcane has had a major impact on the 

agricultural infrastructure of the islands. In particular, because sugarcane is a relatively 

water-intensive crop, its cultivation has motivated the construction of significant 

irrigation infrastructure837. The water intensity of sugarcane has been contentious on 

Maui, in part because surface water diversion for sugarcane irrigation has impacted many 

of Maui’s streams838. Sugarcane’s actual water intensity is vigorously debated 839, 

producing estimates from 4.9 acre-feet per acre/year (FAO) to over 11 acre-feet per 

acre/year840.  

This model assumes that with current irrigation systems, sugarcane production on 

Maui requires delivery of 9.0 acre-feet per acre/year, of which about 7.2 to 7.8 acre-feet 
                                                
834 (National Agricultural Statistics Service 2011) 
835 (Hawaiian Commercial & Sugar Company 2011) 
836 (Hawaiian Commercial & Sugar Company 2011) 
837 (Wilcox 1996) 
838 (Grubert, Maui's Freshwater: Status, Allocation, and Management for Sustainability 2010) 
839 see eg (Paul, Johnson, Park and Niles 2009)  
840 (Korte 1961) 
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per acre/year are actually demanded by the crop absent irrigation system inefficiencies841. 

The estimate of 9.0 acre-feet per acre per year is based on HC&S’ records-based report 

for gross water need per acre by month, which includes 20 percent losses to irrigation 

inefficiencies and represents the need for applied water. That is, the value includes water 

that does not reach the plant after application but does not include losses upstream of the 

farm, which are discussed further in Losses from Conveyance and Storage Systems (page 

403). An applied water need of 9.0 acre-feet/acre-year suggests that sugarcane’s water 

demand is about 7.2 acre-feet/acre-year (80 percent of gross water applied). This is 

similar to HC&S’ estimated evapotranspiration-based calculation of about 7.8 acre-feet 

per acre per year, which assumes summertime evapotranspiration of 0.4 inches per day 

and wintertime evapotranspiration of 0.15 inches per day, a 153 day summer, and a 212 

day winter842. 
 

Food 
 
“Tropical islands have an annoying way of providing a suitable climate to grow any plant 

without providing the market conditions to make it economically viable.” –Brewbaker 
 

Like the rest of Hawaii, Maui Island is not self-sufficient in food production. The 

island is thought to be capable of supporting a fairly robust population without reliance 

on imports: before European contact in 1778, Maui might have supported a population of 

about 124,000843. This community relied on kalo (taro) and sweet potato as staple 

foods844. Maui County’s modern population of about 145,000 residents and an average of 

about 36,000 visitors (totaling approximately 181,000 people in the County on any given 

                                                
841 Exhibit 3 (Commission on Water Resources Management 2010) and evapotranspiration-based model 
for Maui 
842 (Western Regional Climate Center n.d.) 
843 (Stannard 1989) 
844 (Takeguchi, et al. 1999) 
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day)845 relies heavily on imported foods for a much more diverse diet than pre-Western 

contact Hawaiians supported on-island.  

Estimating Maui’s import reliance for food is somewhat challenging because non-

produce items are not carefully tracked846. The Hawaii Department of Agriculture does 

track fruit and vegetable imports, in part to protect island farmers from pests, and so 

estimates for the amount of imported produce are more verifiable. Statewide, about 85 

percent of total food and 65 to 70 percent of fruits and vegetables are thought to be 

imported847. For this analysis, these ratios are extended to Maui as well. 

One of the major challenges that Maui and other Hawaiian islands face is 

cultivating grains with their tropical soils and climates848, particularly grains common in 

modern Western diets like wheat and soy. Some corn is grown, though it is primarily 

used as a vegetable849. However, rice production has been supported in the past. Though 

Maui does not have significant rice production at present, rice was once Hawaii’s second-

largest crop, with 9,400 acres producing 42 million pounds of rice in 1907850. The 

availability of imported grain has allowed the islands to take advantage of better growing 

conditions elsewhere, but at the expense of self-sufficiency in foods. Grains are a 

particular challenge for any major efforts on the islands to move toward food self-

sufficiency, as they typically require more water and are lower value than produce crops 

(Table 68). Additionally, grain harvesting methods often favor large, flat farms. Maui’s 

farms are primarily small851 and can be steep. However, Maui could likely support some 

grain production given that it can support sugarcane farming in the Central Plain, which 
                                                
845 (Hawaii Business Research Library 2011) 
846 (Leung and Loke 2008) 
847 (Leung and Loke 2008) 
848 (Page, Bony and Schewel 2007) 
849 (Brewbaker 2003) 
850 (Takeguchi, et al. 1999) 
851 (United States Department of Agriculture 2009) 
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also requires large, flat tracts of land and similar quantities of water. Grain and sugarcane 

in particular compete for land and water resources on Maui. 

Though land and water requirements are similar for grains and sugarcane in some 

cases, the growing needs of western grains are quite different from those of sugarcane. 

Maui’s tropical conditions confer the advantage of being able to support multiple crops 

per year, but this is countered somewhat by the fact that day lengths are relatively short 

all year. This lack of long summer days reduces the total amount of light reaching a crop 

relative to conditions for which many grain crops are bred, and so yields can be low852. 

Additionally, Hawaiian conditions do not provide an annual frost that can be effective in 

killing weeds and other pests during mainland crop cycles853. Grains like wheat and corn 

are typically not well adapted to salt water inputs, while sugarcane can be irrigated with 

brackish water, and drought can have a severe impact on yields854. Many crops can 

survive drought, but drought conditions can lead to subeconomic yields. Yields are often 

expressed as a function of water received: one Hawaiian corn expert indicates that the 

function for Hawaiian corn is the same as for Texas Plains corn, or 
 
  (58), 
 

where Y is yield and ET is evapotranspiration in inches (a measure of water 

input)855.  Drought can also seriously reduce sugarcane yields, but Maui Island is not 

reliant upon sugarcane for food. Risks of drought and other crop failures suggest that 

Maui would have to retain the ability to import food even if local food sufficiency were 

dramatically increased. 

                                                
852 (Brewbaker 2003) 
853 (Brewbaker 2003) 
854 (Brewbaker 2003) 
855 (Brewbaker 2003) 
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It is unlikely that Maui Island could support its current population (including or 

excluding visitors) with the dietary diversity that people are accustomed to without 

imports. The typical American diet856 requires about 1.2 acres of cropland and 2.0 acres 

of pasture per person857, which translates to about 580,000 acres for Maui County’s 

population (220,000 acres of cropland). Maui Island is about 466,000 acres, about 55,000 

of which are considered cropland858 and 93,000 of which are in pasture859. This estimate 

does not consider that the average areas needed to support an American diet reflect 

economies of agricultural production scale experienced across the United States.  

While Maui Island is unlikely to fully support its defacto population with on-

island agriculture, a much larger proportion of non-staple items like fruits and vegetables 

could likely be provided from local farms if markets were forced or willing to tolerate 

higher prices860. For example, high oil prices could increase the transportation costs 

associated with imports to the point at which currently more expensive local produce 

were competitive. Maui County has established a goal of providing 85 percent of the 

fruits and vegetables and 30 percent of other locally consumed food from local farms by 

2030, expanding diversified agriculture by 4 percent per year861. Expanding local food 

production has several advantages. First, local food production is associated with local 

economic multipliers, or secondary economic effects associated with supporting more 

jobs and commerce in the community862. Local food production also increases food 

supply security and acts as a hedge against rising oil prices, which affect import costs863. 
                                                
856 Note that visitors might have a more land-intensive diet given their increased restaurant dining, etc. 
versus residents. 
857 (Pimentel, et al. 2008) 
858 (Hawaii Business Research Library 2011) 
859 pr 200903 (Commission on Water Resource Management 2009) 
860 (Page, Bony and Schewel 2007) 
861 (County of Maui Planning Department: Long Range Division 2009) 
862 (Leung and Loke 2008) 
863 (Leung and Loke 2008) 
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Producing more food locally can also reduce the risk that new invasive pests are brought 

to Hawaii with imports864. However, local food production also requires more local 

resources – including land, people, water, and investment – whose reallocation can incur 

opportunity costs. 

Maui has approximately 55,000 acres of cropland865, and this model assumes that 

any food crop could be on any or all of that cropland. This 55,000 acre figure includes 

land currently farmed by HC&S. The assumption that any food crop can thrive on any 

cropland is not realistic: different crops require different types of soil, different 

temperatures, and other conditions. However, since this model adopts the Agricultural 

Water Use and Development Plan’s assumption that all diversified agriculture requires 

the same amount of water866, the exact nature of the crop does not change water demand 

estimates. As mentioned above, this model makes the simplifying assumption that crop 

irrigation demands are constant across Maui except in Hana, where no irrigation is 

needed. Sources of irrigation water include four main irrigation systems described in 

detail in Chapter 4. The East Maui Irrigation System serves about 33,000 acres of 

cropland, which are primarily in sugarcane867. The West Maui Irrigation System serves 

about 6,400 acres of cropland, most of which is currently in coffee, sugar, and other 

crops868. The Pioneer Mill Irrigation System serves about 5,700 acres of cropland869 but 

could require significant rehabilitation 870 . The Upcountry Irrigation System is 

                                                
864 (Leung and Loke 2008) 
865 (Hawaii Business Research Library 2011) 
866 (Water Resource Associates 2004) 
867 (Water Resource Associates 2004) 
868 (Hawaii Natural Energy Institute 2009) 
869 (Water Resource Associates 2004); includes Maui Land and Pineapple Lands 
870 (Water Resource Associates 2004) 
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significantly smaller than the others and serves about 1,700 acres of cropland, 1,500 of 

which are actually considered irrigable871. These figures are summarized in Table 70. 
 

Table 70 Irrigation Systems on Maui 

Irrigation System Acres of Cropland Served Region 
East Maui Irrigation 33,000 Central 
West Maui Irrigation 6,400 Central 
Pioneer Mill Irrigation System 5,700 West 
Upcountry Irrigation  1,700 Upcountry 
Rainfall or Unserved ~8,200 Hana/East Maui and Misc. 
Total 55,000  

Source: Water Resource Associates 2004.  

 

Like land, water is a limiting factor for food production on Maui. Many of Maui’s 

small produce farms are in the Upcountry area, which tends to be more water-limited 

than the Central and West Maui regions because of its elevation and other factors. Figure 

Demand. 5 shows the general locations of many of Maui’s farms, which are clustered in 

several regions around the island. The Upcountry system has limited water storage, and 

except for those in the 445 acre Kula Agricultural Park872, Upcountry farms are irrigated 

with energy-intensive potable water873 (see Chapter 2). Crops can be sensitive to the pace 

and rate at which they are irrigated, with different water requirements at different stages 

of development that might not match water availability. High wind and high temperature 

conditions can create additional water demand. The frequency of drought in some of 

Maui’s diversified agricultural areas suggests that were Maui to rely on its own food 

production, emergency conditions could arise periodically. Thus, even if Maui increases 

the penetration of local foods in its markets, it will likely remain dependent on imports 

(or at least the possibility of imports) and will thus face global price competition. 

                                                
871 (Hawaii Natural Energy Institute 2009) 
872 Kula ag park (County of Maui 2011) 
873 (Freedman 2007) 
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Figure Demand. 5 Diversified Agriculture on Maui: Selected Farms 

 
Source: http://mauifoodweb.maui-tomorrow.org/farms-on-maui/. Maui’s diversified agriculture operations are 
mainly clustered around areas where people live, excluding the more visitor-oriented regions of West and South 
Maui (Figure Demand. 1). Many diversified agriculture farms are located Upcountry (the cluster right of center in 
this map), where irrigation opportunity is limited. 

For this land-use based model of agricultural water demand, average annual 

irrigation requirements for a variety of crops that could be grown on Hawaii are estimated 

and tabulated in Table 68. Grain crops are separated from diversified agriculture 

(including crops like fruits, vegetables, and flowers) because of their significantly higher 

water needs. Grain water requirements were assumed to be similar to Texas Plains 

requirements for corn874 and wheat and to Californian requirements for rice. Hawaii is 

assumed to be able to produce three corn crops per year875. Wheat water requirements 

assume that wheat is grown and irrigated 365 days per year, as the water estimate is 

based on a daily evapotranspiration rate876. Rice water requirements assume two crops 

per year, given that the Californian crops are cultivated between March and September 

annually877.  

                                                
874 (Brewbaker 2003) 
875 (Brewbaker 2003) 
876 (Texas A&M University 1999) 
877 (University of California 2008) 
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Diversified agriculture water requirements vary by crop. One complication in 

estimating water needs for diversified agriculture is that water requirements are often 

reported as irrigation per harvested acre. The possibility of multicropping or of multiple 

harvests per year means that a harvested acre might be more or less than a physical acre 

under cultivation. Thus, water use per harvested acre for a given crop cannot be directly 

translated into an annual water need. This model assumes the annual water demand for 

diversified agriculture suggested by the Hawaii Agricultural Water Use and Development 

Plan, or 3,400 gallons per physical acre per day of irrigation878. Though extending this 

estimate to a 365 day year likely overestimates true water demand, as not all farms are 

irrigating cultivated land every day of the year, the assumption of a 365 day irrigation 

year is conservative. Pasture is assumed to be unirrigated on Maui, and the water demand 

of orchards is presented separately. The U.S. Department of Agriculture irrigation survey 

reports orchard water needs in terms of water used per year per cultivated acre879, so this 

number is assumed to be accurate as a yearly water demand. Hawaiian water demands 

per harvested acre are presented for a few specific crops as reference in 

                                                
878 (Water Resource Associates 2004) 
879 (United States Department of Agriculture 2010) 
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Table 71. 
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Table 71 Water Needs for Food Crops 

Crop Water Demand Unit 

diversified agriculture 3.8 acre feet/acre/year 
vegetables 1.3 acre feet/harvested acre 
sweet corn 1.6 acre feet/harvested acre 

tomatoes 1.2 acre feet/harvested acre 
lettuce & romaine 3.7 acre feet/harvested acre 

potatoes 0.1 acre feet/harvested acre 
orchards, vineyards, and nut trees 2.4 acre feet/cultivated acre/year 
pasture 0 acre feet/acre/year 

Source: Agricultural Water Use Development Plan, USDA, Fares. Harvested acres are not the same as crop acres, 
as more or less than one harvest can be had from one crop acre each year. 
 

Diversified agriculture competes with sugarcane and potential bioenergy 

production for land and water. Though the water demand per acre tends to be lower for 

diversified agriculture than for plantation-scale or staple crops, land availability is a 

major constraint. However, diversified agriculture (particularly produce) farms can be 

small and can tolerate high land slopes and other conditions that are unfavorable for 

large-scale agriculture, so more total land is available for diversified agriculture (about 

55,000 acres) than for sugarcane or bioenergy crops (about 40,000 acres). 
 

Bioenergy 
 

Biomass can be used for two main energy applications on Maui: biomass 

combustion for electricity and biomass conversion to liquid fuels. In some cases, liquid 

fuels might then be further converted into electricity, as in an ethanol-fueled combined 

cycle power plant. Using biomass for energy depends on biomass availability, however, 

and biomass availability depends on water and land availability. Estimates for the 

potential extent of energy crop cultivation vary widely, depending on whether marginal 
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lands are assumed to be usable for energy crops. The potential water demands associated 

with a range of crops have been estimated in a number of studies focused on Hawaii and 

elsewhere, but on Maui, sugarcane remains the only potential energy crop for which data 

from commercial-scale operations exist. Even the water requirements for sugarcane as an 

energy crop are not entirely clear, as new cultivars bred for different characteristics could 

be introduced on Maui for energy production. This section presents estimates of the land 

available for energy crop cultivation, then discusses potential energy crops for Maui and 

their expected water needs. 

Estimates of the amount of land available for energy crops on Maui vary from 

1,476 acres to about 90,000 acres, depending on what assumptions are made. Including 

potentially commercial forest land for tree-based energy crops expands this number 

significantly, but this model does not explicitly consider bioenergy potential from tree 

crops. This is because tree crops are potentially invasive and would likely thrive best on 

conservation land, which is excluded from consideration as cultivable land. Also, 

converting cultivated wood crops requires substantially different infrastructure than does 

converting cultivated sugar, fiber, or oil crops to fuels. Since sugarcane is widely 

believed to be the mostly likely energy crop for Maui880, analysis is devoted to sugarcane 

and analogous crops.  

This analysis assumes that 40,000 acres of land are potentially available for 

energy crop cultivation on Maui, including the 35,000 to 37,000 acres of sugarcane 

cultivated by Hawaiian Commercial and Sugar (HC&S). While it is not assumed that 

HC&S lands will be used for energy crop cultivation, the possibility is allowed. These 

40,000 acres of land coincide with the land considered to be available for food crop 

production, so as land cannot be allocated for multiple uses in this model, energy crops 

                                                
880 (Hawaii Natural Energy Institute 2009) 
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and food crops compete directly for land resources. In particular, if bioenergy production 

begins on Maui, it is likely to cover at least the 37,000 acres of land at HC&S, leaving a 

maximum of about 18,000 acres for diversified agriculture. 

The 40,000 acre figure is based on the Hawaii Bioenergy Master Plan estimate for 

available land resources881, as this estimate seems to be most reflective of actual 

conditions. Estimates in the literature predict that about 50,000 to 55,000 acres of land 

are suitable for sugarcane cultivation (and cultivation of analogous crops) based on soil 

type and soil moisture882. The Hawaii Bioenergy Master Plan prediction of 43,500 acres 

excludes parcels under 1,000 acres, sugarcane plantation lands where sugar cultivation 

ended before 1978 (indicating that commercial sugar production is not viable in those 

areas), and areas where other crops are under active cultivation883. Removing areas where 

costs are deemed unacceptably high or energy crop cultivation is unfeasible and areas 

where sugar is currently cultivated produces an “optimistic” estimate of about 3,000 acres 

and a “midpoint” estimate of about 1,500 acres884.  

Factors that can make energy crop cultivation unfeasible include high land slopes, 

as slopes of less than 10 percent are desirable for energy crop cultivation885. Also, 

transportation needs can limit the zone of feasibility. Sugarcane’s sugar content begins to 

degrade within about 24 hours of harvest886, and so mills or other processing facilities 

must be relatively accessible from fields to maximize yields. Some parts of East Maui 

where soil type and water resources could support sugarcane cultivation are unlikely to 

be used for bioenergy production because of the major transportation constraints 

                                                
881 (Hawaii Natural Energy Institute 2009) 
882 (Black & Veatch 2010) 
883 (Hawaii Natural Energy Institute 2009) 
884 (Hawaii Natural Energy Institute 2009) 
885 (Kinoshita and Zhou 1999) 
886 (Kim and Day 2010) 
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associated with moving the harvest to a centralized mill and the capital intensity of 

having a small mill for only a few thousand acres. Adding the optimistic Hawaii 

Bioenergy Master Plan estimate of 3,000 acres to the area currently used for sugarcane 

cultivation in Central Maui suggests about 40,000 acres of available land. Of these, 

37,000 are assumed to be in Central Maui, irrigated by the East and West Maui Irrigation 

Systems, and the remaining 3,000 are assumed to coincide with former Pioneer Mill 

lands in West Maui, irrigated by the Pioneer Mill Irrigation System. While the 3,000 

acres in West Maui are available, energy crop cultivation might not be economically 

viable: 20,000 contiguous acres is a preferred lower limit for economic bioenergy 

plantation sites887. A summary of estimates for available land is presented in Table 72. 

