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Abstract 

 
Maui's Freshwater 

Status, Allocation, and Management for Sustainability 

Emily Grubert, M.A. 

The University of Texas at Austin, 2010 

 

Supervisor:  Michael Webber 

 
Abstract: The water system on Maui Island in Hawaii is an integral part of the 

island’s infrastructure, affecting energy, agriculture, waste, and domestic systems. Both 

the built and the natural water systems are likely to be altered over the coming decades. 

Maui’s two major industries are agriculture and tourism, which compete for water and 

land resources. Maui faces high costs for food and fuel it must import, and agricultural 

efforts might shift from plantation-scale monocropping to energy production or 

diversified agriculture for food. Simultaneously, land use changes (like deforestation), 

climate change, and cyclical droughts affect Maui’s freshwater supply. Water planning 

and management based on careful assessment can be valuable tools for a community 

expecting that water will become increasingly scarce. Since water plays a large role in 

many other systems, choices about water allocation and use can help the island move 

toward solutions of multiple problems at once, including energy scarcity, coastal 

protection, and financial health. This work provides a dynamic snapshot of Maui’s 

current built and natural water systems, then analyzes two potential water management 

actions: pumped storage hydroelectric facilities built on existing reservoirs and use of 

secondary treated wastewater to irrigate biomass for power. Based on cost estimates and 

alternative solutions, neither of these applications are currently judged viable. 
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INTRODUCTION 

Resource management represents one of the greatest modern challenges, as increasingly 

wealthy, growing populations demand resources from a fixed endowment. Water and 

energy are among the most fundamental needs humans have. Fulfilling these needs, 

fulfilling additional wants beyond basic needs, and preserving future generations’ ability 

to fulfill their own water and energy needs and wants is a significant task that merits 

careful planning. 

 

Environmental systems are tightly connected, and humans interact with the environment 

through systems like energy, water, land, and waste. Examining these systems together, 

and planning use with explicit acknowledgement that they are interdependent, often 

reveals synergies that allow for more enlightened, effective resource allocation that is less 

harmful to humans and our environment. 

 

Maui Island of the State of Hawaii is at a water and energy planning crossroads that has 

major implications for land use, waste management, and community development. The 

730 square mile island faces a growing population, with 142,000 residents and about 

180,000 people on the island at any time as of 2007 (Maui Data Book 2008). Its economy 

is changing from a historically plantation agriculture-based system to a more tourism-

focused one, though agriculture remains a substantial part of the overall Maui economy 

and a priority for many on the island. Rising costs for fuel-intensive imports and interest 

in sustainable self-sufficiency have piqued interests in increasing the share of diversified 

agriculture for food production on the island. Rising fuel costs and, again, interest in 

sustainable self sufficiency have also fostered investigations of renewable energy 

potential, including energy from biomass. Agriculture for food or for fuel requires 

substantial volumes of irrigation water in most cases, as do systems to support growing 

resident or visitor populations. 
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Maui faces a water problem that might be the most acute in the Hawaiian Islands. Water 

systems are highly energy intensive, accounting for about half of Maui’s electricity 

consumption at a time when energy is rapidly becoming more expensive by both 

economic and environmental metrics (MCEA 2009). Maui is more dependent on surface 

water than the other main Hawaiian islands (CWRM 2010), and as climate change and 

urbanization effects could reduce that surface water supply, high energy costs related to 

pumping and developing groundwater loom as well. Maui has Hawaii’s second-largest 

island population but less water than Oahu, whose caprock keeps more of the 

groundwater from mingling with saline waters below (Scheuer 2010). However, Maui’s 

population is only about 10% of Oahu’s, and its large mountain-based water resources 

provide a sense that water is not limited. Conservation campaigns have been difficult 

(Freedman pers. comm.). 

 

Substantial water resources do exist and will continue to exist, but managing them is a 

major challenge for Maui. Private ownership and control of vital water infrastructure 

(Anthony pers. comm.), differing opinions about what beneficial uses of water might be, 

and a legacy of plantation-focused water rights present political and tactical challenges 

for water managers (Freedman pers. comm.). 

 

This work provides a foundation for future analysis of long-term water development on 

Maui by identifying Maui’s major water trends and investigating two opportunities to use 

existing water infrastructure to support future needs: using existing reservoirs for pumped 

storage hydroelectric power to ease renewable power integration and redirecting treated 

wastewater from injection wells to biofuel irrigation.  

 

The politicization of water on Maui, including the substantial litigation that has 

surrounded water allocation and use, have benefited this research: data exist in abundance 

and have often attracted critiques and commentary that lends clarity to the thought 

processes that surround Maui’s water. However, not all data are compatible, and some 
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information gaps or discrepancies continue to pose challenges. Maui’s water story is rich 

and continues to develop as the island awaits clarity on the future of its—and Hawaii’s—

last sugarcane plantation, Maui’s largest water user; as its communities set goals for 20 to 

95% renewable energy use over the next few decades; and as regulators and citizens 

restrict traditional wastewater disposal methods and set goals for reclaimed water use. 

 

Before exploring the background of Maui’s water challenges, history, and possible future, 

this work will address the usefulness of water management, introduce concepts for 

valuing water, and identify some of the key parties and pressures that will likely affect 

Maui’s water. Then, Maui’s existing built and natural water systems will be reviewed. 

Two potential opportunities for water management practices that could have further 

positive impacts are then explored: first, the feasibility of using existing reservoirs for 

pumped storage hydroelectric facilities to aid integration of intermittent power 

generators, then the feasibility of using treated wastewater for irrigation. 

Water Services 

To manage water, system planners and operators should understand the nature of both 

supply and demand. Most demands for water are not demands for water specifically: they 

are demands for services water provides. The underlying demand is for something that 

water does, whether in the form of hydration, ecological support, industrial cooling, or 

other services (Figure 1).  
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Figure 1. Water Services 

 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

People demand water for the services it provides (Super Coloring 2010, Connexions 2010). 
 
 
Water resources can be extended by good management and attention to efficient use. 

Greater efficiency means that more of the desired service is provided by a water input, 

formalized as 
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! =
useful output

input
 (1). 