Maps of potential energy crop lands are in Figure Demand. 6. 

 

Table 72 Biofuel Land Potential on Maui Island 
source estimated land 

available (acres) 
assumptions 

HBMP 43,480 including high-cost regions, high slope lands 
HBMP 2,951 optimistic without HC&S 

HBMP 1,476 midpoint without HC&S   

HBMP and RMI 39,651 optimistic with HC&S 
Black and Veatch 90,000 total (including dry, very wet, and saturated soils) 
Black and Veatch 52,000 moist or wet, can support plant growth 

RMI 53,400 including 36,700 acres at HC&S 

Keffer, Evans, Turn 56,340 all irrigable land (agriculture zoned) with soils suitable 
for sugar on Maui 

Estimates for land availability for biofuels cultivation vary widely, but most studies assume that HC&S land is a 
major portion of the viable land. HBMP = Hawaii Bioenergy Master Plan. 
 

                                                
887 See Economic Impacts, (Hawaii Natural Energy Institute 2009) 
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Figure Demand. 6 Potential Regions for Biofuel Production, Maui Island 

A. Potential Biofuel Land, Prime 
Agricultural Land, with Soil Moisture 
 

 

B. Potential Biofuel Land, Nonprime 
Agricultural Land, with Soil Moisture 

 
C. Existing and Recent Sugarcane 
Cultivation 

 

D. Rocky Mountain Institute Estimates, 
Biofuel Potential 
 

 
Sources: A and B, Black and Veatch 2010. C, EPA Sugar Industry Waste Study, 1971. D, RMI 2008. Many studies 
suggest that HC&S lands (see Figure Demand. 3) in Central Maui comprise the majority of high-quality biofuel 
crop land potential on Maui. A and B show biofuel land potential by crop soil moisture. Nonprime lands (B) are 
excluded from this study due to infrastructural and other limitations. C shows sugarcane cultivation as of 1971, 
which suggests areas where sugarcane cultivation is possible. The West Maui cultivation has since ceased due 
to economic considerations. D shows RMI estimates of biofuel land potential based on soil type, parcel size, 
agricultural designation, and cultivation. 
 

All energy crops considered for this analysis are assumed to be irrigated, which is 

supported by the literature888. The crops considered are Hawaiian sugarcane (a two-year 

crop), energy cane (a one-year crop), banagrass (Pennisetum purpureum, also referenced 

as napier grass and elephant grass in the literature), jatropha, and oil palm. Jatropha and 

                                                
888 (Keffer, et al. 2006) 
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oil palm are oil crops, banagrass is a fiber crop, and sugarcane is a sugar and fiber crop 

from which both traditional sugar-based ethanol and cellulosic ethanol can be produced. 

Sweet sorghum and corn have also been proposed, but past analysis suggests that 

sugarcane or banagrass are the most likely energy crops for Maui889. More information 

about the advantages and disadvantages of each crop can be found in Chapter 2. Water 

demands assumed for this model are given as yearly values and are tabulated in Table 

68890. 
 

Commercial Forestry 
 

Commercial forestry is not a major industry on Maui891, though about 2,100 acres 

of tree plantations exist in Maui’s Upcountry region (Figure Demand.1, Table 58). Both 

native trees like koa and nonnative trees like eucalyptus are harvested, often after 20 

years or more of management892. As with the tree-based biofuel crops, long-term 

irrigation without production could be difficult to justify on Maui. Partially for this 

reason, any viable commercial forest plantations are assumed to be unirrigated. A 1961 

study estimates that 120,000 acres of Maui Island could support commercial forestry, 

including land in conservation districts that could be designated for multiple uses893 

(Figure Demand. 7). Seven out of eight of these acres receive over 45 inches of rain 

                                                
889 (Black & Veatch 2010) 
890 It is not clear why the irrigation requirement listed in (Hawaii Natural Energy Institute 2009) is so low 
for banagrass versus sugarcane, particularly that the report states in a different section that sugarcane and 
banagrass have similar water needs. The results were not reproducible from the equations presented in the 
Bioenergy Master Plan. 
891 (Cannarella 2010) 
892 (Hawaii Agriculture Research Center n.d.) 
893 (Korte 1961) 
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annually, and one third receive over 125 inches of rain per year894, which supports the 

assumption that commercial forest plantations on Maui would be unirrigated.  

 

Figure Demand. 7 Agriculture and Conservation Land on Maui 

 
Source: Hawaii GIS. Patterned lands are agriculture as in Figure Demand. 3. The solid green and brown regions 
represent conservation lands by Watershed Partnership. Dark green is West Maui Mountains Watershed 
Partnership (WMMWP). Light green is East Maui Watershed Partnership (EMWP). Brown is Leeward Haleakala 
Watershed Restoration Partnership (LHWRP). Some conservation land could support commercial forestry. 

For this land-use based model, Upcountry and Hana/East Maui cropland may be 

designated for commercial forestry. Such designation does not add water demand, but it 

does prevent that acreage from being used for other crops. Impacts to water supply and 

water quality from tree harvesting are not modeled, but they are described in more detail 

in the section below on reforestation. 
 

ENERGY AND INDUSTRY 
 

Industrial water uses are typically highly specific to the process at hand. Maui has 

limited industry, though the beginning of biofuel production could bring ethanol 

                                                
894 (Korte 1961) 
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production facilities to Maui. This assessment only considers the energy-related industry 

on Maui at this time, including power plants and potential biorefineries. However, the 

flexibility of this use-based model allows for additional industries to be included as 

desired if water use can be defined in terms of water per unit of production and the 

number of production units can be estimated. 
 

Power Plants 
 

Maui currently derives most of its electricity from oil products, namely diesel and 

residual fuel oil895 (Chapter 2). Unlike most regions, Maui uses little water to cool its 

fossil-based electric generating stations, as many of the units at its two oil-fired power 

plants are air-cooled. The units that are water-cooled use brackish water for cooling and 

thus have little impact on freshwater systems (Chapter 2). HC&S generates electricity 

from bagasse, coal, and waste petroleum at Central Power Plant, which has an average 

output of about 30 megawatts896. Central Power Plant uses about two million gallons per 

day of fresh surface water for cooling897. The portion of this water that is not lost to 

evaporation is recycled for cane processing and irrigation898. Maui’s hydroelectric plants 

are run-of-ditch systems on irrigation ditches that do not have reservoirs, so they do not 

consume water for electricity generation. Any evaporative losses would have occurred 

even without the hydroelectricity. Kaheawa wind farm and Maui’s roughly 800 

photovoltaic systems899 use negligible amounts of water for electricity. Water demands 

associated with these plants are estimated from site-specific information combined with 

                                                
895 (Department of Business, Economic Development and Tourism 2011) 
896 (Black & Veatch 2010) 
897 (Commission on Water Resources Management 2010a) 
898 (Commission on Water Resources Management 2010a) 
899 (Mentzel 2011) 
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typical ranges for US power plants900 and assumptions about HC&S’ bagasse-burning 

plant (Chapter 2) and tabulated in Table 73. Water consumption is estimated for the oil-

fired plants, but because this model focuses on freshwater systems on Maui, the oil-fired, 

brackish water-cooled steam cycles are modeled as having no impact on freshwater 

consumption. 
 

Table 73 On-Island Freshwater Consumption Per Unit of Electricity Generated 

Fuel Water Consumption 
(gal/kWhe) 

petroleum or biodiesel  
open loop 0.3 

closed loop 0.48 
coal  

open loop 0.3 
closed loop 0.48 

Maui bagasse  
closed loop 1.0 

naphtha or ethanol 
open cycle 0 

combined cycle  
open loop 0.1 

closed loop 0.18 
wind 0 
solar PV 0 
solar thermal 

closed loop 0.84 
dry 0 

geothermal 1.4 
hydro 0 
ocean 0 

Source: DOE 2006, calculations from Water and Energy chapter of this report (for bagasse). 
 

                                                
900 (Department of Energy 2006) 
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Any geothermal, concentrating solar, or forest residue power plants built on Maui 

would have as-yet uncertain water demands, depending on their cooling source. The 

water demands of these plant types are modeled according to Department of Energy 

estimates901 as tabulated in Table 73. 
 

Transportation Fuels: Fuel Processing and Delivery 
 

Maui’s transportation sector is fueled by gasoline and diesel, augmented by a 

small amount of local biodiesel and imported ethanol that is blended into gasoline to 

produce E10. Imported crude oil is refined into gasoline, diesel, and other products on 

Oahu902, so the water demand for extracting and processing transportation fuels is not 

incurred on Maui. (The local biodiesel is produced in a waterless process from waste fats, 

oils, and greases903.) Were Maui to use more local fuels for the transportation system, like 

ethanol from crops irrigated and processed on the island, water demands would be shifted 

to Maui.  

The local water intensities of transportation fuels that could be used on Maui are 

given in Table 74. Natural gas is not included as a potential transportation fuel because of 

Maui’s reliance on oil for synthetic natural gas904 (Chapter 2). Importing natural gas is 

probably unlikely given the substantial infrastructure necessary to support natural gas 

imports and the island’s goal of a carbon-neutral economy by 2030905. For the same 

reason, the water intensity of hydrogen derived from natural gas through steam methane 

reformation is not included. Processing hydrogen from natural gas is actually more water 

                                                
901 (Department of Energy 2006) 
902 (Gieskes and Hackett 2003) 
903 (Pacific Biodiesel 2011) 
904 (The Gas Company 2009) 
905 (Maui County Energy Alliance 2009) 
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intensive than electrolyzed hydrogen (4.9 gal water/gge), even though water is destroyed 

during electrolysis906. Water used for electricity production is accounted for at the point 

of generation. Since no additional water is used to ready electricity for use in cars, the 

water intensity of electricity used for transportation is zero. The water intensities listed in 

Table 74 for local ethanol and biodiesel are for processing only, as irrigation water is 

accounted for as an agricultural demand. 

 

Table 74 On-Island Water Demands for Transportation Fuel Processing and Delivery 

Fuel Gallons of Water/GGE 

gasoline 0 
imported ethanol 0 
diesel 0 
biodiesel 0 
electricity 0 
local sugarcane ethanol (new plant) 11.2 
cellulosic ethanol (based on corn stover) 11.1 
hydrogen, electrolysis 2.4 

Repeated from Water and Energy. 
 

Ethanol has an energy content of about 76,000 btu per gallon, which is less than 

gasoline’s 115,000 btu per gallon907. Thus, one gallon of ethanol is about 0.7 gallons of 

gasoline equivalent, or gge. 

Sugarcane ethanol processing typically requires more water than corn ethanol 

processing because the sugarcane must be washed. This is particularly true for cane that 

is harvested after burning, as ash and other undesirable material is collected with the 

cane. This model assumes that sugarcane ethanol processing plants on Maui would meet 

                                                
906 (Department of Energy 2006), (Grubert 2009) 
907 (Oak Ridge National Laboratory n.d.) 
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the goal water use level for Brazilian ethanol processing plants908, as any plants on Maui 

would be new. 

Cellulosic ethanol processing data are not widely available for different 

feedstocks, and water needs will likely vary by feedstock. For this model, water needs for 

processing cellulosic ethanol from sugarcane or banagrass are assumed to be the same as 

water needs for processing cellulosic ethanol from corn stover909. Since sugarcane for 

cellulosic ethanol would not likely be burned, excluding cane-washing needs is probably 

appropriate. 

Biodiesel can be produced from raw biooils in a waterless process910. While some 

processes do use water911, Maui’s existing biodiesel facility uses a dry processing system 

to convert fats, oils, and grease to biodiesel912. Waterless processing techniques are 

scalable up to at least 10 million gallons per day of capacity and a variety of 

feedstocks913, so this model assumes that future biodiesel facilities on Maui could use a 

waterless process. 
 

ENVIRONMENTAL USES 
 

Two types of environmental protection that could require water allocation are 

streamflow restoration and reforestation efforts. Streamflow restoration refers to reducing 

the amount of water that can be taken from a stream for other uses so as to protect certain 

stream uses. Major motivations for streamflow restoration include habitat restoration and 

                                                
908 (Moreira n.d.) 
909 (King and Webber 2008) 
910 (Pacific Biodiesel 2011) 
911 (Maez 2007) 
912 (Pacific Biodiesel 2011) 
913 (Pacific Biodiesel 2011) 
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preservation of native Hawaiian cultural practices914. Reforestation refers to the practice 

of planting trees in regions where they have historically existed but are no longer present. 

Forest water balances are complicated, as forests can increase water availability in some 

ways while decreasing water availability through evapotranspiration. The major 

reforestation effort on Maui does not require irrigation water for its seedlings, so 

reforested tree stands are not modeled as a category of irrigated crop. Rather, reforested 

stands are considered land uses that demand no water allocation but could affect local 

water balances. Streamflow restoration tends to be driven by regulation, while forest 

restoration tends to be driven by individual and group efforts outside the government. 
 

Streamflow Restoration 
 

Maui’s streams have long been diverted for irrigation and other water supply 

purposes, which has resulted in environmental and cultural tradeoffs related to reduced 

streamflow. These tradeoffs include issues like reduced habitat and reduced ability to 

engage in cultural practices or traditional subsistence activities that require streamflow, 

such as fish gathering and kalo cultivation. Litigation regarding the amounts of water that 

should be left in streams is ongoing for multiple regions of Maui. For more background 

on instream flow standards, see eg Sproat, 2009915. 

Nonnumerical instream flow standards have existed since 1988, setting instream 

flow standards at the level of water in streams based on existing diversions as of the date 

of declaration916. That is, standards were defined as the level of flow in streams assuming 

no new diversions. In assessing the total amount of water that might be available for use 

                                                
914 (Parham, et al. 2009) 
915 (Sproat 2009) 
916 (Commission on Water Resources Management 2008) 
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from streams, it is helpful to have a numerical estimate of the instream flow standard so 

that issues like changing streamflow can be taken into account in absolute terms so that 

protective streamflow levels can be maintained. Currently, the numerical interim instream 

flow standards (IIFS) that have been set for East and West Maui streams so far have been 

stated as amounts of water that must not be diverted into a ditch. That is,  
 

  
 (59)

.  
 

A form that might be more difficult to legislate but more explicitly defines 

streamflow requirements is  
 

  (60), 
 

so that the total amount of water left in streams is not dependent on the amount of 

water left over after ditch diversions. If streamflows continue to decline in the future, the 

water left in streams under  (59)-style definitions will also decline, though habitat-

based instream flow needs are unlikely to decline with the streamflows. However, 

Hawaiian streams are subject to substantial variability, so defining an absolute standard 

as in (60) could be confusing and difficult to implement. If streamflow declines 

significantly in the future, IIFS might be reamended to account for changing conditions. 

Since many stream diversions capture most or all of the low to medium flows in a 

stream917, these IIFS are modeled as absolute minimum streamflows that happen to also 

be the amount of water that must be returned to streams from ditches. Note that the term 

“returned” here means that stream water is directed around a ditch diversion and remains 

in the stream instead of being diverted into the ditch, not that ditch water is being directed 
                                                
917 (Parham, et al. 2009) 
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into streams (Figure Demand. 8). The water is returned in the sense that flows that have 

historically been taken from the streams are no longer taken. Concerns about transferring 

contaminants and invasive species among streams discourage putting ditch water into 

individual streams918. 

 

                                                
918 (Parham, et al. 2009) 



 386 

 

Figure Demand. 8 Stream Diversion Bypass Structures at Honopou Stream, East Maui 

 
Source: Emily Grubert, 2010. This stream diversion at Honopou Stream includes two bypass mechanisms in 
three bypasses, the two small pipes (top) and the larger flat bypass (middle). These allow water to continue to the 
natural stream channel instead of falling into the diversion structure (starts at bottom of picture, but largely not 
pictured here) that often diverts all water into irrigation ditches. Though stream water has been restored to 
Honopou, the mechanism of ditch diversion bypass can affect wildlife. Not only do these bypasses create 
turbulence in the water, but fish might not be able to move upstream with these bypasses. The larger, nontubular 
bypass was added to increase fish ability to move upstream, as the pipe is difficult for fish to access, but access 
is still difficult. See also Parham 2009. 

Not all streams on Maui currently have assigned numerical instream flow 

standards, but it is likely that more streams will be assigned numerical standards in the 

future. Estimating the magnitude of these potential instream flow standards is relevant to 

an estimate of available surface water. One 2009 study by the Millennium Institute 

suggests that future instream flow standards for East Maui streams can be estimated as 

the average of the five instream flow standards that had been defined at the time of that 

study919. The average of the instream flow standards for Honopou, Hanehoi, Piinaau, 

Waiokamilo, and Wailuanui streams was calculated and applied to an assumed 55 

additional streams (60 total) on the East Maui system920. This technique leads to an 

estimate that, at 2.44 million gallons per day per stream reserved for instream flow, total 
                                                
919 (Bassi, Harrisson and Mistry 2009) 
920 (Bassi, Harrisson and Mistry 2009) 
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water returned from ditches to streams on the East Maui system would be 147 million 

gallons per day. This restriction is similar in magnitude to the long-term delivery average 

of East Maui Irrigation (EMI) (about 167 million gallons per day)921. Using this 

methodology of averaging existing IIFS thus suggests that almost no surface water would 

be available from EMI, particularly during the drier summer months. This also implies 

that the Central Maui aquifers would lose artificial recharge from irrigation return flow, 

limiting the amount of water that could be used for irrigation in the Central Maui region 

(Chapter 4). As Ralph Hosmer wrote in 1905,  
 

Because of its situation, climate and soil the central Maui Plain must forever 
remain one of the most highly productive areas in the Territory, provided always 
that it continues to receive an adequate supply of water for irrigation. Nowhere in 
the Territory are the benefits of irrigation more marked, while from its location in 
regard to transportation facilities this section possesses advantages unusual in 
Hawaii.922 
 

While restricting surface water diversions at the level assumed by the Millennium 

Institute publication is a possible result that could be considered environmentally 

protective, such a choice would have a large impact on Maui Island’s ability to cultivate 

crops on its best agricultural land. However, analyzing flow levels for individual streams 

suggests that the Millennium Institute study overstates the amount of water that would be 

returned, as many streams diverted on the EMI system do not naturally support flows 

above the 2.44 million gallon per day level that the Millennium Institute study assigned 

them as IIFS. This model assumes that between about 30 and 40 million gallons of water 

per day might be returned to East Maui streams, based on Department of Aquatic 

Resources estimates for habitat-protective levels of streamflow. 

                                                
921 exhibit 3 (Commission on Water Resources Management 2010) 
922 (Korte 1961) 
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Several factors led to the decision to assume lower instream flow standard water 

requirements for this model. One major point is that the first five streams for which 

numerical instream flow standards were defined likely have unusual characteristics that 

motivated litigators and regulators to address them first. From this, one might assume that 

the returned flows for these streams could be higher than average. Similarly, the approach 

of averaging instream flow standards and applying the average to other streams does not 

consider that streams have different natural flow levels. Protecting habitat in a large 

stream is likely to require a larger instream flow than protecting habitat in a small 

stream923. While EMI diverts water from over 100 streams924, many of these streams are 

minor contributors to the ditch flows. As shown in Chapter 4, EMI diversion levels can 

be accurately predicted considering input from only 39 streams, and almost three quarters 

of the predicted flow comes from 17 streams. Based on the Gingerich equation (61), 

which provides more accurate estimates for individual streamflows in Northeast Maui 

than other regression equations, 13 of the 39 streams considered for this analysis do not 

have expected median flows of 2.44 million gallons per day or more. The assumption that 

60 streams would have 2.44 million gallons per day returned to them from ditches for 

instream flow appears flawed, given that a maximum of 26 streams are expected to be 

able to support that level of flow (Table 75). 

                                                
923 (Jowett 1997) 
924 (Gingerich 2005) 
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Table 75 Estimated Median Flow Levels in East Maui Streams 

Stream MGD Q_50 (Fontaine) MGD Q_50 (Gingerich) 
Piinaau 12.7 12.9 
Maliko 10.7 12.7 
Nailiilihaele 8.1 9.4 
Opana 7.0 8.2 
Kailua 6.6 7.6 
Puohokamoa 7.1 7.5 
Palauhulu 7.7 7.4 
Halehaku 4.8 5.9 
West Wailuaiki 6.2 5.4 
Hoolawanui 4.4 5.3 
East Wailuaiki 6.4 5.2 
Kopiliula 5.9 5.1 
West Wailuanui 4.1 5.1 
Hanawi 6.1 4.8 
Waikamoi 4.2 4.3 
Honomanu 5.1 4.3 
Haipuaena 3.8 4.2 
Waiokamilo 4.2 4.1 
Makapipi 5.1 3.7 
Ohanui 3.3 3.4 
Paakea 3.5 3.2 
Kapaula 2.2 3.0 
Hoalua 2.7 2.7 
Kaaiea 3.0 2.7 
Waiohue 2.4 2.6 
East Wailuanui 2.9 2.5 
Hoolawaliilii 2.6 2.4 
Honopou 2.4 2.2 
Ohia 1.9 2.2 
Opaepilau 2.0 1.9 
Alo 2.3 1.8 

Huelo 1.7 1.5 
Waiaaka 2.1 1.4 
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Oopuola 1.4 0.8 
Nuaailua 0.7 0.3 
Kolea 0.6 0.2 
Lilikoi 0.6 0.2 
Makaa 0.4 0.1 
Waipio 0.4 0.1 

East Maui’s streams vary in size, and not all of them are expected to naturally support median flow levels as high 
as the average of early numerical IIFS. Flows highlighted in purple denote streams that could support median 
flow at least as high as the average of the first five IIFS, and flows highlighted in green could support median 
flow at least as high as the average of the first 11 IIFS. The remaining streams, which are fairly large compared to 
many of East Maui’s diverted streams, are not predicted to support such high median flows. This analysis uses 
the Gingerich equation to calculate median flows for these East Maui streams because it is more accurate than 
the Fontaine equation in this, its design region. 
 

The streams initially petitioned for establishment of numerical instream flow 

standards were largely chosen for their proximity to populations925, including groups 

interested in preserving native Hawaiian cultural practices like kalo cultivation and fish 

gathering. The flow requirements for human needs and habitat needs are expected to be 

higher than the flow requirements for habitat needs alone, especially given kalo’s high 

water flow demands of 100,000 to 300,000 gallons per day per acre926. The fact that 

many of the other streams diverted for EMI are not expected to support as much human 

activity implies that the average numerical IFS will grow smaller as more streams are 

added. After the publication of the 2009 study by the Millennium Institute, an additional 

six numerical IIFS were established (Table 76).  
 

                                                
925 (Commission on Water Resources Management 2008) 
926 (Paul, Johnson, Park and Niles 2009) 
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Table 76 Existing Numerical Interim Instream Flow Standards on Maui Island 

existing mgd IFS (all 
year) 

mgd IFS 
(summer) 

mgd IFS 
(winter) 

Honopou 1.79   
Hanehoi (Hanehoi + Puolua) 1.72   
Piinaau (Piinaau + Palauhulu) 3.56   
Waiokamilo (Waiokamilo + Kualani) 3.17   
Wailuanui (E+W Wailuanui + Waikani) 1.97   
average, first five declared numerical 2.44   
    
West Wailuaiki 1.54 0.26 2.46 
East Wailuaiki 1.44 0.13 2.39 
Waikamoi 1.05 0 1.81 
Waiohue 1.23 0.06 2.07 
Hanawi 0.06   
Makapipi 0.93   
average, first 11 declared numerical 1.68   

Source: CWRM. 
 

As expected, the addition of these newer IIFS reduces the magnitude of the 

average declared IIFS. Based on the 11 IIFS now declared for East Maui streams, the 

average return is about 1.68 million gallons per day, about 30 percent lower than the 

average for the original five IIFS. This estimate is based on annual IIFS where they are 

declared and a yearly average IIFS for the two streams where seasonal IIFS were 

declared. The yearly average was calculated assuming a 153 day dry season (May 

through September) and a 212 day wet season (October through April)927. Assuming that 

60 streams receive IIFS equal to the average IIFS declared so far implies a total return of 

101 million gallons per day to streams. This estimate is still considered too high by this 

model, as eight of the 38 major contributing streams to EMI surface water diversions do 

                                                
927 (Western Regional Climate Center n.d.) 
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not have expected median flows high enough to support 1.68 million gallons per day of 

flow (Table 75). 

Averaging magnitudes of declared instream flow standards gives an inaccurate 

estimate of the amount of stream water likely to be returned from ditch diversions on East 

Maui, in part because instream flow standards are likely defined first for the larger or 

more important streams and in part because averaging does not take natural streamflow 

magnitude into account. Instream flow standards are usually defined in terms of a 

proportion of some historical attribute of interest, like flow, wetted perimeter, or suitable 

habitat928. Defining instream flow standards as a percentage of historical flow is often the 

technique requiring the least analysis, but many environmental parameters do not respond 

linearly to streamflow929. One baseline method for defining instream flow standards is 

based on the work of Tennant (1976) as described in (Jowett 1997), which suggests that 

10 percent of the historical mean flow is a minimum habitat-sustaining flow, but 30 

percent of the historical mean flow is necessary for longer term fish survivability. 

However, the Tennant method includes assumptions not applicable for Maui’s streams, as 

it is based on trout survivability and never allows streams to have zero flow930. Some of 

Maui’s streams naturally experience no flow conditions, though this is rare for the 

windward streams considered here.  

The Hawaii Department of Aquatic Resources (DAR) performed a habitat-based 

assessment of instream flow standards that suggests two types of habitat-protecting flow 

minima. The first is habitat-based and is recommended for the wet season, while the 

second is connectivity-based and is recommended for the dry season. Connectivity refers 

to a wetted pathway that allows for aquatic species migration and requires much lower 

                                                
928 (Jowett 1997) 
929 (Jowett 1997) 
930 (Jowett 1997) 
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flow than the habitat-based standard. The recommended habitat-based wet season 

standard is 64 percent of the median baseflow in a stream, while the recommended 

connectivity-based dry season standard is 20 percent of the median baseflow931. Separate 

flow recommendations for the wet and dry seasons are thought to mimic natural flow 

variability while preserving water availability for human uses during times of water 

stress, primarily during the summer932. Additionally, the DAR notes that Hawaiian 

aquatic species evolved with intermittent droughts, and so temporary suspension of IFS 

during times of extreme water need might not be harmful933. Current diversion conditions 

create permanent artificial drought, however, which cannot be tolerated by native 

species934. 

This study attempts to estimate possible effects of instream flow standards on 

surface water supply by multiple methods. The first predicts instream flow standards 

based on the average percent of total median flow restored to streams for which 

numerical IIFS have been determined. An average of 34 percent of median total 

streamflow (as predicted from the Gingerich equation (61) ) has been returned to the 11 

East Maui streams with defined numerical IIFS. However, one of these streams received 

only an experimental connectivity-based IIFS because its streamflow was considered 

adequate for species protection, and including this stream (Hanawi) reduces the overall 

average. Excluding Hanawi, the average restored flow has been 37 percent of median 

total flow.  

The second method predicts instream flow standards based on the DAR 

recommendation that summer flows should preserve connectivity, at 20 percent of 

                                                
931 (Commission on Water Resources Management 2010a) 
932 (Commission on Water Resources Management 2010b) 
933 (Commission on Water Resources Management 2010b) 
934 (Commission on Water Resources Management 2010b) 
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median baseflow, and winter flows should be habitat protective, at 64 percent of median 

baseflow. IIFS are assumed to be declared only for the 39 streams used to predict total 

EMI flow (Chapter 4), and since numerical IIFS have been declared for 11 of these 

streams, predictions are only made for 28 streams. Median total and median base flows 

are predicted based on the Gingerich equations for median total and base streamflows. 

The median total streamflow equation is discussed in Chapter 4 and reproduced here: 
 
  (61), 
 

and the median base streamflow equation is  
 
  (62), 
 

where TFQ50 and BFQ50 are median total flow and median baseflow in cubic feet 

per second935, respectively; RF is basin rainfall in cubic feet per second; Emax is the 

maximum basin elevation; and ER is a dimensionless basin elongation ratio as described 

earlier. Table 77 presents estimated median total and baseflows (converted to million 

gallons per day), predicted annual instream flow standard assuming 37 percent of median 

total streamflows are restored (37 percent is the average percent of median streamflow 

restored to the ten streams other than Hanawi with numerical IIFS), and predicted 

seasonal instream flow standards assuming the DAR’s recommendations are followed. 

The amount of flow restoration predicted by assuming each of 39 streams is assigned an 

IIFS equal to either the average of the first five or first eleven numerical IIFS declared is 

also included for reference. 

                                                
935 (Gingerich 2005) 
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Table 77 Estimated Potential Instream Flow Standards for 28 of East Maui’s Streams 

Stream TFQ50 BFQ50 37% of 
TFQ50 

Winter 
DAR 
Rec. 

Summer 
DAR 
Rec. 

Annual 
Average 

DAR 

Average, 
11 IFS 

Average, 
5 IFS 

Annual 
Average, 

DAR/TFQ50 

Alo 1.8 1.1 0.7 0.7 0.2 0.5 1.7 2.4 29% 
Haipuaena 4.2 2.3 1.6 1.5 0.5 1.1 1.7 2.4 25% 
Halehaku 5.9 4.2 2.2 2.7 0.8 1.9 1.7 2.4 32% 
Hoalua 2.7 1.6 1.0 1.0 0.3 0.7 1.7 2.4 26% 
Honomanu 4.3 2.4 1.6 1.5 0.5 1.1 1.7 2.4 26% 
Hoolawaliilii 2.4 1.5 0.9 1.0 0.3 0.7 1.7 2.4 29% 
Hoolawanui 5.3 3.5 2.0 2.3 0.7 1.6 1.7 2.4 30% 
Huelo 1.5 0.9 0.5 0.6 0.2 0.4 1.7 2.4 27% 
Kaaiea 2.7 1.7 1.0 1.1 0.3 0.8 1.7 2.4 28% 
Kailua 7.6 5.1 2.8 3.3 1.0 2.3 1.7 2.4 31% 
Kapaula 3.0 1.8 1.1 1.2 0.4 0.8 1.7 2.4 28% 
Kolea 0.2 0.1 0.1 0.1 0.0 0.1 1.7 2.4 21% 
Kopiliula 5.1 3.0 1.9 1.9 0.6 1.4 1.7 2.4 27% 
Lilikoi 0.2 0.1 0.1 0.1 0.0 0.1 1.7 2.4 25% 
Makaa 0.1 0.1 0.1 0.0 0.0 0.0 1.7 2.4 22% 
Maliko 12.7 8.8 4.7 5.6 1.8 4.0 1.7 2.4 32% 
Nailiilihaele 9.4 5.9 3.5 3.8 1.2 2.7 1.7 2.4 29% 
Nuaailua 0.3 0.1 0.1 0.1 0.0 0.1 1.7 2.4 22% 
Ohanui 3.4 2.2 1.3 1.4 0.4 1.0 1.7 2.4 29% 
Ohia 2.2 1.4 0.8 0.9 0.3 0.6 1.7 2.4 29% 
Oopuola 0.8 0.5 0.3 0.3 0.1 0.2 1.7 2.4 27% 
Paakea 3.2 1.8 1.2 1.2 0.4 0.8 1.7 2.4 26% 
Opaepilau 1.9 1.2 0.7 0.8 0.2 0.5 1.7 2.4 29% 
Opana 8.2 5.1 3.1 3.3 1.0 2.3 1.7 2.4 28% 
Puohokamoa 7.5 4.8 2.8 3.1 1.0 2.2 1.7 2.4 29% 
Waiaaka 1.4 0.8 0.5 0.5 0.2 0.4 1.7 2.4 27% 
Waikamoi 4.3 2.3 1.6 1.5 0.5 1.1 1.7 2.4 24% 
Waipio 0.1 0.1 0.0 0.0 0.0 0.0 1.7 2.4 23% 
Total Recommended Restoration 38.3 41.4 12.9 29.4 47.0 68.4 27% 

TFQ50 is total and BFQ50 is base median flow in a stream as defined in Gingerich 2005. The 37% of TFQ50 standard 
reflects that the average flow returned to streams other than Hanawi, which is considered healthy, was 37% of 
the total median flow in the stream. DAR winter recommendations are based on habitat protection, while DAR 
summer recommendations are based on maintaining a wetted path. The DAR annual average assumes a 153 day 
summer and a 212 day winter. The averages of the first 11 and first five numerical IIFS are also considered, and 
finally, the annualized DAR recommendations are expressed as a percent of median streamflow. 
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Assuming that instream flow standards are declared on the 39 streams considered 

for this study’s assessment of available surface water supply from the East Maui 

Irrigation system, the several predictive methodologies used here suggest widely 

differing amounts of water could be returned to streams. All three methods using data 

about already declared IIFS overpredict the amount of water that the DAR recommends 

be returned, which is expected since the earliest IIFS likely focused on the most 

important streams. This study assumes DAR-recommended levels of flow restoration. 

The declared IIFS return an annual average of 18.5 million gallons per day of 

water to 11 streams (21.9 mgd in the winter and 13.7 mgd in the summer, Table 76)936. 

This actual declaration is somewhat higher than the values predicted by the DAR 

recommended restoration levels, which would suggest restoration of an annual average 

15.0 million gallons per day (21.1 mgd in the winter and 6.6 mgd in the summer) (Table 

78). The actual restorations likely exceed DAR habitat-based recommendations because 

of a desire to simultaneously protect habitat and enable cultural practices like kalo 

cultivation and fish gathering. Another possible reason for the higher restoration is that 

the DAR recommends that suitable restoration of a few key streams could be more useful 

than inadequate restoration of many. In four out of the five cases where the DAR 

recommended IIFS for streams that currently have numerical IIFS, the winter 

recommendations exceeded the standard suggested winter releases of 64 percent of base 

flow while the summer recommendations were lower than the suggested summer releases 

of 20 percent of base flow, as seen in Table 78. The exception is Hanawi Stream, which 

the DAR considers healthy 937 . One additional reason that the DAR might be 

                                                
936 implementation (Commission on Water Resources Management 2011) 
937 (Parham, et al. 2009) 
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recommending flow restorations higher than its guidelines suggest is to cushion against 

downward negotiation. 
 
 

Table 78 Guideline-based and Actual Recommendations for Streamflow Restoration, 
Department of Aquatic Resources 

 Gingerich 
estimated 
base flow 

MGD 

Suggested 
wet season 
restoration 

Actual 
DAR 

Recom. 
(Wet) 

Difference 
(Actual – 
Expected) 

(MGD) 

Suggested 
dry season 
restoration 

Actual 
DAR 

Recom. 
(Dry) 

Difference 
(Actual – 
Expected) 

(MGD) 
Honopou 1.5 0.9   0.3   
Hanehoi 0.9 0.6   0.2   
Piinaau 8.7 5.6   1.7   
Waiokamilo 2.3 1.5   0.5   
Wailuanui 4.4 2.8   0.9   
West Wailuaiki 3.1 2.0 3.5 1.5 0.6 0.4 -0.2 
East Wailuaiki 3.0 1.9 3.2 1.3 0.6 0.2 -0.4 
Waikamoi 2.3 1.5 2.6 1.1 0.5 -0.3 -0.8 
Waiohue 1.7 1.1 2.7 1.6 0.3 0.1 -0.2 
Hanawi 2.9 1.8 0.0 -1.8 0.6 0.1 -0.5 
Makapipi 2.2 1.4   0.4   
Total  21.1   6.6   
The Department of Aquatic Resources recommended wet season streamflow restoration that exceeds its own 
habitat-protective baseline in 4 of 5 cases, but recommended dry season restoration lower than its protective 
baselines in 5 of 5 cases. The overallocation in winter and underallocation in summer could be motivated by a 
need to balance human and environmental uses during drought periods. 

 

For this model, instream flow standards for East Maui are expected to be set at the 

DAR-recommended levels for the 28 streams modeled that do not yet have numerical 

IIFS, for a total negative supply of 41.4 million gallons per day in the winter and 12.9 

million gallons per day in the summer. Those with numerical IIFS are assumed to retain 

those IIFS, for a total of 21.9 million gallons per day in the winter and 13.7 million 

gallons per day in the summer. In total, expected instream flow standard demands for 

streams on the East Maui Irrigation system amount to 63.3 million gallons per day in the 



 398 

winter and 21.9 million gallons per day in the summer. East Maui Irrigation diversions 

divert 100 percent of streamflow approximately 70 to 80 percent of the time938, so the 

IIFS values are subtracted directly from ditch flows. 

The streams diverted for West Maui Irrigation are also under active litigation 

regarding instream flow standards939. Recommended streamflow restoration of 34.5 

million gallons per day to the four streams was succeeded by an actual declaration of 12.5 

million gallons per day of restoration940. This model assumes either a low restoration of 

12.5 million gallons per day or a high restoration of 34.5 million gallons per day. 

Upcountry Maui Irrigation System is not likely to be affected by instream flow 

standard regulations. On West Maui, where the Pioneer Mill Irrigation System is found, 

the fact that the major water diverter (Pioneer Mill) is defunct is related to a lower level 

of concern about streamflow levels941. Significantly less water is currently being diverted 

than was historically942. The model thus assumes DAR-recommended levels of instream 

flow (64 percent of median base flow for wet season habitat preservation and 20 percent 

of median base flow for dry season habitat preservation). Since diversions are currently 

low, these levels of flow standards might not affect ditch flows under current conditions 

but are included in case PMIS is again used at its full or near full capacity in the future. 

As regression equations for predicting base flow for streams on West Maui are not 

available, DAR-recommended instream flow standards are estimated at 30 percent of 

median flows and are presented in Table 79. For East Maui streams, the annual average 

                                                
938 (Parham, et al. 2009) 
939 (Commission on Water Resources Management 1997) 
940 implementation (Commission on Water Resource Management 2011) 
941 (Hanzawa 2010) 
942 Compare (Hatton 1976) with streamflow (USGS 2010) 
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DAR recommendations range from 21 to 32 percent of median total predicted flows, 

averaging 27 percent of median flows (Table 77). 
 

Table 79 Estimated Instream Flow Standards for Pioneer Mil Irrigation System Streams 

Instream flow standards for PMIS are estimated at 30 percent of median flow per stream, which is similar to the 
ratio observed for East Maui Streams, totaling a possible 11 mgd. 
 