 
Water is abundant, and water supplies are renewed by the hydrologic cycle. Water’s 

physical presence is not usually a limiting problem. Rather, water’s availability at the 

place, time, and quality where it is wanted limits its usefulness: water itself is not scarce, 

but high quality water supply that is proximate to the end-use often is.  For example, 

seawater is an extraordinarily abundant resource for islands like Maui, but it is not 

directly useful for needs like irrigation and potable supply.  

 

Access to high quality water is frequently restricted, whether by lack of infrastructure, 

private infrastructure ownership, or preexisting claims to the water. Energy and capital 

investment into treatment systems, delivery systems, and other technical fixes can 

increase water accessibility, but environmental costs can be steep. Improving the 

efficiency of water use to provide the services that are in demand is often an effective 

way to increase water availability.  

 

Today on Maui, demand for water-based ecosystem services like flowing streams that 

support wildlife often conflicts with demand for domestic water services and agriculture. 

Maui’s water infrastructure is aged, and reducing losses from storage and delivery 

services is a priority for many environmental groups and groups seeking new water 

supplies. Maui’s largest historic water use has been irrigation at plantations, particularly 

for sugarcane. Sugarcane uses a large amount of water, and the precipitous decline of the 

plantation agriculture economy has raised questions about how water can best be 

allocated. Maui’s largest water user is the State of Hawaii’s last sugarcane plantation, 

Hawaiian Commercial & Sugar (HC&S). As HC&S attempts to remain profitable 

through challenges like low commodity prices and droughts, environmental stream flows, 

diversified agriculture, and urban development seek water as well. 
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Water used for urban development adds another layer to water management, as urban 

water uses generate sewage-level wastewater. Wastewater disposal is a challenge on 

Maui. Maui’s wastewater is treated nearly to drinking water standards, then injected 

underground where it percolates through highly porous volcanic rock and enters the 

ocean. Given the relatively high quality of this water resource, alleged negative impacts 

of injecting the nutrient-rich treated water into the ocean, and concerns about water 

scarcity on the island, treated wastewater is increasingly seen as a potential water supply 

on Maui. 

 

Some water services provide more value per unit of water than others, but the water 

services that can be provided are ultimately limited by the available water resource. 

Mapping the limits and potential of a water supply can provide water planners with 

feasibility information to inform allocation. Careful planning and attention to synergies 

among water, energy, waste, and other systems could allow for additional allocative 

efficiency, as good water management can contribute to multiple goals at once. For 

example, higher water use efficiency that leads to real conservation can reduce energy 

needs for pumping and treating water, which in turn might reduce greenhouse gas and 

other air emissions. 

The Production Possibilities Frontier 

An understanding of available options for water allocation can improve decisionmaking. 

The production possibilities frontier is an important resource economics concept. It 

represents the set of maximum achievable production levels attainable with available 

resources (Carlton, Perloff 1994). The inputs required to create, operate, and maintain a 

unit of production can be summed over all production units until the available resource 

has been consumed: 

 

(K(i) + O&M(i)) ! available resources
i
"  (2). 
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In (2), K represents capital needs and O&M stands for operation and maintenance needs. 

Summing capital and operation and maintenance costs over all i, where i are individual 

production units, gives the total input requirement of achieving a desired output. Total 

inputs must be less than or equal to the stock of resources available for use as inputs, or 

else the output in question is not achievable. 

 

In the water context, the production possibilities frontier is the set of all groups of water 

services that can be provided if water is used at its maximum efficiency. It is possible to 

provide fewer water services than those on the production possibilities frontier curve 

through inefficient resource use, like watering sidewalks instead of gardens, but it is not 

possible to provide more water services without changes in the amount of water available 

or the amount of water service that can be provided per unit water. 

 

One way to represent the production possibilities frontier for water services is to 

determine the utility, or benefit to society, derived from use of a certain quantity of a 

certain quality of water. If quality and quantity needs can be consistently measured in 

expressible, comparable ways, like the water’s total exergy for quality (Valero, et al. 

2009) or gallons for quantity, the quality and quantity needs can be summed and 

compared to the available resources. Figure 2 provides an example illustration of a 

production possibilities frontier for water based on metrics of quality and quantity. Each 

point within the figure’s area represents a water use that requires a given quality and 

quantity of water. Those demands whose representations fall above the curve cannot be 

served. 
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Figure 2. Production Possibilities Frontier 

    
 

The points where all available water quality and quantity resources are used form the production 
possibilities frontier for water. Fewer resources may be used, but production that requires more than 

the available resources is not possible (cartoon by author). 
 

Further axes can be added to express the production possibilities frontier as a 

multidimensional surface. For example, if a certain quantity of water of a certain quality 

must be available at a certain time in order to provide a water service, the production 

possibilities surface can be plotted against axes of quality, quantity, and time. Many other 

axes are possible, including subdivisions of the quality component: some water services 

are sensitive to total dissolved solids, while others could be concerned only about viral 

loads.  

 

The production possibilities frontier is a curve, not a point, because society can achieve 

the same benefits (called utility in economics terms; Carlton, Perloff 1994) from different 

sets of water services. For example, water for a shower could be worth as much to society 

as irrigating one acre of lawn, even though the shower can be provided with less water. 

Societal preferences can change, so the points of maximum social utility can also change. 

achievable 

not achievable 
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The set of water services that can be provided is limited by the absolute availability of 

water. While water is abundant, it might not be abundant in the form, place, and time 

necessary. It is also restricted by infrastructure and cost. These represent limits to what is 

possible with the physical resource. Another set of limitations relates to what is allowed, 

given societal, environmental, and other conditions. Legal access to water may be 

restricted, for example by private ownership of water delivery infrastructure or because 

protecting the public trust requires that a minimum amount of water remain in natural 

systems. Thus, water service provision is limited both by what is physically possible and 

what is allowed. 

Resource Scarcity 

Resource constraints, whether physical or legal, are often economic constraints in 

practice. Namely, even if a resource is actually available, it will not be used if the cost of 

using the resource is too high. Thus, scarcity of water and other resources tends to 

manifest as demand that is unmet because the cost of deploying additional resources is 

too high, not because the additional resources do not exist (Gordon 1987). Economic 

availability depends on access, including the cost of using technologies to increase 

access, like groundwater pumps or reclaimed water pipe systems. It also depends on 

physical availability: the resource must exist, and it must be available for use. Water 

dedicated to stream flows or trapped in moist soils not available for use, even though it 

physically exists.  

 

A type of diagram known as a McKelvey diagram is a useful framework for evaluating 

the amount of a resource available for use. In its traditional application, a McKelvey 

diagram classifies depletable mineral resources by geologic existence and extractability 

with current technologies and prices. Proved mineral reserves are those reserves that are 

ready for use: they are known to exist and cost less to produce than they are worth (Falkie 

and McKelvey, 1976). McKelvey diagrams are often used to describe stocks of 
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commodity resources like coal, petroleum, and natural gas with an easily understood 

convention that allows suppliers, buyers, decisionmakers, and others to identify cost and 

development trends. McKelvey frameworks provide information about the relative short- 

and long-term economic competitiveness of resource holdings relative to one another, 

informing decisions to develop the most suitable resources first.  

 

The McKelvey structure can be adapted to describe water resources, even though water is 

not strictly depletable or frequently bought and sold. Water is a degradable resource, and 

many applications require water with a quality much higher than average (average being 

somewhere in the seawater range). It is also a resource that can be difficult to access, 

whether because of timing, infrastructure, or other concerns. Figure 3 uses the McKelvey 

concept to classify water according to its accessibility and its availability. Availability 

includes physical and legal availability; accessibility includes the level of necessary 

quality enhancement before use, the technology needed to bring quality to the required 

standard, and infrastructural accessibility. For example, seawater is easily available (it is 

abundant, near Hawaiian water demands, and not overallocated), but it is not accessible 

for use because of cost and infrastructural constraints for purification. 
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Figure 3. McKelvey Diagram for Water 
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Charting water resources according to their availability for new human uses and accessibility 
indicates the likelihood that water will enter use. The McKelvey framework is more commonly used 

to describe depletable resources. 
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water usable through treatment and transportation, and water can be used to make energy 

through hydropower, wave power, and thermal and chemical gradient exploitation. Water 

is physically available in great quantities, but it is not often accessible for use. The 
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locational reasons. Wastewater and both fresh and saline groundwater are also abundant, 
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intensive process. Its energy intensity usually makes steam distillation far too expensive 

in practice. Energy can also be used to move water and build conveyance systems on a 

increasing availability 

in
cr

ea
sin

g 
ac

ce
ss

ib
ili

ty
 



 12 

multitude of scales. Likewise, when energy is scarce, water can be used to provide 

energy. Conventional hydropower has contributed substantially to electricity supplies in 

many countries, and the energy in waves and even in different waters’ chemical gradients 

can be exploited (albeit at high cost). Scarcity in practice usually refers to scarcity at a 

price that users are willing or able to pay, not physical scarcity. 

 

Maui Water History 

Water management can help reduce economic water scarcity on Maui. The State of 

Hawaii and the Island of Maui anticipate large population growth in coming years, both 

in the permanent resident and the tourist populations, and island sustainability is 

increasingly being prioritized. Maui and the rest of Hawaii depend primarily on oil for 

electricity and transportation (Maui Data Book 2008), and this oil dependence is an 

expensive proposition in the face of growing global demand for oil and the prospect of 

additional greenhouse gas-related costs. Fuel is expensive, so imports of food and other 

products bear additional costs because of transportation requirements. Simultaneous 

desires for environmental and economic sustainability have brought much attention to 

local Hawaiian production of food and fuel, and both will require water. 

 

Hawaii has hosted a plantation agriculture-based economy for over 150 years, but 

economic and other challenges have contributed to the rapid decline of plantations over 

about the past 20 years (Figure 4, Coffman pers. comm.). Maui is the only Hawaiian 

island with a sugarcane plantation that is expected to continue harvests after 2010 

(Consillio 2008). In January 2010, the plantation was granted a year to prove financial 

viability (Hamilton 2010a). Sugarcane plantations built most of Maui’s (and Hawaii’s) 

major water infrastructure (Wilcox 1996), and significant amounts of water continue to 

be managed by groups related to former and current sugarcane producers. Sugarcane is a 

particularly water-intensive crop, and as plantations have shut down across Hawaii, 

enormous volumes of water have become available for other uses. For example, water 
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can be used to support populations through real estate development. It can also support 

diversified agriculture for local food production or continued plantation-like agriculture 

for biofuel production. The decline in plantation water demand has also fostered 

significant efforts to return water to environmental flows so as to support ecology, 

traditional in-stream agricultural and other uses, or the scenic beauty of the islands that is 

important for the tourism industry. 

 

Sugarcane was introduced to Hawaii around 600 AD, and plantations began operating in 

the early 1800s. Sugarcane plantations became truly viable after the Great Mahele act 

introduced private landownership to Hawaii, causing major land redistribution that 

favored plantations, and after large-scale irrigation infrastructure was built. By the early 

1900s, however, five major sugarcane plantations essentially controlled Hawaii’s 

economy and politics (Table 1, Figure 4, Wilcox 1996). Sugarcane production began its 

decline in the 1980s and has essentially disappeared from Hawaii, with Maui’s HC&S the 

only plantation expected to continue harvests after 2010.  

Table 1. Maui Sugar Timeline 

600 AD 1778 1802 1835 1848 1876 
sugar 
introduced 

Captain Cook 
sees sugarcane 
grown in HI 

first HI sugar 
mill opens 

first HI sugar 
plantation 
opens 

Great 
Mahele  

first private water company 
established (now East Maui 
Irrigation) 

     first permit for surface water 
diversion granted 

 
 
1898 1900 1920 1996 1999 2010 
Hawaii 
annexed by 
the US 

89% of sugar 
production by 
six companies 

1200 mgd for 
56 
plantations 

Oahu sugar 
production 
ends 

Maui’s second-to-last 
sugar plantation shuts 
down 

Kauai sugar 
production 
ends 

    sugar production 
ceases on Hawaii 

 

Adapted from Wilcox 1996. 
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Figure 4. Historic Sugar Production in Hawaii 

 
 
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). 