In summary, this model assumes that protective instream flow standards would be 

about 63 million gallons per day (winter) and 22 million gallons per day (summer) for 

EMI-diverted streams; between 12.5 and 34.5 million gallons per day for West Maui 

Irrigation-diverted streams; and about 11 million gallons per day for PMIS streams. The 

total East Maui and Na Wai Eha (West Maui Irrigation) instream flow standards would 

range from 34.5 to 97.5 million gallons per day affecting Central Maui, while the PMIS 

standards would likely not be put in place until stream diversion grows contentious and 

would amount to about 11 million gallons per day. As plantation agriculture has 

dramatically declined in West Maui (PMIS) with the closure of Pioneer Mill Sugar and 

Maui Land and Pineapple, so too has water use and some of the concerns about excessive 

diversion943.  
                                                
943 (Hanzawa 2010) 

for PMIS MGD estimated median flow 
(Fontaine)  

IFS = 30% of median flow 

Honokohau 11.5 3.4 
Honokowai 3.0 0.9 
Kahoma 3.5 1.0 
Kanaha 2.8 0.8 
Kauaula 3.4 1.0 
Launiupoko 1.6 0.5 
Olowalu 6.7 2.0 
Ukumehame 4.6 1.4 
Estimated Total  11 
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Reforestation 
 

 “Haihai ka ua i ka ulu la au” (The rain follows the forests)944 
 

“It cannot too often be said that the chief value of by far the greater part of the Hawaiian 
forest does now and always must rest in the influence that the forest exerts on the 

conservation of water. For the maintenance of permanent, dependable supply the forest is 
essential.” –Ralph Hosmer945 

 

Forest coverage in Hawaii has declined dramatically since human communities 

arrived on the islands: an estimated 42 percent of Hawaii’s rainforests and 90 percent of 

Hawaii’s dryland forests have disappeared946. Dryland forests in particular are a major 

target for restoration on Maui and other Hawaiian islands947. Forest restoration is 

motivated by several factors, including water quality and supply protection, habitat 

restoration, and carbon sequestration. 

The Leeward Haleakala Watershed Restoration Partnership (LHWRP) is engaged 

in Maui’s largest forest restoration effort, with a goal of restoring dryland koa forests 

between 3,500 and 6,500 feet of elevation on Haleakala’s southern flank (Figure 

Demand. 9)948. Less than ten percent of the original forest remains on leeward Haleakala, 

and the LHWRP’s 43,175 acres are considered prime candidates for forest restoration949. 

LHWRP’s current project areas are in the Auwahi region and remain relatively small. 

Auwahi 1 is a 10 acre experimental plot that is about 10 years old; Auwahi 2 is slightly 

larger, at 24 acres and 5 years of age; and Auwahi 3 is the LHWRP’s first scaled project, 

                                                
944 (Cannarella 2010) 
945 (Korte 1961) 
946 (Cabin, et al. n.d.) 
947 (Cabin, et al. n.d.) 
948 (Leeward Haleakala Watershed Partnership 2011) 
949 (Leeward Haleakala Watershed Partnership 2011) 
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at 151 acres950. The Auwahi projects do not use irrigation for seedlings951, which are 

grown in greenhouses specializing in native plants from seeds gathered in the Auwahi 

region to preserve the region’s genetic profile. The project has been highly successful so 

far: though plant survival rate was predicted at 30 to 60 percent, about 80 to 90 percent of 

the seedlings have survived on the Auwahi plots952. 

 

Figure Demand. 9 Volunteers Plant Native Trees at Auwahi, Leeward Haleakala 
Watershed Restoration Partnership 

 
Source: Emily Grubert 2010. Leeward Haleakala historically supported dryland forest but is currently largely 
pasture and introduced grassland. LHWRP uses volunteers to plant seedlings grown from seeds gathered in the 
region of reintroduction to preserve local genetic profiles. The clouds at the top of this picture are orographic 
clouds gathering over the island of Hawaii. 

Reforestation projects usually do not require supplemental irrigation if location-

appropriate species are planted at the right time953. Supplemental irrigation can actually 

                                                
950 (Medeiros 2010) 
951 (Buckman 2011) 
952 (Medeiros 2010) 
953 (Sailer 2006) 



 402 

be harmful in some cases, as it encourages shallow roots954 and makes establishment 

easier for weeds that are not as well adapted to the local climate as natives955. Thus, 

reforestation projects are assumed to require no dedicated water supplies by this model. 

Forests have impacts on local water balances. Though reforested regions do not 

require irrigation, forests have distinctly different impacts on the water resources of a 

region than do grasslands or other nonforest land cover. Forests have long been 

recognized as commercially important for water supply and water quality protection on 

Maui: Hawaii’s forest reserve system was established in 1903 to protect water supplies 

for agriculture, predating the national forest reserve956. This forest protection initiative 

was heavily supported by sugar plantations that recognized the value of forests to water 

supply 957 . While forests can prevent water quality degradation and provide more 

consistent water flow, trees do use water through evapotranspiration. Harvesting or 

clearing trees often results in increased streamflow, though long-term negative impacts 

on water quality and increased flood vulnerability usually accompany this increased 

flow958. Where forests replace grasslands, forests can dry out regions with their increased 

evapotranspiration load 959 . However, forests also increase infiltration of water to 

underlying aquifers, storing freshwater rather than allowing it to run off to the ocean 

rapidly, and forests can protect against erosion with root structures and by lessening the 

impact of rain droplets on the land960.  

                                                
954 (Sailer 2006) 
955 (Daehler and Goergen 2005) 
956 (Wilson Okamoto Corporation 2008) 
957 (Korte 1961) 
958 (National Research Council Committee on Hydrologic Impacts of Forest Management 2008) 
959 (Idol 2003) 
960 (Idol 2003) 
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Forests are commonly thought to increase water availability because of their 

tendency to intercept clouds and fog, leading to greater cloud water capture, but the total 

effect of reforestation is a combination of this water capture and the increased 

evapotranspiration of the trees961. Estimates of the amount of precipitation enhancement 

due to cloud water capture range from about 10 to 30 percent962. Limited study suggests 

that native trees like ohia (Metrosideros polymorpha) use less water than invasive or 

introduced species like Eucalyptus saligna or Fraxinus uhdei963, but ultimately, tree 

water use is a function of growth rate and leaf area964.  

This model assumes that reforestation will only take place in areas that were 

naturally forested in the past and that planted trees will not require irrigation. Though 

balancing the effects of increased water evapotranspiration with cloud water capture in 

forests is challenging, this work will assume that restoring forest cover could increase 

water supplies (groundwater and surface water) by about 10 percent in a given region if 

forests replace grassland or other land uses where trees are absent. This assumption is 

based on the observation that tropical montane forests can increase effective precipitation 

by 10 to 30 percent while enhancing infiltration965. The possible extent of environmental 

reforestation assumed in this model includes historically forested lands now zoned 

agricultural or for conservation. While assigning reforestation efforts to currently 

agricultural land reduces the amount of land available for agriculture (including timber 

plantations) in the model, reforestation on conservation lands does not. The Hawaii 

                                                
961 (Idol 2003) 
962 From e.g. (Idol 2003), (Idol 2006), (Timmons and Gon 2003), (Cannarella 2010) 
963 (Kagawa, et al. 2009) 
964 (Idol 2006) 
965 (Idol 2003) 
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Conservation Reserve Enhancement Program assumes that forest restoration costs 

$2,662.60 per acre966.  

The total historical extent of forests on Maui is not strictly known, as human 

activities have altered forest cover since about 400 AD, when the first Polynesians came 

to Hawaii967. The Polynesian rat contributed to the near complete destruction of the loulu, 

a native palm that once dominated Hawaiian dry forests. Also, humans periodically 

burned island lowlands to enhance the production of thatch for dwellings, which 

converted much of the dry lowland forest to grassland before the time of European 

contact. However, estimates and historical accounts suggest that Maui was mostly 

forested at some point, with exceptions above 6,000 feet on Haleakala and perhaps the 

dry Central plains and some leeward regions of the island968. This would suggest an 

original forested area of perhaps 350,000 acres, assuming that about 42,000 acres lie 

above 6,000 feet, the Central Plain is about 35,000 acres, and about 36,000 acres of 

leeward land on the east side of the island could not support forest. Estimates that 90 

percent of Hawaiian dryland forest and about 40 percent of Hawaiian rainforest have 

been destroyed969 imply an original coverage of about 270,000 acres, based on the current 

nonintroduced forest cover of 75,000 acres of wet and 14,000 acres of dry Hawaiian 

forests (Table 58) and an assumption that the ratio of forest destruction is the same on 

Maui Island as it is for the State of Hawaii. Introduced forest cover accounts for another 

84,000 acres (Table 58). This model assumes that the maximum extent of forest 

restoration could be 100,000 acres, or about 270,000 acres less the current forest cover. 

Restoring 100,000 acres of forest would encroach on urban areas and cropland. 

                                                
966 (Hawaii Conservation Resource Enhancement Program 2011) 
967 (Cannarella 2010) 
968 (Korte 1961) 
969 (Cabin, et al. n.d.) 
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LOSSES FROM CONVEYANCE AND STORAGE SYSTEMS 
 

The amount of water that must be diverted or otherwise supplied to meet 

agricultural and domestic water demands is not the same as the amount of water that 

crops require for optimal growth and yields or that people actually use in homes and 

businesses. The difference between supply needs and actual usage represents system 

losses. Conveyance losses for Maui surface water can be significant, partly because of the 

extremely porous soil on the island970. 

The magnitude of conveyance losses is often unclear for systems where not every 

diversion and use is gaged. Maui’s largest irrigation water system is the East Maui 

Irrigation system (EMI), and it loses an estimated 10 to 15 percent of the water it 

conveys971. Similarly, the Maui County Department of Water Supply estimates its system 

losses on the Upcountry system at about 14 percent972. In addition to the EMI losses, 

EMI’s main user HC&S estimates that 23 to 31 million gallons of water are lost to 

seepage from reservoirs each day, with higher losses in the winter when more water is 

available to be put in reservoirs (residence time is about one day)973. Normal operating 

reservoir capacity is between about 145 and 610 million gallons974, so daily losses to 

reservoir seepage represent between five to 15 percent of capacity. This loss magnitude is 

similar to that seen in the ditch and pipe systems. HC&S estimates its water need 

assuming that 10 percent of diverted waters are lost to seepage and evaporation from the 

transportation and storage systems975. Seepage losses technically recharge underlying 

                                                
970 See (Grubert 2010) 
971 (Commission on Water Resources Management 2010b) 
972 (Commission on Water Resources Management 2010a) 
973 (Commission on Water Resources Management 2010a) 
974 (Commission on Water Resources Management 2010a) 
975 (Commission on Water Resources Management 2010a) 
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aquifers, while evaporative losses leave the system. However, because EMI is largely 

tunnel-based, evaporative losses are low976. 

This model will assume that 20 percent more surface water must be diverted than 

is delivered to crops to account for transportation and storage losses. Groundwater losses 

between wells and fields are assumed to be negligible. Losses between the point of 

irrigation and plant roots due to issues like irrigation inefficiencies and terrain challenges 

are assumed to be included in the crop demand factor that defines an annual irrigation 

demand for an acre of crop. For domestic supply, losses are estimated at 14 percent 

systemwide, though losses might be lower in areas with newer pipes. 

Agricultural operations periodically require additional water for uses like crop 

cooling and salt flushing977 that are not technically losses, but these uses are not explicitly 

accounted in this model.  

 

MATCHING SUPPLY AND DEMAND 

Supply and demand for freshwater on Maui must be considered simultaneously 

for analysis of water adequacy. Sources of water are not necessarily available when and 

where they are desired, however, and so it is relevant to consider both geographic and 

temporal limitations when assessing water supply adequacy for projected or theorized 

demands. 

Geographic Resolution 
 

On Maui, water demand and water supply are often dislocated, with high water 

demands in the sunny, flatter, more arid regions of the island. This dislocation is one 
                                                
976 (Commission on Water Resources Management 2010a) 
977 (United States Department of Agriculture 2010) 
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major reason that the irrigation ditch systems were first built: the lands best for sugarcane 

cultivation are not the same lands that receive precipitation sufficient to support 

sugarcane. The location of water demand is relevant in an assessment of water 

availability, as even abundant water supplies will not be exploitable if transportation and 

other infrastructure do not connect supply with demand.  

Identifying the locations of water demand and water supply availability allows 

one to assess whether demands can be met given current infrastructure availability, and it 

can also be a useful tool for determining where investment in new pumping, conveyance, 

treatment, and storage infrastructure might be useful. 

Surface water supply is available from ditches, while groundwater is available 

from wells. Potable water is available from distribution systems emanating from 

treatment plants, and reclaimed water is available from wastewater reclamation facilities. 

Any future desalinated water supply would be available from desalination plants. Water 

availability strongly depends on the existence of appropriate infrastructure. Furthermore, 

the location of such appropriate infrastructure depends on geographic and topographic 

considerations like elevation, land slope, and proximity to settled areas.   

Water demands also differ based on geography. Urban demands, for example, are 

limited to regions zoned for residential and commercial activity. One factor that 

somewhat exacerbates the problem of water demand not overlapping with water supply is 

that regions with high evapotranspiration require extra irrigation for landscaping and 

crops. Crops grown in the cooler regions of East Maui are more likely to be rainfed than 

crops grown Upcountry or in Central Maui. Agriculture in the driest parts of Maui is 

dominated by pasture lands, which are not irrigated. Some of Maui’s wettest areas are 

designated conservation lands, which means that no human water demands will be found 

in those areas. 
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Water availability depends on the size of water demand, the size of water supply, 

and the capacity of infrastructure that connects supply with demand. This model’s 

geographic resolution is based on four regions served by specific existing infrastructures: 

Central Maui, Upcountry Maui, West Maui, and Hana/East Maui. The water supply 

infrastructures associated with each region are summarized in Tables 80 through 83. No 

desalination plants provide public water supply on Maui at this time. Tables 80 through 

83 present ditch capacities as total potential capacity, groundwater capacities as current 

withdrawals (which may be less than groundwater sustainable yields and total well 

capacity), and water and wastewater facility capacities as current production or treatment, 

though some facilities are not operating at full capacity.
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Table 80 Water Supply Infrastructure, Central Maui Region 

Water Demand Type Existing Infrastructure (capacity) Notes 

Irrigation (Surface) Water 

East Maui Irrigation System  
(455 mgd) 

West Maui Irrigation System  
(120 mgd) 

both systems currently operating 
EMI replacement cost:  

$200 million 

Groundwater 

Wailuku Aquifer Sector pumping 
demand: 23.2 mgd 

Central Aquifer Sector pumping 
demand: 45.3 mgd 

recharge augmented by 
irrigation water 

Surface Water Treatment (Potable 
Water) Iao Water Treatment Plant (3 mgd) Waiale Plant (9 mgd) proposed 

Wastewater Treatment (Reclaimed 
Water) 

Wailuku-Kahului Wastewater 
Reclamation Facility (5 mgd) 

Kihei Wastewater Reclamation 
Facility (5 mgd) 

W-K WWRF produces R-2 
water 

Sources: Replacement cost for EMI, Wilcox 1996. Pumping demand, Wilson Okamoto Corp. 2008. Water 
treatment facilities, County of Maui website. 
 

Table 81 Water Supply Infrastructure, Upcountry Maui Region 

Water Demand Type Existing Infrastructure Notes 

Irrigation (Surface) Water Upcountry Irrigation System  
(<4 mgd) 

estimated rehabilitation 
costs: $9.3 million 

Groundwater Koolau Aquifer Sector pumping demand: 
2.1 mgd  

Surface Water Treatment 
(Potable Water) 

Kamole Weir (3.6 mgd) 
Olinda (1.6 mgd) 
Piiholo (2.5 mgd) 

 

Wastewater Treatment 
(Reclaimed Water) --  

Sources: Upcountry Irrigation capacity, County of Maui planning, Makawao region. Rehabilitation costs, Rocky 
Mountain Institute 2006. Pumping demand, Wilson Okamoto Corp. 2008. Water treatment facilities, County of 
Maui website. 

Table 82 Water Supply Infrastructure, West Maui Region 

Water Demand Type Existing Infrastructure Notes 

Irrigation (Surface) Water Pioneer Mill Irrigation System (50 mgd) estimated rehabilitation 
costs: $8.9 million 

Groundwater Lahaina Aquifer Sector pumping demand: 
5.9 mgd  

Surface Water Treatment 
(Potable Water) 

Lahaina (1.6 mgd) 
Mahinahina (2.4 mgd)  

Wastewater Treatment 
(Reclaimed Water) 

Lahaina Wastewater Reclamation Facility  
(5 mgd)  

Sources: rehabilitation costs, Rocky Mountain Institute 2006. Pumping demand, Wilson Okamoto Corp. 2008. 
Water treatment facilities, County of Maui website. 
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Table 83 Water Supply Infrastructure, Hana/East Maui Region 

Water Demand Type Existing Infrastructure Notes 

Irrigation (Surface) Water -- agriculture is assumed to be 
rainfed 

Groundwater Hana Aquifer Sector pumping demand: 
0.3 mgd  

Surface Water Treatment 
(Potable Water) --  

Wastewater Treatment 
(Reclaimed Water) --  

Source for pumping demand: Wilson Okamoto Corp. 2008. 

Temporal Resolution 

Accurately matching water supply with water demand requires some attention to 

geographic factors like the location of infrastructure. Time is another factor that affects 

whether water supply is available to meet demand. Some water demands are more 

sensitive to timing than others. For example, human and livestock drinking water needs 

to be supplied consistently on a daily basis if deaths are to be avoided. Sugarcane and 

some other crops can tolerate weeks to months of drought without dying, so daily 

variations are not as important.  

Just as different water demands have different temporal resolutions, different 

types of water supply are influenced by various temporal factors. Surface water supply is 

affected by precipitation, and because of limited water storage capacity, surface water 

supply responds quickly to current precipitation conditions. Major storm events can delay 

or reduce surface water supply when diversions and ditches are blocked by fallen trees 

and other debris. A more systemic temporal mismatch between surface water availability 

and water demand is due to the fact that water demand is typically higher during dry 

seasons, when demand for irrigation and other outdoor uses is not supplemented by as 

much precipitation. Thus, there is often a surplus of water during wet seasons and a 
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shortage during dry seasons. Reservoir storage is one solution, but storage is expensive 

and limited on Maui. 

Groundwater and desalination are more influenced by electricity availability than 

precipitation during a period of interest, as both water sources rely heavily on electricity 

for pumping or treatment before they can be used. Electricity availability varies only 

slightly with seasons, given Maui’s mild climate, but loads change dramatically over a 

single day. Loads are typically highest in the early evening and lowest at night (Figure 

Supply. 37). Though groundwater pumpers have not traditionally been asked to alter 

behavior to benefit electricity grid operations, such as by shifting load from peak periods 

to nights, Maui’s new time-of-use pricing system could lead to more grid-responsive 

groundwater pumping. As more intermittent generation sources come online on Maui, 

load responsiveness could become increasingly useful. One key problem is that most 

pumps currently in use on Maui are single speed and can be difficult to turn on and off, 

so responsiveness is challenging. As older pumps are replaced with more efficient 

models, perhaps with variable pumping speeds, groundwater pumping could become 

more tightly linked to temporal variability in electricity supply. Desalination is not 

currently used for water supply on Maui, but in theory, desalination could also be timed 

to correspond with troughs in Maui’s electricity load. Reclaimed water supply also 

depends on electricity availability, but since most of the treatment occurs regardless of 

whether water is reused, the main temporal influence on reclaimed water supply is 

seasonal water use. While the amount of sewage produced is fairly consistent throughout 

the year, demand for reclaimed irrigation water is significantly lower in the wetter 

seasons. Currently, reclaimed water supply exceeds reclaimed water demand, and this 

discrepancy is larger during wet periods. 
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SUMMARY OF DISCUSSION 

Current water demand on Maui is about 40-50 million gallons per day of potable 

water, about 300 million gallons per day of agricultural water, about two to eight million 

gallons per day of industrial water, and about 30 million gallons of water per day for 

environmental uses (instream flow standards). Most agricultural, industrial, and 

environmental demand impacts Central Maui.  