 
Maui’s last sugarcane plantation has announced plans to pursue biofuel production 

instead of continuing sugar production for consumption (McAvoy 2010), which is 

relevant for water resource allocation in a number of ways. First, sugarcane is water 

intensive whether for food or for fuel, and it is likely to be one of the biofuel crops of 

choice. Thus, biofuel production means that the water from the plantation will remain 

with the plantation and not be reallocated for streams or other uses. Second, it means that 

water systems that are over a century old in many cases will continue to serve irrigation 

needs, and those water systems lose substantial volumes of water (though that water 

arguably contributes to groundwater recharge, sometimes in dry parts of Maui). 

Additionally, biofuel processing is a highly water intensive process: producing one gallon 

of ethanol from sugarcane can entail production—and associated disposal needs—for 

twelve gallons of a liquid waste product called vinasse (Rainbolt and Gilbert 2008). 
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Hawaii has no precedent for a sugarcane plantation surviving a shift from food to fuel 

production. Were HC&S to cease agricultural operations like Hawaii’s other plantations, 

or even to significantly reduce them, very large amounts of water would become 

available for reallocation. This new availability would almost certainly be controversial, 

given significant political challenges and differing opinions about how Maui should 

develop. When Oahu’s O’ahu Sugar closed in 1993, 27 million gallons per day of water 

became available. The associated legal battle (the Waiahole case) has been called one of 

Hawaii’s most complicated, disputed cases in history: eventually about half of the water 

was returned to environmental flows in four streams, while the rest was reserved for 

agriculture (Sproat, Moriwake 2007; Sproat 2009).  

 

HC&S uses an average of about 230 million gallons of water each day, with a total 

demand closer to 270 million gallons of water per day—about ten times the amount under 

consideration in the Waiahole case (CWRM 2010). (Use is less than demand because the 

additional water is not available.) Understanding how the water could be allocated in the 

event that HC&S ceases sugar production and planning for that possibility will be vital to 

fostering efficient outcomes that are environmentally and economically acceptable for 

Maui. 

 

The State of Hawaii has acknowledged the challenge of managing former plantation 

irrigation systems and ensuring that infrastructure is maintained and water is effectively 

allocated in post-plantation Hawaii. Irrigation systems are assets that require substantial 

care and maintenance: while plantations have direct incentives to invest in maintenance 

for irrigation systems, owners who do not control the whole system or who have no direct 

financial motivation to invest can find maintenance costs burdensomely high. On Maui, 

the Pioneer Mill Irrigation System has been broken up among multiple owners, and the 

system has become less functional as a result (West Maui Land Company pers. comm.). 

Functional irrigation systems might be targets for outside investors who expect to benefit 

from operating a system as a service provider (De Naie pers. comm.). The Agricultural 
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Water Use and Development Plan of 2004 evaluated ten state-operated and three 

privately owned active irrigation systems, with the express goal of keeping plantation 

lands in agriculture and supporting diversified agriculture in Hawaii (AWUDP 2004). 

Existing irrigation systems are irreplaceable today because of high costs and more 

restrictive environmental and land ownership constraints, but they are also expensive to 

operate and maintain (West Maui Land Company pers. comm.). 

 

Stakeholders and Decisionmakers 

Maui’s water system is controlled by its users, uses, suppliers, supplies, quantity, quality, 

and external, uncontrollable factors like climate change (Table 2). Population growth and 

the structure of the economy, based on agriculture, tourism, or other industries, will affect 

how water is used and how much water is wanted. Suppliers like utilities and former 

plantations that control water delivery infrastructure have some effect on prices and water 

access, as do the quality and location of water supplies. Commercial users, including real 

estate and agricultural developers, join local government in planning investment to the 

system. Environmental regulators at local and broader levels also indirectly control 

infrastructure and investment by setting standards for water use, environmental flows, 

and the quality of discharged wastewater. Some of the pressures on the water system, 

such as the level of investment, are controllable by Maui’s government and populace. 

Pressures like climate change, however, could have serious implications for Maui’s water 

supply, but the effect of climate change is not something that Maui can control (Table 3).  
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Table 2. Stakeholders in Maui’s Freshwater System 

STAKEHOLDER ROLE INFLUENCE OVER FRESHWATER 
government oversee supply and 

demand 
legislate, mandate, arbitrate, fund, plan use, 
represent public needs and desires 

legal system challenge supply and 
demand 

provide pathway for groups to ensure enforcement 
and challenge decisions 

agricultural users demand select crops, irrigation techniques, etc., but need 
permits 

industrial users demand choose and maintain equipment: Maui has limited 
industrial use, including an ag-related sugar mill 

water system operators supply maintain and develop water systems, but need 
permits 

developers demand direct how regions use water through planning and 
capital investment 

land owners supply or demand control how land is used 
water and wastewater 
treatment facilities 

facilitate municipal 
supply and demand 

ensure water supply safety and appropriate 
treatment, within funding limits 

electricity providers facilitate supply and 
demand 

provide electricity: about half of Maui’s electricity 
is used for water supply 

research institutions inform supply and 
demand 

provide data and analysis to policymakers, 
suppliers, and users 

environmental groups inform supply and 
demand 

pressure planners, suppliers, and users to consider 
environmental attributes 

native groups inform supply and 
demand 

pressure planners, suppliers, and users to consider 
cultural heritage issues 

general public demand create need for supply, provide funding, vote and 
consume according to preferences 

 
Maui has made an effort to plan and manage its water system via proactive means, and it 

has often been forced into management in reaction to litigation. Maui’s “Show Me the 

Water” bill (Ordinance 3502) requires real estate developers to document a source of 

water before building (County of Maui 2007). However, there is still a planning gap with 

respect to potential climate change related challenges, which could be significant for 

Maui (Scheuer 2010). Maui relies on fresh groundwater and orographic surface water, 

water forced out of wet air as it is forced to expand while rising against mountain terrain. 

Rising sea levels have a yet-unknown impact on Maui’s freshwater lenses (Rotzoll, et al. 