Potable water demand is modeled based on the WUDP978, with additional 

attention to private systems and visitor water needs. Agricultural water use is modeled 

based on water demand factors for crops and livestock, and industrial water use is 

modeled based on production. Instream flow standards are estimated according to DAR-

recommended protective levels and modeled streamflow per stream. Demands in all 

categories are likely to increase, although cessation of sugarcane production for export or 

for biofuels would radically reduce the amount of water being used for agriculture absent 

a replacement user. 

The remainder of this report will discuss sensitivities and trends for Maui’s 

medium to long term water systems and how they are used. Additionally, the demand 

scenarios that will be analyzed in future work will be presented. 

                                                
978 (Freedman, 2007) 
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Chapter 6. Analyzing Maui’s Future Water Needs Through 
Development Scenarios 

The research described in the preceding chapters provides a basis for evaluating 

the water impacts of future development pathways for Maui Island. The water demand of 

choices that the island could make can be compared with likely supply availability and 

tested for sensitivity to issues like long-term changes in precipitation, higher electricity 

prices, and changing policies. One of the major criteria used in designing the research 

described here was that quantitative information should be presented so as to allow 

flexibility in scenario analysis. That is, population growth rates and per capita water 

consumption figures were preferred to high, medium, and low estimates for urban water 

demand in 2030. Using rates for water consumption based on measurable and projectable 

units like number of people, number of acres of crop, or number of units of industrial 

production allows for easier sensitivity analysis and a wide range of analysis options.  

Six scenarios for Maui Island’s future have been chosen for further development 

and assessment, which is the topic of future work. These preliminary scenarios were 

chosen to reflect a diverse set of future pathways with water demands that could diverge 

significantly from one another. Choices that could present major perturbations to Maui’s 

freshwater system were specifically included and will be analyzed both separately and 

together. For example, major changes to Maui’s agricultural system, such as large-scale 

biofuels production or a dramatic increase in diversified farming, would likely have 

different impacts on water if made simultaneously than if only one were pursued. A 

scenario where Maui Island focuses on food and fuel self-sufficiency provides an 

opportunity to explore how food and fuel agriculture might interact and compete with or 

complement each other for land and water resource use. 
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The six scenarios were also chosen to represent realistic futures for Maui Island. 

Though some scenarios considered are unlikely to occur without supporting policy, such 

supporting policy could conceivably develop over the next 40 to 50 years. The 

preliminary scenarios introduced here will be refined with additional input from 

stakeholders as more specific analysis takes place. This specific analysis will focus on 

freshwater adequacy but will water, energy, and waste systems, their impacts on land, air, 

water, and communities, and the potential costs associated with these scenarios. 

Maui Island could experience a wide range of potential futures, and the six 

considered here are intended to represent diverse future water needs. These six are 

business-as-usual, both as planned and as a continuation of current practice; a focus on 

biofuels production, favoring production and export of biofuels beyond Maui’s needs if 

biofuels production makes sense; a focus on food production, similarly favoring export of 

excess food rather than alternative land use where food production is profitable; intensive 

development, encouraging agricultural land conversion to resort and residential 

development; a strong environmental focus, with strict regulations on streamflow, 

groundwater pumping, and renewable energy use; and maximum self-sufficiency, 

favoring activities that support import displacement over exports, even if exports are 

more profitable.  

None of the scenarios to be analyzed include a significant emphasis on cultural or 

social goals and sentiments, in part because predicting the effects of attitudes and societal 

values on water is more difficult than predicting the water effects of choices that might 

result from such attitudes and societal values. The University of Hawaii, Manoa’s Center 

for Futures Studies979 does specific research on the ways in which societal developments 

                                                
979 (Department of Political Science, UH Manoa 2011) 
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and attitudes could change Hawaii, perhaps leading to some of the water-influencing 

choices considered here. One important note is that while the environmental scenario 

does not necessarily involve strong Native Hawaiian rights protections, choices like 

streamflow restoration would support many of the goals of Native Hawaiian groups 

seeking protection for cultural practices like fish and plant gathering and off-stream kalo 

cultivation. Though more detail will be added to the scenarios during future assessment, 

the main characteristics of each are presented in the following sections. 
 

BUSINESS-AS-USUAL 

Business-as-usual development for Maui can be evaluated in two major ways that 

will both be analyzed in the context of water demand. First, business-as-usual can be 

defined as a continuation of current practice, not reflecting new policies and island 

choices. Such an extension of Maui’s present energy, water, and waste system 

characteristics would imply choices that might not make financial or political sense, like 

continuing to use oil for electricity in the face of extremely high oil prices. This 

“baseline” business-as-usual case is outlined in Table 84. 
 

Table 84 Business-as-Usual: Continuing Current Practice 

Business-as-Usual A: Continuation of Current Practice 

Economic Drivers tourism 
sugar plantation agriculture 

Energy Sources oil 
minor contribution from renewables 

Import Reliance high for food and fuel 
Wastewater Disposal Method injection wells 
Solid Waste Disposal Method landfills 

Water Resource Protection no numerical instream flow standards 
some groundwater pumping restrictions 
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A second way to assess business-as-usual development is to consider stated plans 

and goals for Maui Island. Maui and the State of Hawaii have aggressive goals for 

renewable energy use and increased self-sufficiency that have not been met and may not 

be met in the future, but current policy supports development along a path that differs 

from an extension of Maui’s current path. Though this formulation of business-as-usual 

depends on some significant changes, they are significant changes that policymakers have 

expressed interest in making. The “goal” business-as-usual scenario is largely based on 

the Maui Island Plan for 2030980 and is outlined in Table 85. 
 

Table 85 Business-as-Usual: Fulfilling Island Goals 

Business-as-Usual B: Fulfillment of State and Island Goals 

Economic Drivers knowledge-based industry 
tourism 

Energy Sources 
renewables and oil (electricity): 70% renewable by 2030 

oil and renewables (transportation): 30% reduction in 
overall fossil fuel use by 2030 

Import Reliance 15% of produce and 70% of other food 

Wastewater Disposal Method water reuse 
noninjection disposal 

Solid Waste Disposal Method waste-to-energy facility 
limited landfill use 

Water Resource Protection species-protective streamflow standards 
increased coastal, wetlands, and watershed protection 

 

The Maui Island Plan “goals” business-as-usual scenario in Table 85 forms the 

basis for the other five scenarios, which will assume goal fulfillment in areas other than 

the ones specifically altered for those scenarios. For example, a focus on liquid biofuels 

production does not necessarily influence Maui’s choices about electricity, so the Maui 

Island Plan will be used as the baseline for analysis. 
                                                
980 (County of Maui Planning Department: Long Range Division 2009) 
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FOCUS ON BIOFUELS PRODUCTION 

Hawaii’s Alternative Fuel Standard, Maui’s long history of sugarcane cultivation, 

and some indication that Hawaii’s last operating sugarcane plantation is interested in 

growing sugar as an energy crop instead of for export suggest that a biofuels-focused 

Maui is possible in the future. Most of the land that is considered viable for large-scale 

biofuels production on Maui is currently in sugarcane, so the effect of a focus on liquid 

biofuels production on Maui’s water systems could be fairly limited. Rather than using 

water to irrigate an exportable food product, Maui could be using water to irrigate a 

locally useful and exportable fuel. In this scenario, Maui would produce as much sugar-

based ethanol as economically feasible and would export the portion not used on-island 

to other Hawaiian islands. The characteristics of a biofuels-focused Maui are presented in 

Table 86. 
 

Table 86 Liquid Biofuels Production 

Agriculture Focus: Liquid Biofuels Production 

Economic Drivers agriculture 
tourism 

Energy Sources 
renewables and oil (electricity): 70% renewable by 2030 

oil and renewables (transportation): 30% reduction in 
overall fossil fuel use by 2030 

Import Reliance most food imported 

Wastewater Disposal Method water reuse 
noninjection disposal 

Solid Waste Disposal Method waste-to-energy facility 
limited landfill use 

Water Resource Protection species-protective streamflow standards 
increased coastal, wetlands, and watershed protection 

 

Sugarcane is currently irrigated on Maui, which suggests that sufficient water is 

currently available to support sugarcane production. However, declining precipitation and 
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increasing regulation on stream flows could dramatically reduce the amount of surface 

water available for sugarcane irrigation in the future. The significant investments in 

processing facilities that would be necessary to support a biofuels industry suggest that 

biofuels production would need to be a long-term industry to be viable. Though more 

irrigation water is accessible by treating saline water and pumping groundwater, 

alternatives to surface water for irrigation are costly. However, producing biomass-based 

liquid fuel (ethanol) from sugarcane also produces waste streams that can be used for 

other energy generation, as in a power plant, which could reduce the water and cost 

intensity of coproducing liquid fuels and electricity from a single crop.  

Some initial analysis of Maui’s potential biofuels production capacity and its 

impacts on water is described in Chapter 2. 
 

FOCUS ON FOOD PRODUCTION 

Maui is heavily reliant on imported food, just as it is heavily reliant on imported 

fuel. Increasing the role of local diversified agriculture on the island could increase food 

security, create jobs, improve nutrition, and keep money in the local economy. However, 

the high costs of production on Maui could potentially reduce some of these positive 

impacts. Maui has relatively low unemployment, so the increased local labor 

requirements for an on-island food supply could push food prices even higher than they 

currently are. High prices could result in locally grown food being consumed mainly by 

luxury markets like tourist-focused restaurants and resorts, which would diminish the 

nutritional benefits of local food production. Maui’s long growing season and diverse soil 

and climatic regimes could support a large number of crops. However, grains are not 

easily grown on Maui, so it is unlikely that a diversified agriculture-focused Maui would 
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be self-sufficient with food. However, some products no longer produced on Maui, like 

dairy, might be restored. 

In the food production-focused scenario, outlined in Table 87, Maui’s agricultural 

resources would be focused on producing food crops for local and statewide 

consumption. Crop choices would be dictated by profitability rather than a need to supply 

a full portfolio of food products. That is, if every farm on Maui could be most profitable 

by growing tomatoes, every farm would grow tomatoes rather than choosing crops to 

meet island needs: an island-focused approach to crop choice is explored in the self 

sufficiency scenario. Maui’s sugar industry and flower farms would be supplanted by 

food farms. 
 

Table 87 Food Production 

Agriculture Focus: Food Production 

Economic Drivers agriculture 
tourism 

Energy Sources 
renewables and oil (electricity): 70% renewable by 2030 

oil and renewables (transportation): 30% reduction in 
overall fossil fuel use by 2030 

Import Reliance 
grains and cereals imported 

other food crops imported as needed 
imported biofuels to meet Alternative Fuel Standard 

Wastewater Disposal Method water reuse 
noninjection disposal 

Solid Waste Disposal Method waste-to-energy facility 
limited landfill use 

Water Resource Protection species-protective streamflow standards 
increased coastal, wetlands, and watershed protection 

 



 420 

INTENSIVE DEVELOPMENT 

Maui’s economy is largely driven by tourism and related industries, like second 

homes. Tourism represents a type of on-island export, in the sense that Maui uses local 

resources like land and water to support consumption by nonresidents. Preliminary work 

suggests that tourism is less water-intensive per unit of revenue than industries like 

plantation agriculture (Chapter 5): while this rough assessment does not assess water 

intensity per unit of profit, the relatively low profitability of existing plantation 

agriculture suggests that tourism is also substantially less water-intensive than agriculture 

per unit of profit. A tourism-focused economy is likely to affect water resources in 

several ways, including increasing the need for potable water and sewage treatment 

services. That is, tourism is not particularly water-intensive, but the water required to 

support visitors and related businesses must be extensively treated, which requires large 

amounts of energy. Notably, much of the cost associated with building new water and 

sewerage systems is likely to be borne by private developers rather than Maui County as 

conditions of permits, but energy generating facilities are more likely to be built by other 

parties. A focus on tourism and real estate development could tend to reduce the amount 

of land available for agriculture, could heighten pressures to preserve water in scenic 

streams, and could require that industrial activity and waste disposal be kept out of sight. 

Some of the characteristics of a real estate and tourism development-intensive Maui are 

presented in Table 88. 
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Table 88 Focus on the Urban Realm 

Tourism and Urban Realm Development Focus 

Economic Drivers tourism 
construction and real estate 

Energy Sources 
renewables and oil (electricity): 70% renewable by 2030 

oil and renewables (transportation): 30% reduction in 
overall fossil fuel use by 2030 

Import Reliance 15% of produce and 70% of other food 

Wastewater Disposal Method water reuse 
noninjection disposal 

Solid Waste Disposal Method waste-to-energy facility 
limited landfill use 

Water Resource Protection species-protective streamflow standards 
increased coastal, wetlands, and watershed protection 

 

In this tourism-focused scenario, the Maui Island Plan’s target of limiting visitor 

population to one third of the resident population would likely be exceeded981. While the 

Maui Island Plan proposes limiting resort destinations to Wailea, Makena, Kapalua, and 

Kaanapali, a tourism-focused Maui would likely allow more resort, hotel, time share, 

second home, and other development in additional regions. 
 

ENVIRONMENTAL FOCUS 

A Maui focused on environmental protection could implement policies regarding 

multiple environmental systems, not just water. This scenario assumes that Maui achieves 

its aggressive goals to be carbon neutral and derive 95 percent or more of its energy from 

renewable sources by 2020, to phase out wastewater injection, to implement heavily 

protective instream flow standards for its surface water, and to support reforestation with 

native species on Haleakala and elsewhere. Energy efficiency targets for land, air, and sea 

                                                
981 (County of Maui Planning Department: Long Range Division 2009) 
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transportation, buildings, and county facilities like wastewater treatment plants and pump 

stations would save energy but require some capital investment. Using water efficient 

appliances and other equipment would also be supported by policy. Some characteristics 

of the environmentally-focused scenario are presented in Table 89. 
 

Table 89 Focus on the Environment 

Environment Focus 

Economic Drivers green and service industries 
ecotourism 

Energy Sources renewable (electricity and transport) 
Import Reliance 15% of produce and 70% of other food 

Wastewater Disposal Method water reuse 
noninjection disposal 

Solid Waste Disposal Method waste-to-energy facility 
limited landfill use 

Water Resource Protection 
strict instream flow standards 

coastal, wetland, and watershed protection 
limits on chemical use and urban runoff 

 

Instream flow standards are expected to be the most significant impact on Maui’s 

water supply in this environmentally-focused scenario. By mandating that water be left in 

streams rather than diverted for human use, habitats and ecosystems can be protected, but 

less water is available for uses like agriculture. Strict, enforceable instream flow 

standards could dramatically reduce the amount of surface water available for Central 

Maui agriculture in particular. A decline in surface water inputs to the Central Maui 

aquifers would also reduce groundwater availability in the region982. In addition, the 

roughly 27 GWh of annual hydropower production from run-of-ditch plants would not be 

generated if ditch flows were dramatically reduced. 
 
                                                
982 (Engott and Vana 2007) 
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FOCUS ON SELF-SUFFICIENCY 

Maui is a geographically isolated island, but its infrastructural and resource 

systems are tightly interconnected with global markets. Maui’s electricity grid is 

restricted to the island, but its fuels are mostly imported. Maui’s waste is disposed of on 

the island, but much of the waste is sourced elsewhere. Of the energy, water, and waste 

infrastructures on Maui, only the water supply and water infrastructures are basically 

restricted to Maui. Even those infrastructures rely somewhat on imports, however, as 

equipment like pipes and water treatment units are manufactured elsewhere. This self-

sufficiency scenario aims to evaluate the impact of minimal import reliance on Maui’s 

energy, water, waste, and environmental systems. Self-sufficiency here refers to 

maximizing Maui’s ability to provide food, fuel, fiber, employment to its citizens without 

relying on external resources. Renewable energy is assumed to provide all of Maui’s 

electricity and transportation fuels, perhaps excluding international air and sea travel. 

While renewable energy utilization will require the use of imported equipment, Maui 

would be relatively self-sufficient after installation. Maui would also focus on agriculture 

to provide local fuels, food, and perhaps fiber in a self-sufficiency focused scenario. 

Some biofuels might be produced, but not at the scale assumed in the biofuels scenario 

where Maui produces additional ethanol for use on other islands. Imported fertilizers and 

other agricultural chemicals would also be phased out to the extent possible, which would 

encourage additional use of local compost. Characteristics of the self-sufficiency scenario 

are presented in Table 90. 
 



 424 

 

Table 90 Focus on Self-Sufficiency 

Self-Sufficiency 

Economic Drivers knowledge-based industry 
agriculture 

Energy Sources renewables (electricity and transportation) 
Import Reliance minimal 

Wastewater Disposal Method water reuse 
noninjection disposal 

Solid Waste Disposal Method maximal composting 
waste-to-energy 

Water Resource Protection species-protective streamflow standards 
increased coastal, wetlands, and watershed protection 

 

Some of the major questions associated with a self-sufficiency scenario concern 

standards of living and population. Maui probably could not support its current 

population and current luxury visitor industry with current levels of dietary diversity 

without some imports. Grains and meat products in particular are expensive to grow on 

Maui. Also, the wide range of consumer products currently available on the island would 

likely not be possible without imports. While Maui could likely support its current 

population at subsistence levels or higher, relying on traditional staples like sweet 

potatoes and kalo rather than western grains like corn and wheat, a modern consumer 

society is unlikely to be entirely self-sufficient. For this scenario, different levels of self-

sufficiency in different realms will be explored for sensitivity. For example, Maui could 

likely easily be self-sufficient in energy and produce at some level of investment, but 

producing grains and fiber is far less likely.  
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MODELING APPROACH  

This work relies on an Excel-based model. Though dynamic modeling software 

tools like STELLA were carefully considered for use, the advantages of such stock and 

flow modeling tools are largely in their ability to handle data with high temporal 

resolution. For applications where instantaneous conditions are important, such as 

assessing flood risk from combination high tide, stormy, and rising sea level conditions, 

high temporal resolution can be very valuable. Here, the primary objective of modeling is 

to assess whether freshwater supply on Maui will be adequate under various possible 

conditions over the next four to five decades. While a highly accurate model of Maui’s 

daily water, energy, and waste flows could be informative, it is neither necessary or 

feasible for this project. Data on water demands are often presented as daily average 

consumption, but those averages can be based on years of data and do not reflect any real 

temporal resolution. Daily streamflow records exist for many of Maui’s ditches and 

streams, but these records are often decades old. Also, streamflow is correlated with 

precipitation and other climate conditions for which future values are not easily defined. 