2010), and rising cloud base altitudes could make it more difficult for Mauna Kahalawai 

and Haleakala to intercept wet air (Loope, Giambelluca 1998; Karmalkar, et al. 2008). 
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Table 3. Influences on Maui’s Freshwater System 

SYSTEM 
INFLUENCES 

ROLE UNDER MAUI’S 
CONTROL? 

climate change could change precipitation regime, interfere with 
groundwater quality through rising ocean levels, change 
Maui’s suitability for certain agricultural crops 

no 

precipitation provides Maui with water, but droughts happen no, though desalinization 
plants could be built 

energy prices large influence on water projects, as about half of 
Maui’s electricity is currently used for the water supply 

maybe, through choice of 
energy infrastructure 

population 
growth 

larger resident and tourist populations increase water 
use absent other measures 

maybe, through choices 
about attracting tourists 
and new residents 

laws and 
mandates 

can change use of water (conservation measures), 
allocation of water (permits), demand for water 
(biofuels mandate) 

yes 

 
Maui’s water system depends on water infrastructure. Potable supplies must be treated 

before use, then transported to users, treated after use, and disposed; agricultural supplies 

must be transported from wet regions to fields that need irrigation. Water infrastructure is 

expensive to build, operate, and maintain.  

 

Maui faces a simultaneous tragedy of the commons and tragedy of the anticommons, as 

there are limited incentives not to overuse public resources at the same time as private 

ownership of systems that affect public resources makes reallocation difficult. Water is 

held in public trust for Hawaiians by State law (Table 6), though infrastructure can be and 

is commonly privately held. The public trust doctrine requires that water be used and 

preserved as is best for the public. Where costs and benefits are not clear, the State is 

instructed to employ the precautionary principle and err on the side of water 

conservation. 

 

The tragedy of the commons refers to a situation where because something is free for the 

taking, without certain community resource management conditions, people overuse a 

resource (Hardin 1968). Water conservation initiatives have not been popular or 

successful on Maui, as evidenced by poor reception of a proposal to restrict watering 
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during drought (Freedman pers. comm.). Also, Maui has long supported sugarcane 

production in relatively dry regions, despite the fact that sugarcane is a water-intensive 

crop and provides less value per unit of production than many other crops. The 

challenging terrain, lower soil quality, and less consistent sunlight in wetter areas made 

the dry regions attractive for sugar production once water was available. 

 

At the same time, there is a tragedy of the anticommons (Heller 1998) associated with 

water delivery infrastructure, where overownership of resources makes efficient 

allocation and operation challenging. An example of overownership is found in the 

former Pioneer Mill Irrigation System on West Maui, where fragmented ownership 

essentially precludes investment in system-wide requirements that might occur were the 

system still operating as a single unit (AWUDP 2004, West Maui Land Company pers. 

comm.). 

 

Infrastructure, maintenance, and research and development activities are traditionally 

underfunded because they are public goods: benefits often accrue to society as a whole, 

not just to the groups that pay costs. Maui’s water system would likely benefit from all 

three, but high costs and low incentives for private groups to bear those costs often mean 

that needed infrastructure is not built, existing infrastructure falls into disrepair, and 

inadequate attention is paid to system synergies and ways to improve water use efficiency 

and allocation. The government is often called upon to fund public goods, but even if that 

were pursued on Maui, significant private ownership of legacy water systems poses 

challenges. 

 

Tracking Costs and Benefits 

Public infrastructure like drinking and wastewater treatment facilities and water supply 

lines support societal needs, but the way that costs and benefits are distributed does not 

often motivate investment. When Maui’s irrigation system was built, it was largely 
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because profitable agriculture could not be undertaken without it. Investors benefited 

directly from large capital expenditures because of the large returns from the water 

supply in the form of increased agricultural productivity (Wilcox 1996). Many of those 

systems are now also used for public water supply.  

 

Unlike sugarcane growers, the general public does not see a significant financial return 

from investment in the water supply system: while losing access to clean water and to 

sewers would be harmful to most users, the fact that those services are currently 

perceived as adequately provided means that any additional investment would be an extra 

cost without a valuable return. Users often are not exposed to the challenges of operating 

a water system in disrepair or of securing new water sources, and so new charges are seen 

as imposed costs. Additionally, if major investments and upgrades are made infrequently, 

certain users will perceive that they are paying more for a benefit that all users receive. 

The future benefit is not seen as worth the cost, and infrastructure investment and repair 

is often underfunded because benefits do not accrue directly to the cost-bearers. 

 

Investors choose projects by comparing expected costs with the benefits expected to 

result from the expenditure. The time value of money means that future costs and benefits 

are typically discounted as less valuable than current costs and benefits. The discount rate 

is frequently based on the amount of additional value that could be expected from an 

alternate investment, such as earning interest. The formula used to calculate a project’s 

net present value, or the value in current dollars of the benefits an investor expects from a 

project, is fairly simple: 

 

NPV= Fn
(1+ d)nn

!  (3),  

 
where F is the future value of an investment, d is the discount rate, and n is the number of 

years in the future where the investment has value. The net present value represents the 
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theoretical maximum a rational actor would be willing to pay for a project (Masters 

2004). 

 

Choosing a discount rate is the most controversial step in calculating a project’s net 

present value: too low, and the project will seem disproportionately good; too high, and 

investors will not be willing to fund a potentially valuable project. Choosing a high 

discount rate can also undervalue high costs at the end of a long-lived project. Taxpayers 

often see future benefits of infrastructure projects as essentially valueless: paying to 

maintain a wastewater treatment plant does not add anything to the user’s ability to 

dispose of sewage in the near- or maybe even the long-term. Thus, the net present value 

of a project might be close to zero for taxpayers even if it is high for city planners dealing 

with environmental regulations and water supply. Since the benefits do not clearly accrue 

to the people who are asked to pay for infrastructure and maintenance, funding systems 

like Maui’s water supply system is challenging. 

 

A Dynamic Snapshot of Maui’s Water 

Maui’s water is under complex control by users, suppliers, and external dynamics like 

population growth and climate change. This work will first describe the current status of 

the natural and built water system on Maui island, including legal and planning contexts. 