A model with high resolution might imply higher certainty than actually exists. The 

predictions made for this research have monthly resolution. Whatever the resolution of 

the data available, accuracy and completeness are often questionable. Many data are 

unavailable, either because they do not exist or they are proprietary; other data sources 

are clearly incorrect or reported only at the state or county level, which does not reflect 

conditions on Maui. Additionally, many of the system interactions of interest are difficult 

to model in a stock-and-flow setting that does not allow circular relationships. Modeling 

the effect of using bioenergy crop-derived electricity to pump groundwater to irrigate 

bioenergy crops, for example, is not directly allowed in STELLA. 
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Chapter 7. Trends and Discussion 

STUDY GOALS 

This research was undertaken with the goal of flexibly examining relationships 

among energy, water, and waste infrastructures on Maui Island while considering 

environmental impacts on air, land, water, human, and nonhuman communities. 

Specifically, this research was intended to create a Maui-specific model of water supply 

and demand that is flexible enough to allow for diverse scenario analysis and extension to 

other communities, particularly other Hawaiian communities. In keeping with these 

goals, water demand, energy needs, and waste generation figures were analyzed as rates 

wherever possible.  

One research outcome that was slightly unexpected was the high degree of 

specificity required for accurate analysis of water supply and demand. While the basic 

structure of the model is similar for any community, Maui’s water supply and demand are 

not easily described with average values for wastewater generation rates, water demand, 

and energy intensity. Future work will further refine the regional figures used here. Water 

supply is by nature highly location-specific, and the work done here to evaluate the status 

and characteristics of Maui’s water supply would need to be repeated for other islands or 

locations. 
 

MAUI’S WATER: SUMMARY OF FINDINGS 

Maui’s water demand currently falls into two major categories: potable water 

demand and irrigation water demand. Potable water requires significant energy 

investments for pretreatment, and some potable water becomes sewage and must be 

treated after use in wastewater treatment plants. Irrigation water demands are much 
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higher, but water used for irrigation is less energy intensive per unit than potable water 

because it requires neither pre- nor post-use treatment in most cases. Water users on Maui 

Island currently consume 40 to 50 million gallons of potable water and about 250 million 

gallons of irrigation water each day. 

While Maui has large water resources, these water resources are not always 

colocated with demand. Growing domestic water demands in the Central and West Maui 

regions are likely to stress groundwater supplies from local aquifers. Simultaneously, 

declining precipitation and increased environmental regulation reduce the amount of 

surface water available for agricultural users. Reallocation of surface water from 

agriculture to domestic users could reduce supply constraints for domestic users, but at 

the expense of agricultural irrigators. Also, surface water supply depends heavily on 

conveyance infrastructure that is managed and maintained by agricultural users. 

Domestic users currently rely on conveyance infrastructure in some cases, and decline of 

agricultural irrigation could also lead to the decline of surface water supply altogether 

because of the costs associated with system maintenance. Thus, while the supply of 

surface water to agricultural users is large and arguably useful for domestic purposes, 

conveyance infrastructure is perhaps a greater limitation than physical water supply, and 

conveyance infrastructure is dependent on continued agricultural activity. 

Maui’s water system is unusually energy intensive, using about a quarter of Maui 

Island’s electricity each year. Conversely, Maui’s import-reliant energy system has 

unusually low water intensity. If Maui Island pursues bioenergy, the local water intensity 

of energy systems could increase. However, Maui’s bioenergy crop is likely to be 

sugarcane and is likely to replace the irrigated sugarcane currently used for export. Thus, 

total local water investment in sugarcane might not change. Since the water will be 

associated with local energy instead of an exported food product, the water intensity of 
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Maui’s energy will be higher. Effectively, Maui would transition from a water-intensive 

export to a water-intensive local fuel. 

Water use on Maui produces diverse waste streams, some of which are potentially 

useful. The most contentious negative byproduct of water use on Maui is the dry streams 

and habitat declines associated with long-term surface water diversion for irrigation. 

However, such diversion also contributes groundwater recharge in Maui’s Central plain 

that allows for groundwater use well above the sustainable yield of the aquifers in their 

natural states. Ongoing water contamination by agricultural chemicals is limited, in part 

because of the sugar industry’s longstanding practice of using no chemical pesticides, but 

historic pesticide use for pineapple plantations in particular has and will likely continue 

to affect groundwater wells as contamination plumes reach drinking water aquifers. 

Overpumping groundwater could lead to damaging saline intrusion in some cases. Some 

concern about emerging contaminants in reclaimed water and their potential impacts on 

land and underlying water systems has been expressed. Desalination is not currently used 

for water supply on Maui, but future desalination would produce briny wastewater 

streams that would require disposal. 

Maui can extract energy from several of its current and potential waste streams, 

though doing so will likely require significant capital outlay. Municipal solid waste can 

be converted to energy, as can landfill gas. Anaerobic digestion of biosolids could 

produce another waste-based energy stream, and if ethanol production begins at a large 

scale, vinasse could be digested into biogas as well. 
 

MAUI’S FUTURE: SOURCES OF SENSITIVITY 

Maui Island’s future water, energy, and waste infrastructures – and their impacts 

on land, air, water, and communities – will be influenced by the island’s choices and 
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development pathway. There are several points of sensitivity beyond Maui’s direct 

control that could have serious implications for the island’s energy and water 

development in particular, including water availability, oil prices, and the state of Maui’s 

economy. 

Water availability is currently sufficient to meet Maui’s water demands, for the 

most part: though the Iao Aquifer region has been designated for groundwater 

management, Upcountry residents often face water shortages, and Maui’s sugarcane 

plantation’s water demand exceeds available supply, most of the current limitations are 

related to energy supply rather than physical water availability. However, the physical 

water supply could join energy as a limiting factor on meeting water demands on Maui in 

the future. Natural limitations are out of Maui’s control and could result from declining 

precipitation and effects of climate change, like increased evapotranspiration or sea-level 

rise interference with groundwater aquifers. The downward trend in precipitation is a 

potential concern for Maui, particularly because the reason is not well understood. Maui’s 

limited capacity to store large volumes of water also leaves the island vulnerable to 

dramatic increases in precipitation variability, a potential consequence of climate change. 

Regulatory limitations on the physical availability of Maui’s water are also possible, but 

they are more easily controlled by Maui and the State of Hawaii. Streamflow restoration 

in particular could reduce the amount of surface water available for human use on Maui.  

Energy costs already pose a limitation on Maui’s water supply, and because Maui 

is heavily reliant on oil for electricity, oil prices influence Maui’s energy and water 

infrastructures directly. One problem is that the incentive to convert infrastructures is 

highest when energy prices are extremely high, but high prices are often related to low 

capital availability. Converting Maui’s energy system from an oil-based to a renewables-

based system will require large initial investments. Maui appears highly motivated and 



 430 

on-track to convert its infrastructure over the next decades, but if oil prices are extremely 

high, the island might not have the resources to convert. Alternatively, if oil prices fall 

dramatically, more capital might be available for new renewable energy investments, but 

political will might be much lower. 

Just as high oil prices could hinder Maui’s ability to invest in alternative energy, a 

weak economy could be a major barrier to some of Maui’s goals. Renewable energy 

projects are capital intensive. Projects like waste-to-energy facilities, wind and solar 

farms, and biofuels processing plants in which Maui has expressed interest might be 

difficult to implement in a weak economy. Similarly, environmental protection goals like 

County purchases of watershed lands, stricter wastewater treatment standards, and 

increased water reuse can be expensive. Restoring water to streams in a way that could 

cost agricultural jobs could be more challenging in bad economic conditions. Hawaii 

currently faces a deficit, and because of the state’s large reliance on tourism, global 

economic downturns strongly affect the state. 
 

MAUI’S WATER: TRENDS 

Land and water limit simultaneous pursuit of biofuels, diversified 

agriculture, and urban development goals. Maui’s various development goals compete 

for limited land and water resources. In particular, large-scale agriculture for biofuels is 

unlikely to proceed unless Maui’s current sugarcane plantation ceases production or 

transitions into bioenergy production. The water used for irrigating sugarcane, whether 

for biofuels or for sugar, is also desired for environmental flows, cultural practices, 

alternative agricultural practices, and domestic uses. Maui is a relatively small island, and 

land and water are both major limiting factors for goals like biofuels production, major 

expansion of diversified agriculture, and centrally-located urban development. 
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Additionally, some land uses are directly related to water supply. For example, if 

sugarcane cultivation ceases in the Central Maui region and without its irrigation systems 

being taken over by another large-scale water user or purveyor, Maui’s major surface 

water conveyance system (East Maui Irrigation) is likely to rapidly degrade. Cessation of 

irrigation could also lead to declines in groundwater availability as irrigation-based 

recharge stops. 

The location of water demand and supply matters. Maui has large water 

resources that are essentially unusable because of their distance from water demand, and 

Maui has some water demands that are difficult to meet because of their distance from 

viable supply. Groundwater availability limits supply availability in Central Maui, which 

will likely become more surface water-dependent in the future. Upcountry Maui residents 

and farmers have an energy-limited water supply, largely because of their high elevation. 

Pumping costs are prohibitively high to supply additional water in many cases. Maui’s 

urban development patterns will influence the status of its water infrastructure in the 

future. More development Upcountry will likely intensify problems of high energy inputs 

to the water system, while more development in Central Maui could stress groundwater 

resources that already face overpumping challenges.  

Maui both imports and exports embodied water, which affects its 

infrastructures. Maui’s energy and food systems are unusually low in local water 

intensity because most of the fuel and food used on-island is imported. Thus, the water 

used for fuel extraction and processing or for crop irrigation is a demand for water that 

Maui does not have to supply. However, Maui also exports large amounts of embodied 

water in the form of sugar, and if those embodied water exports were to stop, the island 

would have large water resources available for local fuel and food production. Maui’s 

agricultural choices will affect its water balance in the future, and expectations of future 
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water shortages could affect the scope of its plans. For example, Maui would likely 

benefit by not exporting large volumes of embodied water if on-island shortages were 

anticipated, so the island might choose to focus on growing bioenergy crops for local fuel 

consumption only rather than attempting to supply all of Hawaii.  

Energy and infrastructural costs have large impacts on Maui’s water supply. 

Water on Maui is highly energy intensive, and its energy intensity could grow as new 

water sources are sought and higher treatment standards are implemented. If energy costs 

increase, water supply will likely fall; conversely, if energy costs decrease, water supply 

could rise as energy expenditures become less of a limiting factor. Additionally, the 

infrastructure required to implement projects like increasing water storage Upcountry or 

separating Upcountry water supply into potable and irrigation systems can be expensive. 

County budget constraints have led to large numbers of layoffs and furloughs, and so 

expensive water projects might not be feasible in the near to medium term. 

Governance is a major lever for Maui’s energy, water, waste, and 

environmental goals. While state-level laws and long-term policy directions like 

renewable portfolio standards are likely to remain in force on Maui, local government 

recommendations and non-legally binding goals can change dramatically between 

administrations. While Maui’s recent Mayor Tavares expressed ambitious goals to 

eliminate wastewater injection and make Maui carbon neutral by 2020, these goals were 

not legislative and so might not be fulfilled in the future. Also, individuals can have a 

large impact on Maui’s relatively small systems: Maui’s Wastewater Recycling Program 

Coordinator is viewed as being largely personally responsible for the success of Maui’s 

wastewater reuse program. As local government attitudes and goals change, so too can 

the direction of Maui’s infrastructural projects. 
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Appendix 1: Water and Energy 

APPENDIX ENERGY.1: GROUNDWATER PUMPING CAPACITY AND ENERGY 
REQUIREMENTS, HC&S 
 
HC&S Brackish Groundwater Irrigation Wells. Source: CWRM 2010, Exhibit 3. p 81. 

State Well 
Number Well Pump 

Capacity 
(MGD) 

Power 
Use 

(kW) 

Energy 
Needed 

(kWh/mg) 
Cost 

($/mg) Aquifer 
energy need 

per day (kWh) 
4727-01 1 

 
4.32 200 1111 138.89 Kamaole 4800 

5323-01 2 a 9.77 300 740 92.12 Paia 7230 

  
b 8.65 300 830 104.05 Paia 7180 

  
c1 16.8 250 360 44.64 

 
6048 

4825-01 3 a 9.34 700 1800 224.84 Kamaole 16812 

  
b 9.23 700 1820 227.52 Kamaole 16799 

  
c 8 100 300 37.5 

 
2400 

5424-01 4 
 

8.88 550 1490 185.81 Paia 13231 

5226-01 5   9 450 1200 150 

Kahului 
NOT IN 
USE   

5226-02 6 a 9.2 350 910 114.13 Kahului 8372 
5226-02 

 
b 15 450 720 90 Kahului 10800 

  
c 8.93 250 670 83.99 

 
5983 

5128-02 7 a 18.85 450 570 71.62 Kahului 10745 

  
b 17.24 400 560 69.61 Kahului 9654 

  
c 13.88 150 260 32.42 

 
3609 

5227-04 8 a 4.61 150 780 97.61 Kahului 3596 

  
b 4.57 150 790 98.47 Kahului 3610 

  
d 4.39 150 820 102.51 Kahului 3600 

5224-01 9 a 12.66 600 1140 142.18 Kahului 14432 

  
c 12.33 600 1170 145.99 

 
14426 

  
cx 7.26 250 830 103.31 

 
6026 

5520-01 11 a 3.39 150 1060 132.74 Paia 3593 

  
b 3.39 150 1060 132.74 Paia 3593 

5522-01 12 a 7.08 450 1530 190.68 Paia 10832 
5422-01 13 a 5 225 1080 135 Paia 5400 

  
b 5 225 1080 135 Paia 5400 

5423-02 16 a 12.07 550 1090 136.7 Paia 13156 

  
d 8.57 450 1260 157.53 Paia 10798 

  
c 10.12 450 1070 133.4 

 
10828 
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5422-02 17 
 

9.18 600 1570 196.08 Paia 14413 

  
cx 3 170 1360 170 

 
4080 

5321-01 18 a 13.01 1000 1840 230.59 Paia 23938 

  
b 13.48 1300 2310 289.32 Paia 31139 

5227-05 19 a 5.47 150 660 82.27 Kahului 3610 

  
b 5.38 150 670 83.64 Kahului 3605 

  
c1 4 100 600 75 

 
2400 

  
c2 4 100 600 75 

 
2400 

  
c3 5 200 960 120 

 
4800 

  
c4 5 200 980 120 

 
4900 

MG = million gallons. 
 
Pump types: C pumps are for distribution only. A, B, and D pumps are for primary 
pumping. Implicit energy cost = $125/MWh. 
 
Total Pumping Capacity, HC&S 
supply capacity = sum of a, b, d pump capacity 227.73 mgd 
additional distribution capacity = sum of c pump capacity 98.32 mgd 
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APPENDIX ENERGY.2: CASE STUDY 

Potential Energy Savings from Using Low Quality Irrigation Water for Sugarcane 
 

Introduction 

This case study on the nexus between water and energy addresses sugarcane 

cultivation on Maui Island, Hawaii. Maui’s last sugarcane plantation, Hawaiian 

Commercial and Sugar (HC&S), currently processes its cane into sugar and exports the 

sugar as a food product. However, HC&S might begin to produce ethanol from its 

sugarcane to supply local renewable energy. This case study addresses the water that 

could potentially be used to produce bioenergy by irrigating sugarcane983. In addition to 

considering the water needs of bioenergy production, this Maui-based case study 

considers the water/energy nexus from the other direction by assessing the energy 

embedded in water supply. 

One reason for evaluating whether lower quality waters than those currently used 

for sugarcane irrigation on Maui might be cost effective, reduce energy needs, or create 

environmental benefits is that sugarcane can tolerate low quality waters, though sugar 

yields tend to decline when saltier irrigation water is used (Hawaiian Commercial & 

Sugar Company 2011). The groundwater currently used for irrigation is brackish, or salty 

(Hawaiian Commercial & Sugar Company 2011), though the salt content is fairly low for 

brackish water. While sugar yields can be quite low when sugarcane is irrigated with 

brackish water, total plant biomass might not be dramatically reduced. Thus, irrigation 

                                                
983 The assessment actually also applies under current conditions, where no biofuels are produced, as any 
sugar-based bioenergy production would likely take place on the same land and with similar irrigation 
water demand as current sugar production. 
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water quality might be less important for a biofuel plantation using leafy and other 

biomass to produce cellulosic ethanol.  

This case study addresses issues related to the water embodied in energy systems, 

as irrigated sugarcane might be used to produce biofuels on Maui. It also addresses the 

energy embodied in water systems, as one of the main drivers of water cost on Maui is 

the large amount of energy needed to pump and treat the water. Unlike the previous case 

study, which found that using low quality water for energy production could be cost 

effective, this case study concludes that using low quality water for energy (or sugar) 

production is probably not feasible, and even if it were, it would be more expensive and 

more energy intensive than using high quality surface water.  
 

Methods 

An economic analysis considering five potential irrigation water alternatives was 

performed for Maui’s sugarcane plantation. This plantation currently grows sugar as an 

exported food product but could become a bioenergy plantation (growing sugar for 

ethanol) or a part sugar – part ethanol plantation without changing the total land area and 

irrigation need at the plantation, so the analysis is the same whether the plantation grows 

sugar for food or sugar for fuel. The goal of this economic analysis is to determine 

whether HC&S or a successor sugarcane plantation could replace enough of its surface 

water use with alternative, lower-quality water sources to supply domestic water needs in 

Central Maui and restore habitat-protective environmental streamflows in streams 

diverted for the East Maui and West Maui Irrigation systems. The motivation for 

supplying domestic water needs in Central Maui with surface water is twofold. First, 

projections indicate that existing groundwater supplies are insufficient to meet future 

demand. Second, groundwater is a more energy-intensive source of water on Maui than 
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surface water, and so using surface water in place of groundwater could theoretically 

reduce energy costs and demands on Maui. 

Projected domestic water demand in the Central Maui region is expected to 

exceed groundwater supply availability by about 10 million gallons of water per day by 

2030 (Wilson Okamoto & Associates 2003), with probable increases in this deficit 

thereafter. The scenarios considered here assume that 10 million gallons of water per day 

are reallocated from the sugarcane plantation to Central Maui municipal users. More 

water could also be reallocated from irrigation to domestic water supply for Upcountry 

Maui domestic users, who already rely on surface water from irrigation ditches and could 

experience growing demands, but this is not considered in this Central Maui-focused case 

study. Evaluating the energy impact of reallocating irrigation water for domestic supply 

requires comparison of the energy embedded in alternative supplies for both irrigators 

and domestic users. If alternative irrigation water is more energy intensive than 

alternative domestic water, there is no energy benefit to reallocation. 

The second reason for considering alternative irrigation supplies at Maui’s 

sugarcane plantation is the declaration of instream flow standards in streams from which 

HC&S draws irrigation water. If water must remain in streams for environmental and 

cultural protection reasons, that water is not available for irrigation. Environmental flow 

restoration that has already been ordered imposes a need to replace 18.5 million gallons 

of water per day from East Maui streams and 12.5 million gallons of water per day from 

West Maui streams with other irrigation sources (Grubert, Freshwater on the Island of 

Maui: System Interactions, Supply, and Demand 2011). Additional environmental flow 

requirements based on a habitat-protective standard enumerated by the Department of 

Aquatic Resources could be about 41.4 million gallons per day in 28 additional East 

Maui streams (Grubert, Freshwater on the Island of Maui: System Interactions, Supply, 
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and Demand 2011), and there is some support for a 34.5 million gallon per day 

restoration instead of a 12.5 million gallon per day restoration in West Maui streams 

(Grubert, Freshwater on the Island of Maui: System Interactions, Supply, and Demand 

2011). 