Economic and energy transitions expected in the next several decades will create 

significant changes that will affect Maui’s water system, many of which could require 

new infrastructure or new ways of using existing infrastructure. With this in mind, this 

work also examines the potential for two synergetic uses of existing structures to support 

anticipated changes.  

 

Existing reservoirs could be used for pumped storage hydroelectric facilities to store 

excess electricity. Maui’s effort to dramatically increase its renewable energy supply will 

change electric grid operations, particularly if intermittent sources of generation like wind 
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and solar power become prevalent. Energy storage capacity is useful for controlling 

power quality and reducing the need for redundant generation capacity, and pumped 

storage hydroelectric facilities are well suited for storing electricity at a large scale. 

Maui’s 53 most significant reservoirs are examined for potential use in an existing 

reservoir-based pumped storage hydroelectric scheme.   

 

Medium quality treated wastewater could be used to support biomass crops for 

combustion in power plants. Wastewater treatment and disposal presents a challenge for 

Maui and its growing population. Currently, most of Maui’s wastewater is treated and 

then injected into deep wells in volcanic rock, after which it migrates to the ocean and 

floats up due to its greater buoyancy relative to seawater. Wastewater injection is a 

perceived health and environmental threat in some areas. Maui reuses about 23% of its 

treated wastewater (Parabicoli 2008), and Maui Mayor Tavares has challenged the county 

to divert all wastewater away from injection wells (Hamilton 2009b). Central Maui’s 

Wastewater Reclamation Facility is the only one of the three main Maui Wastewater 

Reclamation Facilities that does not produce the highest quality of treated wastewater, 

and demand for reclaimed water is low. Recent legal decisions have directed the nearby 

Hawaiian Commercial & Sugar Co. (HC&S) sugar plantation to stop diverting millions 

of gallons of water, however. Maui also has existing and legacy infrastructure for 

producing power from biomass combustion. This paper investigates the cost effectiveness 

of using Central Maui medium-quality wastewater to irrigate biomass for combustion at 

HC&S. 

 

This work attempts to capture a snapshot of Maui’s water system, pointing out the forces 

that are likely to promote change in the next several decades. Future work will build on 

this snapshot to conceptualize multiple water use scenarios that could develop on Maui, 

using input from stakeholders on the island to design scenarios and test feasibility and 

costs. 
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LITERATURE REVIEW 

Water availability is limited both by what is physically possible and what is allowed. The 

size of the natural resource represents the ultimate restriction. This constraint is tightened 

by physical limitations of the built water infrastructure, like conveyance capacity, storage 

capacity, and location. These natural and constructed physical limitations are further 

constrained by societal limitations like legal bars, environmental use requirements, and 

social acceptability.  

 

Existing and potential water users compete for access to limited water and infrastructure. 

The decline of plantation agriculture on Maui and throughout the State of Hawaii has 

increased access to large volumes of water and massive, often very old built water 

systems. The shift away from plantation agriculture has changed the islands’ water use 

profiles dramatically in some cases. Though Maui hosts Hawaii’s last sugarcane 

plantation, the plantation faces significant challenges to economic viability, including 

drought, high labor costs, and heavy competition in the sugar market.  

 

As Maui’s water system faces potential changes both to its water supply and water 

demand, physical and legal infrastructure can be highly influential. Maui’s water 

infrastructure is not particularly nimble or flexible, with its large ditch systems, unlined 

reservoirs, and focus on moving water from its source to current or former plantation 

agriculture lands. Capital intensive, long-lived infrastructural assets have been, are, and 

will continue to be challenged by changing water availability, needs, and types of use. 

 

Maui’s water system consists of natural flows, built physical infrastructure, and legal and 

other social frameworks that direct its functionality. This section presents background on 

the water system as it exists today, including information on historical uses that have 

shaped it and expectations about the future that it will shape. 
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The Natural Water System on Maui 

Maui uses both surface and groundwater for its freshwater needs, like public supply and 

irrigation. Irrigation is the largest consumptive water demand on Maui and, as in the 

United States as a whole, is Maui’s second-largest water withdrawer: thermoelectric 

power plant cooling is responsible for the largest share of water withdrawals by a 

considerable amount. However, cooling needs are supplied by ocean water that is in 

plentiful supply on the Pacific island (Kenny, et al. 2009).  

 

Maui has an average daily supply of about 330 million gallons of surface water 

(Kinoshita, Zhou 1999). Maui is the second youngest of the major Hawaiian islands, and 

so its streams have not eroded the volcanic rock as deeply as streams in the older islands 

have. Maui has steeper streambeds and fewer estuaries where freshwater and seawater 

mix than the older islands. About 88% of Maui’s 211 watersheds host perennial streams. 

Hawaii’s streams are notoriously flashy, with flow levels varying from almost nothing to 

extreme flash floods depending on rainfall. These streams flow from mauka to makai, or 

from mountain to ocean, and provide habitat for Maui’s amphidromous species, species 

that spend part of their lifecycle in fresh- and part in saltwater (Maui Watershed Atlas 

2008). Maui’s watersheds are generally wedge shaped, extending from mountain to ocean 

(Figure 5). 
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Figure 5. Maui’s Ahupua’a 

 

 
 

Ahupua’a are traditional land divisions that roughly follow major watershed boundaries and were 
allocated to communities for farming and living purposes (data: Office of Planning 2010). 

 
The two volcanoes that give Maui its distinctive barbell shape (Mauna Kahalawai—also 

known as the West Maui Mountains—to the west and Haleakala to the east) also give 

Maui its freshwater. Orographic precipitation refers to water that falls when moist air hits 

the sides of mountains and is forced to move upward over the land, which causes it to 

expand and cool, releasing liquid water. Maui’s mountains provide land at high enough 

elevation to intercept moist trade winds from the northeast, and the resulting precipitation 

flows to the ocean in streams. Notably, this phenomenon means that Maui and the other 

four Hawaiian islands with mountains higher than 2000 to 4000 feet above the ocean 

have distinctly disparate climates on either side of the mountains. The windward sides 

(usually the northeastern coasts) face the trade winds and are among the wettest places on 

earth, while the leeward sides exist in the rain shadow of large mountains and are 

essentially deserts in some cases. On Maui, the windward and leeward sides of the island 

are separated by less than twenty miles (much less in some areas), which illustrates that 

climatic variation is extreme (Maui Watershed Atlas 2008). 