Maui Island has four major sources of potential water supply: surface water, 

groundwater, reclaimed water, and desalinated water. Desalinated water is not considered 

a potential source of irrigation water due to its high costs (Freedman, Maui County Water 

Use and Development Plan, Central District Final Candidate Strategies Report 2009), but 

the briny concentrate of desalinated water might be usable for irrigation, as desalination 

plants on Maui would likely use very high quality feedwater (Matasci and Mickley 2008). 

In some cases, the brine quality might be high enough that blending with surface water 

could enable land application. Reclaimed water, desalinated water, and desalination brine 

sources are all likely to be low volume compared with HC&S’ diversions and pumping of 

over 300 million gallons of irrigation water per day, so they are considered 

supplementary to groundwater. 

Conveyance system losses and reservoir losses at HC&S amount to about 20 

percent of the surface water that is diverted (Grubert, Freshwater on the Island of Maui: 

System Interactions, Supply, and Demand 2011), but this water is not lost if it is not 

diverted. Water transported through the irrigation systems for domestic supply is subject 

to transmission losses of 10 to 15 percent in the irrigation ditches and in the DWS pipe 

systems but not to the five to 15 percent reservoir losses. This assessment assumes that 

each unit of water that reallocated to domestic users is replaced at a rate of 0.95 units of 

local groundwater or one unit of reclaimed, desalinated, or desalination brine water, 
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which would likely be transported in systems similar to the DWS lines984. Displacing one 

unit of surface water that is left in streams for environmental flow restoration requires an 

assumed 0.8 units of local groundwater or 0.9 units of reclaimed water or desalination 

brine (transported with 15 percent system losses) 985, as the water that remains in streams 

is not subject to any system losses.  

This case study considers four alternative futures for water supply that assume 

various conditions for water supply availability. The three scenarios that deviate from 

historical conditions all assume that surface water is reallocated from irrigators to Central 

Maui domestic uses to meet future demand of 10 million gallons per day. The four 

alternatives considered in this case study are as follows: 
 
Alternative A: Historical Conditions 

• 167 million gallons of surface water per day, East Maui Irrigation (Hamilton, No 
party in water decision satisfied 2010) 

• 70 million gallons of surface water per day, West Maui Irrigation (Hamilton, No 
party in water decision satisfied 2010) 

• 73.4 million gallons of groundwater per day, Kahului, Paia, Kamaole Aquifers 
(Commission on Water Resource Management 2010) 

 
Alternative B: Surface Water for Future Central Maui Needs and High Environmental 
Flow Restoration Conditions; Groundwater Replaces Surface Water  

• 60 million gallons of surface water per day are restored to East Maui streams and 
replaced with 48 million gallons of groundwater per day 

• 34.5 million gallons of surface water per day are restored to the Na Wai Eha 
(West Maui) streams and replaced with 28 million gallons of groundwater per day 

• 10 million gallons of surface water per day are allocated for domestic use in 
Central Maui and replaced with 9.5 million gallons of groundwater per day 

                                                
984 Pipelines for reclaimed, desalinated, or desalination brine water might be newer and less leaky than 
older water supply pipes, but water system losses below 10 percent are rare and the potential supply from 
these sources is small, so this impact is not considered. Also, while these water sources might be stored in 
HC&S reservoirs for brief periods, these reservoirs would likely be lined reservoirs subject to much less 
seepage loss than the larger surface water reservoirs (Wastewater Reclamation Division and Water 
Resource Planning Division 2010). 
985 One unit of diverted surface water provides 0.8 units of irrigation water. Providing 0.8 units of 
irrigation water from a system with 15 percent losses requires 0.92 units of supply. 
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• NET IMPACT: Increase of 85 million gallons per day of groundwater demand 
from Kahului, Paia, Kamaole Aquifers 

 
Alternative C: Surface Water for Future Central Maui Needs and High Environmental 
Flow Restoration Conditions; Reclaimed Water and Desalination Brine Used to Replace 
Surface Water as Available, Groundwater Fills Gap 

• 60 million gallons of surface water per day are restored to East Maui streams 
• 34.5 million gallons of surface water per day are restored to the Na Wai Eha 

(West Maui) streams 
o These 94.5 million gallons of surface water per day are replaced with 1.8 

million gallons of reclaimed water, 1.25 million gallons of desalination 
brine, and 73 million gallons of groundwater per day 

• 10 million gallons of surface water per day are allocated for domestic use in 
Central Maui and replaced with 9.5 million gallons of groundwater per day 

• NET IMPACTS 
o Use of 1.8 million gallons per day of R1 (highest nonpotable quality) 

reclaimed water (Wastewater Reclamation Division and Water Resource 
Planning Division 2010) 

o Use of 1.25 million gallons per day of desalination brine (4,500-6,800 
mg/L total dissolved solids) (Matasci and Mickley 2008) 

o Increase of 82.4 million gallons per day of demand for groundwater from 
Kahului, Paia, Kamaole Aquifers 

 
Alternative D: Surface Water for Future Central Maui Needs and Existing Environmental 
Flow Restorations Only; Most Cost-Effective Water Source Replaces Surface Water 

• 18.5 million gallons of surface water per day are restored to East Maui streams 
• 12.5 million gallons of surface water per day are restored to Na Wai Eha (West 

Maui) streams 
• 10 million gallons surface water per day are allocated for domestic use in Central 

Maui  
• NET IMPACTS 

o Maximum use of 1.8 million gallons of R1 reclaimed water and 1.25 
million gallons of desalination brine (4,500-6,800 mg/L TDS) per day 

o Maximum increase of 24.8 million gallons per day of demand for 
groundwater from Kahului, Paia, Kamaole Aquifers 

 

This case study assumes that sugarcane cultivation will take place on 37,000 acres 

in Central Maui that coincide with existing cultivation (Hawaiian Commercial & Sugar 

Company 2011) or not at all, whether for biofuels or for sugar. Here, the plantation is 
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assumed to continue to operate and to demand about 7.5 to 9 acre-feet986 of water per 

acre of cultivated sugar cane per year (Grubert, Freshwater on the Island of Maui: System 

Interactions, Supply, and Demand 2011). It is feasible that HC&S could reduce its 

operation size in response to lower water availability in the future, but this scenario is not 

assessed for this case study. The total demand for delivered irrigation water at HC&S is 

thus about 250 to 300 million gallons of water per day in all scenarios, with an additional 

2 to 8 million gallon per day demand for power generation and milling depending on the 

season. Alternative A, the scenario that continues historical levels of water supply, 

delivers about 260 million gallons of water to HC&S when system losses are considered. 

HC&S considers itself undersupplied with respect to total demand, so assumptions made 

here seem to be consistent with reality (Commission on Water Resource Management 

2010).  

The magnitude of the sugarcane plantation’s water demand raises the question of 

whether alternative water supplies are sufficient to replace high quality surface water as it 

is reallocated. Maui’s sugarcane plantation is by far the largest water user on the island. 

HC&S uses five to seven times as much water as all the private and public domestic 

water systems on the island combined (de Naie and McMahon, Maui's Water Resources: 

A General Overview 2005), and the great majority of this is surface water. The amount of 

reclaimed water that Maui County considers feasible to supply to HC&S is about 1.8 

million gallons per day (Wastewater Reclamation Division and Water Resource Planning 

Division 2010), which is less than one percent of the plantation’s demand. Even 

assuming that the Wailuku-Kahului Wastewater Reclamation Facility (the plant that 

would be able to provide reclaimed water to HC&S) were run at full capacity and that all 

                                                
986 1 acre foot = 325,851 gallons 
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the effluent were directed to HC&S, no more than 3 percent of the plantation’s irrigation 

demand could be met by this reclaimed water. Desalination brine is even more limited 

both in quantity and desirability. No desalination plant exists on Maui at this time, but the 

desalination plant proposed by the County of Maui would only produce 1.25 million 

gallons of concentrate per day (Matasci and Mickley 2008). While the water could be 

blended with higher quality surface water to bring its salinity to acceptable levels, the 

salinity is high enough, the volume is low enough, and the infrastructure requirements are 

significant enough so as to make its use for irrigation extremely unlikely, especially given 

that lower cost alternatives to brackish water desalination exist for Central Maui water 

supply (Freedman, Maui County Water Use and Development Plan, Central District Final 

Candidate Strategies Report 2009).  

Groundwater, too, is limited in the region: notably, much of the brackish 

groundwater currently being withdrawn for irrigation at HC&S is closely related to 

artificial recharge from the surface water used for irrigation. While HC&S has been 

pumping water from the Central Maui aquifers for decades without significant water 

quality degradation (Commission on Water Resource Management 2010), it has also been 

augmenting the region’s recharge with clean surface water for over a century (Hamilton, 

No party in water decision satisfied 2010). Other regions of Maui where plantation 

agriculture has ceased have experienced significant declines in groundwater recharge as 

irrigation stops (Engott and Vana 2007). Recharge in Central and West Maui’s aquifers 

declined by about 44 percent between 1979 and 2004 because of increased irrigation 

efficiency and decreased total irrigation, and a cessation of irrigation is expected to 

reduce mean recharge by an additional 18 percent (Engott and Vana 2007). The decline 

might be even higher in the particular aquifers from which HC&S pumps, as HC&S is 

the only major irrigator still active across Central and West Maui: the 18 percent figure is 
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an average across the whole region. Thus, as surface water irrigation decreases, so too 

does the availability of acceptably fresh groundwater. Currently, salinity in the brackish 

groundwater used for irrigation at HC&S approaches unacceptably high levels during dry 

periods (Commission on Water Resource Management 2010), which suggests that there 

is limited capacity for the aquifers to sustain increased pumping without severe 

degradation. This salinization problem would be exacerbated if less fresh surface water 

were available as supplemental recharge. 

Despite the expectation that alternative water sources are insufficient to replace 

large amounts of surface water, this analysis aims to assess whether using lower quality 

water sources than surface water from irrigation ditches would be less energy intensive, 

less costly, or otherwise more favorable than continuing to use high quality surface water. 

Costs associated with the various potential irrigation water sources are now considered. 

Energy costs will be used for economic analysis, while other significant but costs like 

reductions in sugar yield and new infrastructure requirements are not carefully 

considered. This is because surface water is clearly less expensive than any of the 

alternative water sources available to HC&S on an energy basis alone. This analysis is 

interested both in potential cost savings and potential energy-related or environmental 

benefits of using lower quality water for sugar or fuel production, so the focus of the cost 

analysis is energy. 

Maui’s water supply is highly energy intensive, with average values for the 

electricity needed per unit of water delivered presented in Table 91, which assumes that 

the energy intensity associated with pumping untreated desalination brine is the same as 

the energy intensity associated with pumping reclaimed water (Grubert, Freshwater on 

the Island of Maui: System Interactions, Supply, and Demand 2011). 
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Table 91 Estimated Energy Intensity of Water Supply on Maui 

 

estimated energy intensity of water supply 
(kWh/MG) 

DWS groundwater 3,500 
DWS surface water 1,400 
HC&S groundwater 1,800 
HC&S surface water  700 
Reclaimed Water 1,300 
Desalination Brine (distribution 
only) 1,000 

Maui’s water system is highly energy intensive (Grubert, Freshwater on the Island of Maui: System Interactions, Supply, 
and Demand 2011), and most of the island’s electricity is generated from oil. 

 

The energy used to pump and treat water on Maui is electricity, and Maui’s 

electricity is primarily oil-fired (Department of Business, Economic Development and 

Tourism 2011). Oil-fired electricity is highly unusual in the United States, and Maui’s 

electricity prices are among the highest in the nation (Hawaii Energy 2009). HC&S is a 

net electricity generator because of its bagasse-fired power plant and run-of-ditch 

hydropower generating stations, and so its electricity costs are taken as the opportunity 

cost of selling power to the local utility, or the wholesale price of energy. These costs are 

estimated at $0.125 per kilowatt hour (Commission on Water Resource Management 

2010). While HC&S faces internal costs for surface and groundwater because of energy 

demand, reclaimed water and desalination brine are technically waste products. Maui 

benefits from attracting users for its reclaimed water, so reclaimed water is subsidized by 

the County. Desalination does not yet exist on Maui, but because the brine represents a 

disposal challenge, desalination brine is assumed to be available for free. Estimated costs 

per thousand gallons of water are presented in 
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Table 92. 
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Table 92 Costs of Irrigation Water Supply Alternatives 

water source estimated cost per thousand gallons 
HC&S groundwater $0.23 
HC&S surface water  $0.09 
Reclaimed Water $0.15 
Desalination Brine (distribution 
only) $0.00 

Groundwater and surface water costs are estimated based on energy intensity and an assumed cost of 
$125/MWh (Commission on Water Resource Management 2010). Reclaimed water costs are those for large 
agricultural users (Wastewater Reclamation Division and Water Resource Planning Division 2010). 

 

Using alternative sources of irrigation water are also associated with nonenergy 

costs, some of which would accrue to HC&S and others of which would accrue to the 

County. These nonenergy costs are categorized as yield reduction costs, infrastructure 

costs, and opportunity costs of lost power sales. Yield reduction costs are incurred 

because sugar yields decline when poor quality irrigation water is used. These costs are 

difficult to quantify without more information regarding sugar yield and biomass yield 

response under high salinity conditions and are not further addressed here, though they 

are assumed to be large. Yield costs would be borne by HC&S. Infrastructure costs that 

would enable the use of alternative supply are largest for the reclaimed water and 

desalination brine sources, as new dedicated conveyance systems would need to be built. 

Reclaimed water may not be mixed with other water sources because of health risks, and 

the high salinity of desalination brine would contaminate higher quality sources. 

Desalination brine conveyance systems are assumed to have costs similar in magnitude to 

reclaimed water conveyance systems. The infrastructural costs associated with these 

conveyance systems would be borne by Maui County or a private desalination plant 

developer, not HC&S, and are presented in 
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Table 93. 
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Table 93 Infrastructure for Alternative Irrigation Water Supplies on Maui 

water source 

capacity (mgd) cost to install capacity 
(million dollars) 

infrastructure cost per 
million gallons/day 

capacity ($) 
HC&S groundwater 154.3   0 0 
HC&S surface water  -- -- -- 
Reclaimed Water 1.8 16.4 9.1 
Desalination Brine 
(distribution only) 

1.3 11.4 8.8 

HC&S has excess groundwater pumping capacity that it does not use because of electricity constraints 
(Commission on Water Resource Management 2010). Reclaimed water infrastructure costs include upgrades to 
Wailuku-Kahului Water Reclamation Facility (Wastewater Reclamation Division and Water Resource Planning 
Division 2010). Desalination brine distribution system costs are assumed to be similar to those for reclaimed 
water, as a dedicated line would likely be required. 

 

A third category of costs, lost power sales from HC&S to Maui’s electric utility, 

would be borne by both HC&S and the County. HC&S generates renewable electricity 

from small hydropower plants in its irrigation ditches and from burning sugarcane residue 

called bagasse in a steam power plant. HC&S uses about half the electricity it generates 

and sells the rest to Maui Electric Company (MECO) under a firm contract to supply 16 

megawatts of capacity. If HC&S had to stop selling as much electricity to MECO 

because of increased groundwater pumping needs at its plantation, MECO would need to 

replace that capacity. Maui and the State of Hawaii more generally have goal of 

dramatically reducing dependence on oil for electricity. If the bagasse-fired HC&S power 

were no longer available to the utility, MECO would likely need to find alternative 

renewable capacity in order to meet renewable portfolio standard requirements. New 

electricity generating capacity, particularly new renewable electricity generating capacity, 

is often expensive. In addition, reductions in ditch flows could reduce or eliminate 

HC&S’ ability to generate hydroelectric power in those ditches, depending on the amount 

of flow reduction. 
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If surface water became available to Central Maui as the next municipal supply, 

the Maui Department of Water Supply would need to invest in new treatment plants. 

Even though groundwater is more energy intensive than surface water on Maui, 

groundwater is the preferred source of potable water because treatment costs are lower 

for groundwater than surface water (Grubert, Freshwater on the Island of Maui: System 

Interactions, Supply, and Demand 2011). DWS would also face costs associated with 

other new sources of water needed to fill the demand gap. Several alternative sources of 

future water supply for Central Maui were assessed under low and high energy cost 

assumptions, and surface water treatment from the Na Wai Eha (West Maui) streams was 

determined to be the most cost effective in either case (Freedman, Maui County Water 

Use and Development Plan, Central District Final Candidate Strategies Report 2009). 

However, the report makes clear that the availability of this water is uncertain. More 

information about the scenarios considered and how costs were calculated can be found 

in the original document (Freedman, Maui County Water Use and Development Plan, 

Central District Final Candidate Strategies Report 2009). Projected levelized costs per 

thousand gallons of potable water in Central Maui (assuming a low energy price future) 

are presented in 
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Table 94. 
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Table 94 indicates that Maui County would benefit economically from access to surface 

water for future potable supply. Note that the high cost of brackish groundwater 

desalination implies that desalination brine will not become available as an alternative 

irrigation water source. 
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Table 94 Water Supply Alternatives for Central Maui 

Strategy Levelized Cost of Water per 1000 Gallons, 
Low Energy Cost Scenario 

Na Wai Eha Surface Water Treatment $3.600 
Northward Basal Groundwater Well 
Development 

$3.659 

Maximization of Water Conservation and 
Recycled Wastewater Use 

$3.675 

Desalination of Brackish Groundwater $3.767 
Eastward Basal Groundwater Well 
Development 

$3.807 

 These water supply alternatives assume a 25 year planning period in calculating levelized cost of water. Using 
surface water to supply future demand is considered most cost effective, but environmental and other concerns 
could preclude surface water availability (Freedman, Maui County Water Use and Development Plan, Central District 
Final Candidate Strategies Report 2009). 
 

Results 

The cost to HC&S of using alternative water supplies (versus the baseline 

Alternative A) based on water costs in 
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Table 92 are presented in Table 95 and do not include costs to non-HC&S entities or 

costs associated with reduced crop yields and lost power sales. Even without considering 

these large potential costs, there is no economic benefit to HC&S for using lower-quality 

water sources as alternatives to fresh surface water. 
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Table 95 Costs and Energy Impacts of Using Alternative Water Sources for Irrigation at 
HC&S 

Alternative Water Cost-Based 
Benefit to HC&S 
vs Alternative A, 

Million 
Dollars/Year 

as percent 
of HC&S 
profits, 
2007 

Energy 
Savings vs 

Alternative A, 
MWh/Year 

as percent of 
electricity used 
on Maui 2004-

2006  

A 0 0% 0 
 

0% 

B -4.3 21,500% -28.0 2.1% 
C -4.2 21,000% -23.5 1.8% 
D -1.7 8,500% -6.6 0.5% 
The increased costs of water alone, not including costs of yield reductions and other factors, could be many 
times HC&S’ 2007 profit of about $200,000 (Murakami and Kalama 2010). Even considering the energy benefits of 
using surface water instead of groundwater for domestic supply, the additional energy needed at HC&S would be 
between 0.5 and 2 percent of Maui Island’s 2004-2006 era electricity generation (Grubert, Freshwater on the 
Island of Maui: System Interactions, Supply, and Demand 2011). 
 

Alternative D uses the most cost-effective water supplies first. Though 

desalination brine is assumed to be free to HC&S, desalination is not the most cost 

effective future source of water for Maui (
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Table 94), so desalination brine is assumed to be unavailable. Reclaimed water is cheaper 

than groundwater, so it is assumed to replace environmental flow water because one unit 

of reclaimed water can substitute for 1.1 units of environmental flow water but only 1 

unit of domestic water supply because of loss issues. Groundwater makes up the 

difference. 

Using lower quality water sources than the fresh surface water HC&S currently 

uses for irrigation could cost HC&S millions of dollars per year in water costs alone, not 

considering the impacts of reduced sugarcane yields and the significant investment that 

Maui might need to make into treatment plants and reclaimed water conveyance systems. 
 

Conclusions 

Using lower quality water for irrigation than the fresh surface water that HC&S 

currently uses at its sugarcane plantation on Maui would not be cost effective under any 

of the scenarios considered here, nor would it save energy. Though reallocating surface 

water from irrigation to domestic uses would reduce energy costs associated with 

domestic water supply, these savings might be counterbalanced by increased treatment 

and infrastructure costs. Also, the increased energy costs associated with pumping 

groundwater at HC&S to replace water reallocated for environmental and domestic users 

outweigh the domestic users’ water savings in all cases, even without considering the fact 

that some electricity generated by flowing surface water might become unavailable. 

Despite the cost and energy disadvantages of using lower quality water for 

irrigation at HC&S, the company might not have a choice. Water is a public trust 

resource in Hawaii, and so HC&S does not own the water resources it uses. HC&S owns 

some of its irrigation infrastructure, but the plantation is only given water leases on a 

monthly basis. If water is returned to streams to protect ecology and cultural practices, 
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HC&S will not be able to continue using that surface water. Likewise, if the County of 

Maui somehow claims surface water for its domestic uses through leases or other 

mechanisms, that water will no longer be available to HC&S. However, given the 

plantation’s low profit margins and the apparently high cost of using alternative irrigation 

water sources, it might be more cost effective to stop sugarcane production – at least on 

parts of the plantation – than to use alternative sources of water.  

This discussion assumes that alternative water sources are available. However, as 

described earlier, it is not clear that sufficient water resources exist to replace as much 

surface water as environmental flow requirements and domestic users might require. The 

brackish groundwater resource in Central Maui is significantly supplemented by 

irrigation water seepage into those aquifers, and less groundwater would be available 

under reduced irrigation conditions, not more as required. Thus, water supply itself is a 

constraint to using alternative resources. Maui’s surface water supply is an inexpensive, 

high quality source that is difficult to replace at scales required by plantation agriculture. 

Future research might focus on the possibility of reducing the size of a Maui-

based sugarcane plantation growing sugar either for food export or for fuel and analyzing 

whether that could be a profitable decision. 
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APPENDIX ENERGY.3 ASSUMED CAPACITY FACTORS AT MAALAEA AND KAHULUI 
GENERATING STATIONS 

Table 96 Estimated Capacity Factors for Maui’s Oil-fired Power Plants 

plant fuel unit type 
service 

year 
capacity 
(MW) 

assumed 
CF 

assumed electricity 
produced (MWh) 

Maalaea diesel 
  

175.3 
  x-1 

 
diesel 1987 2.5 0.1 2190 

x-2 
 

diesel 1987 2.5 0.1 2190 
1 

 
diesel 1971 2.5 0.1 2190 

2 
 

diesel 1972 2.5 0.1 2190 
3 

 
diesel 1972 2.5 0.1 2190 

4 
 

diesel 1973 5.6 0.2 9811 
5 

 
diesel 1973 5.6 0.2 9811 

6 
 

diesel 1975 5.6 0.2 9811 
7 

 
diesel 1975 5.6 0.2 9811 

8 
 

diesel 1977 5.6 0.2 9811 
9 

 
diesel 1978 5.6 0.2 9811 

10 
 

diesel 1979 12.5 0.3 32850 
11 

 
diesel 1980 12.5 0.3 32850 

12 
 

diesel 1988 12.5 0.3 32850 
13 

 
diesel 1989 12.5 0.3 32850 

14   comb. turbine 1992 20 0.7 122640 
15 

 
steam 1993 18 0.4 63072 

16   comb. turbine 1993 20 0.7 122640 
17   comb. turbine 1998 21 0.7 128772 
18 

 
steam 2006 18 0.4 63072 

19   comb. turbine 2000 21 0.7 128772 

       
Kahului 

fuel 
oil 6 

  
34 

  1 
 

steam 1948 5 0.01 438 
2 

 
steam 1949 5 0.01 438 

3 
 

steam 1954 11.5 0.4 40296 
4 

 
steam 1966 12.5 0.4 43800 

Maui’s oil-fired units have low assumed capacity factors, based on unit size and total generation. The capacity 
factors and total generation in this Table are assumptions.  
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Table 97 Estimated Production from Maui’s Power Plants Assuming Estimated Capacity 
Factors 

estimated generation from 
Maalaea and Kahului 915157 MWh 

 wind 91980 MWh wind: about 35% cf, 30 MW 
  

  total 1007137 
  compared to assumed MECO gen 1036175 MWh which includes wind etc 

    assumed steam 211116 MWh 
 actual steam, 2010 203000 MWh monthly energy data.xls, Maui Island 

Capacity factors were estimated based on information about total generation from various power plants on Maui. 
Assuming a 35 percent capacity factor on Maui’s 30 megawatt wind farm and adding this to estimated 
Maalaea/Kahului generation is close to the total electricity generated by MECO (not including HC&S sales to 
MECO). The capacity factors assumed for Maui’s baseload plants are unusually low at 40 percent but still 
overestimate total steam generation on Maui. 

Table 98 Water Use at Maalaea and Kahului Generating Stations 

plant fuel 
unit 
type 

service 
year 

capacity 
(MW) 

water 
withd. 
(gal/ 

MWh) 

water 
cons. 
(gal/ 

MWh) cf 

gal water 
withdrawn 
annually 

gal water 
cons. 

annually 

Maalaea diesel 
        15 

 
steam 1993 18 450 390 0.4 28382400 24598080 

18 
 

steam 2006 18 450 390 0.4 28382400 24598080 

Kahului 
fuel oil 
No. 6 

        1  steam 1948 5 35000 300 0.01 15330000 131400 

2  steam 1949 5 35000 300 0.01 15330000 131400 

3  steam 1954 11.5 35000 300 0.4 1410360000 12088800 

4  steam 1966 12.5 35000 300 0.4 1533000000 13140000 
Assumed withdrawal and consumption values are averages of figures from DOE 2006. Capacity factors are 
estimates as described in Table 96. 
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Appendix 2: Supply 

APPENDIX SUPPLY.1 APPROPRIATENESS OF THE LAG-1 MODEL FOR THE WAILOA 
DITCH 
 

Figure Appendix.Supply. 1 Correlogram for Wailoa Ditch Monthly Daily Mean Flows 
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The correlogram for monthly data suggests that a lag 1 model is appropriate for Wailoa Ditch monthly flows. 
While the actual data (rk) show a statistically significant signal for lags higher than 1, these signals seem to be 
due to 4 month seasonality. The purple line indicates the theoretical correlogram for an AR(1) model, and the 
blue line (the empirical correlogram) seems to decay at a rate similar to the theoretical correlogram. Lags 0 to 80 
are considered: there are 778 data points, so lags n/10 to n/4 – or about 80 to 200 – are acceptable for 
investigation. 
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APPENDIX SUPPLY.2 NORMALITY 
 
The 778 Wailoa Ditch monthly mean flows do not fit a normal distribution well when 
taken in aggregate. The chi square distribution statistic at 95 percent confidence and 7 
degrees of freedom is 14.1: using equal probability bins produces a chi square test 
statistic of 19.8, while using equal interval bins produces a chi square test statistic of 
22.7. Both are larger than 14.1, so the data fail the test and cannot be considered normally 
distributed at a 95 percent confidence level. 
 

Figure Appendix.Supply. 2 Wailoa Flow Data (Aggregate) and an Expected Normal 
Distribution 
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Considering data points by month, which is more relevant as this work considers 

interannual relationships on a monthly basis, shows that data from all months other than 

April pass a chi square test at 95 percent confidence with seven degrees of freedom (10 

intervals and two estimated parameters, the mean and standard deviation). 
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Each month has 65 or 64 observations, so as the chi square test is most accurate 

when each bin has at least five data points, 10 equal probability bins are used. The test 

statistics and the test results by month are presented in Table 99. As data for 11 of the 12 

months can be considered normally distributed at 95 percent confidence, this work 

assumes that a normal distribution is an acceptable model for Wailoa Ditch flows taken 

monthly. 
 



 462 

 

Table 99 Chi Square Test, Monthly Flow Data for the Wailoa Ditch 

Month Chi Square Statistic 95% Confidence 
Level (7 df) 

Pass? 

January 9.0 14.1 Yes 
February 6.8 14.1 Yes 
March 4.7 14.1 Yes 
April 15.8 14.1 No 
May 7.2 14.1 Yes 
June 10.8 14.1 Yes 
July 7.2 14.1 Yes 
August 3.2 14.1 Yes 
September 5.6 14.1 Yes 
October 9.4 14.1 Yes 
November 4.4 14.1 Yes 
December 6.8 14.1 Yes 
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APPENDIX SUPPLY.3 CROSS CORRELATIONS AMONG DITCHES AND STREAMS, EAST 
MAUI IRRIGATION 
 

The time series for which cross correlations are plotted are four irrigation ditches 

on the same irrigation system on Maui, Hawaii and two of the over 100 streams that are 

diverted to these ditches. Wailoa Ditch is the highest elevation ditch, and New Hamakua 

Ditch is essentially an overflow ditch for Wailoa at a slightly lower elevation. At still 

lower elevation, Lowrie Ditch and its overflow ditch Haiku Ditch take advantage of 

further groundwater development in streams downstream of the Wailoa and New 

Hamakua diversions. The four ditches divert the same streams, and so cross correlation is 

expected to be high. The time series are plotted in 
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Figure Appendix.Supply. 3 for the years 1931 to 1985, which are the years for which 

records exist for all four:  
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Figure Appendix.Supply. 3 East Maui Irrigation Ditch Flows, 1931-1985 
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Correlograms based on each ditch’s longest consecutive uninterrupted period of 

record are presented below. Data were not detrended despite a downward trend in some 

cases because the trend is not entirely consistent across all records, and removal of any 

correlation structures was undesirable. 
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Figure Appendix.Supply. 4 Correlogram, Wailoa Ditch 
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Wailoa Ditch annual mean flows show no autocorrelation, which is similar to the correlograms for individual 
streams (see below): as Wailoa takes flow from streams that have not been been diverted previously, it is 
expected that Wailoa flows share a correlative structure with streams from which it derives flow. 
 

Figure Appendix.Supply. 5 Correlogram, New Hamakua Ditch 
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Autocorrelation for New Hamakua Ditch is statistically significant at lags of 1 and 2, though the signal at 2 might 
not actually represent a lag 2 correlation component. New Hamakua Ditch receives streamflows that have been 
previously diverted by Wailoa Ditch, so much of the streamflow at the point of New Hamakua diversion might be 
related to groundwater. An interannual correlation would be expected in that case because groundwater storage 
is related to previous years’ precipitation events. 
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Figure Appendix.Supply. 6 Correlogram, Lowrie Ditch 
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Lowrie Ditch autocorrelations are statistically significant for lags 1, 2, 4, and 5 and do not appear to decay to 0 
rapidly. Lowrie Ditch receives streamflows that have been diverted at Wailoa and New Hamakua and is sited to 
take advantage of groundwater resources, so interannual lags related to groundwater storage in streambanks 
and aquifers are expected. 
 

Figure Appendix.Supply. 7 Correlogram, Haiku Ditch 

-0.60!

-0.40!

-0.20!

0.00!

0.20!

0.40!

0.60!

0.80!

1.00!

0! 2! 4! 6! 8! 10! 12!

r_
k 

(a
ut

oc
or

re
la

tio
n 

co
ef

fic
ie

nt
 w

ith
 la

g 
k)
!

Lag !

Correlogram for Haiku Ditch Annual Daily Mean Flows !
Lags 0 to 13 (n=55) !

r_k! 95% confidence (upper) ! 95% confidence (lower) !  
 
Haiku Ditch autocorrelation structure is very similar to that of the Lowrie Ditch, which is expected because both 
ditches take streamflows that are likely baseflow (groundwater)-dominated from streams that have been diverted 
upstream. 
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Correlograms for West Wailuaiki and Hanawi Streams are also presented. These 

two streams are the only major streams on the EMI system with operational continuous 

streamflow gages at this time (NWIS). 

Figure Appendix.Supply. 8 Correlogram, West Wailuaiki Stream 
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Figure Appendix.Supply. 9 Correlogram, Hanawi Stream 
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For the two streams, autocorrelation is not statistically significant for any lag k other than k = 0, which is trivial. 
This lack of autocorrelation suggests that annual mean streamflows for streams are independent events. 
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Cross Correlation 

Cross correlations are computed through lag 10 for Wailoa Ditch and its overflow 

ditch, New Hamakua; the lower elevation ditch that develops groundwater in East Maui, 

Lowrie; and two of the streams that feed it, West Wailuaiki and Hanawi. Cross 

correlations are also computed through lag 10 for Lowrie Ditch and its overflow ditch, 

Haiku; for the high and low elevation overflow ditches, New Hamakua and Haiku; and 

for two of the diverted streams in East Maui, West Wailuaiki and Hanawi. The 95% 

confidence intervals are given by , where N is the number of observations. 

Cross correlation is performed on nondetrended datasets for annual average daily mean 

flows taken from NWIS for the consecutive years for which records coincide for the 

channels of interest. Gages are at similar locations for the four ditches and are located on 

the streams themselves for the two streams, which are both east of the ditch gages 

(NWIS). 

An rk value of 1 indicates perfect correlation, as seen with the autocorrelation 

functions that show perfect correlation between a datum and itself. The lag 0 cross 

correlation coeffiencts are presented in Table, and the cross correlograms themselves 

follow. 
 

Table 100 Lag 0 Cross Correlation Coefficients, Selected Ditch and Stream Pairs on the 
EMI System 

Cross Correlation Pair Lag 0 Cross Correlation Coefficient 
Wailoa Ditch-New Hamakua Ditch 0.73 
Wailoa Ditch-Lowrie Ditch 0.82 
Wailoa Ditch-Hanawi Stream 0.60 
Wailoa Ditch-West Wailuaiki Stream 0.69 
Lowrie Ditch-Haiku Ditch 0.83 
New Hamakua Ditch-Haiku Ditch 0.84 
West Wailuaiki Stream-Hanawi Stream 0.88 
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As expected, significant cross correlation among these ditches and streams exists 

at the lag 0 level. Also as expected, Wailoa Ditch flows are not as well correlated with 

individual streamflows as with other ditch flows, and Wailoa Ditch is better correlated 

with Lowrie Ditch (which is at significantly lower elevation, allowing for stream 

conditions to be reestablished post-diversion) than with New Hamakua Ditch, which 

essentially diverts flows that Wailoa cannot capture and thus would tend to have flow 

when Wailoa flows are high but might not flow at all when Wailoa flows are low. Lowrie 

and Haiku ditches are significantly cross correlated for lags 0 to 2, which is expected 

because of their tendency to develop baseflow, or groundwater for which interannual 

effects are significant. New Hamakua and Haiku ditches, which are overflow ditches that 

tend to receive more water during periods of high flow, are also closely correlated. West 

Wailuaiki and Hanawi streams are the most closely correlated of any pair considered 

here, which supports the assumption that regionalized regression equations can be used to 

predict flow at one East Maui stream using observational records from others. 
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Figure Appendix.Supply. 10 Cross Correlogram, Wailoa Ditch and New Hamakua Ditch 
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Figure Appendix.Supply. 11 Cross Correlogram, Wailoa Ditch and Lowrie Ditch 
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Figure Appendix.Supply. 12 Cross Correlogram, Wailoa Ditch and West Wailuaiki 
Stream 
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Figure Appendix.Supply. 13 Cross Correlogram, Wailoa Ditch and Hanawi Stream 

-0.60!

-0.40!

-0.20!

0.00!

0.20!

0.40!

0.60!

0.80!

1.00!

0! 1! 2! 3! 4! 5! 6! 7! 8! 9! 10!

r_
k 

(a
ut

oc
or

re
la

tio
n 

co
ef

fic
ie

nt
 w

ith
 la

g 
k)
!

Lag !

Cross Correlogram, Wailoa Ditch and Hanawi Stream!
Annual Daily Mean Flows !

Lags 0 to 10 (n=64) !

r_k! 95% Confidence (upper) ! 95% Confidence (lower) !
 

 



 473 

 

Figure Appendix.Supply. 14 Cross Correlogram, New Hamakua Ditch and Haiku Ditch 
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Figure Appendix.Supply. 15 Cross Correlogram, Lowrie Ditch and Haiku Ditch 
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Figure Appendix.Supply. 16 Cross Correlogram, West Wailuaiki and Hanawi Streams 
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Glossary 

ACRONYMS AND ABBREVIATIONS 
 
af – acre foot 
B100 – 100 percent biodiesel 
btu – British thermal unit 
C&D – construction and demolition 
cf – capacity factor 
cfs – cubic feet per second 
CML – Central Maui Landfill 
CO2e – carbon dioxide equivalent 
CPD – community plan districts 
CWRM – Commission on Water Resource Management 
DAR – Department of Aquatic Resources 
DBCP – 1,2-Dibromo-3-chloropropane 
DOE – Department of Energy 
DWS – Department of Water Supply 
E10 – gasoline blended with 10 percent ethanol 
EDB – 1,2-Dibromoethane 
EIA – Energy Information Administration 
EMI – East Maui Irrigation 
EMWP – East Maui Watershed Partnership 
ENSO – El Niño-Southern Oscillation 
EPA – Environmental Protection Agency 
EPRI – Electric Power Research Institute 
gge – gallon of gasoline equivalent 
GIS – Geographical Information System 
gpd – gallons per day 
gpm – gallons per minute 
GW – gigawatt 
GWh – gigawatt hour 
HC&S – Hawaiian Commercial and Sugar 
IFS – Instream Flow Standards 
IIFS – Interim Instream Flow Standards 
ISWMP – Integrated Solid Waste Management Plan 
kgal – thousand gallons 
kW – kilowatt 
kWh – kilowatt hour 
lb – pound 
LHWRP – Leeward Haleakala Watershed Restoration Partnership 
MECO – Maui Electric Company 
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mgal – million gallons 
mgd – million gallons per day 
mL – milliliter 
MLP – Maui Land and Pineapple 
mpn – most probable number 
MRSA – Methicillin-resistant Staphylococcus aureus 
MW – megawatt 
MWh – megawatt hour 
PDO – Pacific Decadal Oscillation 
PMIS – Pioneer Mill Irrigation System 
psi – pounds per square inch 
RDF – refuse-derived fuel 
RO – Reverse Osmosis 
SMR – steam methane reforming 
TCP – 1,2,3-trichloropropane 
TDH – total dynamic head 
TDS – Total Dissolved Solids 
US – United States 
USDA – United States Department of Agriculture 
USGS – United States Geological Survey 
UV – ultraviolet 
WEAP – Water Evaluation and Planning 
WMMWP – West Maui Mountains Watershed Partnership 
WRPP – Water Resource Protection Plan 
WTE – Waste to Energy 
WUDP – Water Use and Development Plan 
WWRF – wastewater reclamation facility 
 

CONVERSIONS 
mgd = 1.54723 cfs 
acre foot = 325,851 gallons 
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