 

Hawaii’s capacity to monitor its surface water has declined over the last few decades. 

During the 1970s, hundreds of stream and ditch gages existed, and more complete 
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information on diversions and stream flow exists for the pre-statehood era than for the 

present. About fifty gages remain, and points of measurement have not been updated 

(Anthony pers. comm.): the lack of consistent, continuous data makes it difficult to 

establish scientifically supported minimum stream flow levels that protect surface water 

ecologies. 

 

Some of Maui’s surface water starts as fog in the island’s tropical montane cloud forests, 

where near-surface clouds provide an additional water source (Figure 6). Cloud or fog 

water can condense on leaves and other surfaces, then drip to the ground as “throughfall,” 

along with the rain that falls through vegetation to the ground; it can run down tree trunks 

and plant stems as “stemflow.” Some water that is intercepted by vegetation evaporates 

before reaching the ground, which is known as “interception loss” (Brauman, et al. 

2010). Fog drip contributes to surface water supply as water condenses from near surface 

clouds or fog and falls or runs to the ground: it is not well quantified on Maui (Gingerich 

2008). Brauman, et al. provide examples of fog drip contributing 25 to 40% of total water 

supplies in Californian and Canary Island cloud forests, where fog contributes relatively 

more in areas and times of low rainfall (2010). Tropical montane cloud forests are 

threatened both by deforestation and by the possibility that climate change will raise the 

base altitude of the clouds that host cloud forests by intercepting mountains (Loope, 

Giambelluca 1998). 
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Figure 6. Tropical Montane Cloud Forests of Hawaii 

 
 

Hawaii’s tropical montane cloud forests, indicated in red, are forests that derive substantial moisture 
from near-permanent cloud cover (reproduced from UNEP-WCMC 2004). Some are located on Maui 

Island. 
 
Maui has a sustainable yield supply of about 430 million gallons per day of groundwater 

from 25 major aquifer zones, though the largest aquifers are located far from population 

centers in the island’s eastern conservation areas. Most aquifer zones host at least one 

aquifer that is used as a drinking water source (many zones include two aquifers) (Figure 

7). 
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Figure 7. Aquifers of Maui 

 
 
 
 
 
 
 
 
 
 
 

 
 

a. Maui’s groundwater resources are largest to the east. Numbers are the sustainable 
aquifer yield in million gallons per day (data: Office of Planning 2010). 

 
 
 
 

 
 

b. Most of Maui overlies at least one aquifer used for drinking water supply. The Central Valley area 
(where sugarcane is grown) is the main exception. Yellow indicates a drinking water aquifer’s 

presence (data: Office of Planning 2010). 
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c. Large portions of Maui’s two volcanoes (Mauna Kahalawai to the west, Haleakala to the east) are 
kept as conservation lands. Much of Maui’s water supply originates in these mountains. Yellow 

indicates conservation land (data: Office of Planning 2010). 
 
 

 
 
d. Maui’s urban-zoned regions are clustered around Kahului in the Central area, Lahaina to 

the west, and Kihei to the south. They are distant from the largest sustainable groundwater yield 
regions (7a). Yellow indicates urban zoning (data: Office of Planning 2010). 

 
Maui is a volcanic island, and groundwater exists as a lens-shaped freshwater zone above 

a brackish transition zone above the underlying seawater where the fresh- and seawater 

mix. Because freshwater is less dense than seawater, it floats on top. The elevation of the 

water table is proportional to the freshwater’s buoyancy, and the relationship between the 

underwater thickness of the freshwater zone and the elevation of the water table can be 

expressed by the Ghyben-Herzberg Principle: 

 
z = !40h  (4), 
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where z is the water table elevation above sea level and h is the depth of the freshwater 

zone below sea level. (4) is a simplified version of Ghyben-Herzberg assuming typical 

values for the density of freshwater and seawater, at 1,000 kg/m3 and 1,025 kg/m3, 

respectively. The Ghyben-Herzberg Principle assumes hydrostatic conditions and is most 

accurate where transition zones are sharp. However, groundwater aquifers depart from 

hydrostatic conditions due to pumping, storm flows, and typical recharge, so the 

relationship does not always hold (Rotzoll, et al. 2010).  

 

Figure 8. Freshwater Lenses 

 
 

The Hawaiian Islands have lens-shaped freshwater aquifers that float on seawater  
(reproduced from Sproat 2009). 
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Assessing the location of the midpoint of the transition zone, where salinity is half 

seawater’s, might be a better metric for determining the status of groundwater aquifers 

overlying seawater. The transition zone responds slowly to changes at the surface. Water 

table fluctuations of 1.5 to 2.5 meters correspond to a loss of 60 to 100 meters of 

freshwater under Ghyben-Herzberg conditions, but observations suggest that the 

midpoint of the transition zone moves only about five to 10 meters here (Rotzoll, et al. 

2010). 

 

Rapid aquifer drawdown can promote mixing and compromise the freshwater’s quality. 

Rotzoll, et al. present several examples where rapid water depletion caused the midpoint 

of the freshwater lens’ transition zone to rise dramatically, but the midpoint did not drop 

to its original level when pumping slowed (2010). 

 

Though Maui overall has sufficient sustainable yield capacity to supply its groundwater 

needs, specific aquifers suffer overpumping that threatens water quality. In particular, the 

Iao and Waihee aquifers on the eastern flank of Mauna Kahalawai are Maui’s principle 

sources of domestic water supply and are threatened by overuse. They were designated 

State Groundwater Management Zones in 2003 after overpumping triggered regulation. 

The transition zone midpoint, or the depth where salinity is 50% that of seawater, moved 

up about 1.5 meters between January 2009 and May 2010 (USGS 2010). The Iao aquifer 

has one of Hawaii’s thickest freshwater lenses, at about 260 meters, but this depletion 

rate is rapid. The transition zone midpoint responds slowly to stresses at the surface, with 

estimates suggesting that it takes 50 years to reach 90% stability and 200 years to reach 

full equilibrium after disturbance. Maui’s groundwater aquifers are easily recharged 

through the island’s porous volcanic rock, and upward movement in the transition zone 

indicates that recharge is not keeping pace with withdrawal (Rotzoll, et al. 2010). 

 

Maui’s varied climate over a small area, particularly the existence of very wet areas near 

very dry areas, combined with topography to encourage the development of large scale 
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interbasin water transfer schemes that rely on gravity to transport water from wet 

watersheds to dry ones. The built water system was largely constructed during the 

plantation agriculture days of the 1800s and early 1900s and still forms the backbone of 

Maui’s water infrastructure today. 

 

The Built Water System on Maui 

Maui Island has four potable water systems served by the Department of Water Supply, 

of which the Central Maui system is by far the largest. Numerous irrigation systems 

developed to serve traditional agriculture, then plantation agriculture. Infrastructure for 

moving water around the island, with its dramatic differences in rainfall from one side to 

the other, has existed for centuries, starting with traditional irrigation systems. 

 

Hawaii sustained a population similar to its current size before contact with the western 

world via Captain Cook in 1778 (Sproat 2010). No physical ownership of water was 

allowed: customary law supports much of the modern public trust concept. Hawaiian 

crop cultivation occurred in ahupua’a, wedge-shaped units of land extending from the 

mountain to the ocean that roughly match watershed boundaries. Communities used 

shared labor principles and a carefully structured hierarchy to farm and live in the 

ahupua’a. The King of Hawaii was responsible for allocating water resources with the 

land and granting access to water conveyance systems known as ‘auwai, or ditches used 

for irrigation. Taro, banana, and sugarcane were common crops. Water access was 

granted to users on the basis of their contribution to building irrigation systems and their 

ability to properly manage the resource (Wilcox 1996). 

 

As native agriculture was replaced by plantation agriculture, irrigation systems became 

larger and more reliant on interbasin water transfer. Private landownership and water 

diversion licenses made large farms possible. Engineering capacity, cheap labor, and 

large amounts of capital enabled the construction of irrigation systems with millions of 
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gallons per day of water movement capacity in the late 1800s and early 1900s, and those 

systems still largely support the water systems of Hawaii. Litigation has restored the 

concept of water as a public trust resource to Hawaii, but many of the water infrastructure 

systems remain privately owned. Landowners generally control water infrastructure with 

the oversight of the Department of Land and Natural Resources (Anthony pers. comm.). 

With the decline of plantation agriculture, ownership has become fragmented in places, 

negatively affecting infrastructure maintenance. As in the rest of Hawaii, Maui’s ditch 

systems are considered irreproducible because of cost, access, environmental, and other 

barriers, but they are also costly to maintain (West Maui Land Company pers. comm.). 

 

Maui’s built water system suffers from age-related limitations. Many elements need 

maintenance to restore their functionality, and infrastructure was put in place without the 

benefits of modern engineering and materials science (Nicholson, Papacostas 2008). 

Many reservoirs and ditch systems are unlined for most or all of their extent, and Maui’s 

highly porous soils provide an easy route for water to seep out of the water system and 

into the ground, causing major losses. During the 1960s, when sugarcane reservoirs were 

kept full for flood irrigation (drip irrigation has superceded flood irrigation and is a more 

efficient way to apply water to crops), HC&S lost 23 to 31 million gallons per day of 

water from 36 reservoirs on its eastern water system (CWRM 2010). The Maui 

Department of Water Supply estimates that the DWS system loses about 14% of the 

water it transports (CWRM 2010), which is not unusual for a public water infrastructure 

system. Lining reservoirs and ditches is costly, and many remain unlined because the 

benefits are not currently seen as justifying the costs. 

 

One reason that Maui has such extreme loss rates from its water system is the nature of 

its volcanic soil. Hydraulic conductivity is a measure of how quickly water can move 

through a zone, where higher hydraulic conductivities indicate a more rapid loss potential 

because water is not held in the soil or rock. Darcy’s Law gives water’s Darcy velocity 
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 !q , or its volumetric flux in the direction of the steepest elevation decline under steady 

flow conditions, as 

 

 !q = K!I  (5), 
 

where the hydraulic gradient is the vector direction of the steepest change in hydraulic 

head (h), 

 
 !I = !"h (6), 

 
and K is the hydraulic conductivity of the substance through which water is passing. The 

hydraulic conductivity of Maui’s soils and rocks ranges from 250 to 1300 meters per day, 

incredibly high values that are roughly equivalent to hydraulic conductivities associated 

with gravel (Table 4, Rotzoll, El-Kadi 2008; Charbeneau 2000). Maui rock’s typical 

hydraulic conductivity is several orders of magnitude higher than conductivities for more 

typical aquifer rocks like limestones and sandstones.   

 

Table 4. Typical Hydraulic Conductivities found in Soils. Maui’s soils are extremely 
conductive.  

MATERIAL K (m/d) 
Unconsolidated Material  

Gravel 102-104 
MAUI 102-104 
Sand 10-1-103 

Silt 10-4-100 

Clay and Glacial Till 10-8-10-3 

Sedimentary Rock  
Karst limestone 10-1-103 
Limestone, Dolomite 10-4-102 
Sandstone 10-5-100 

Shale 10-8-10-3 

Crystalline Rock  
Fractured basalt 10-2-103 

Fractured crystalline rock 10-3-101 
Basalt 10-6-10-2 

Dense crystalline rock 10-9-10-5 

Adapted from Rotzoll, El-Kadi 2008, Charbeneau 2000. 
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Maui hosts two major surface water diversion systems. East Maui Irrigation Company (a 

wholly owned subsidiary of HC&S) diverts about 150 to 165 million gallons per day 

from more than 110 streams on the east side of the island. Its total capacity of 450 million 

gallons per day makes it the largest in the State of Hawaii. The West Maui Waihee Ditch 

System (jointly owned by HC&S and Wailuku Water Company) has a capacity of about 

120 million gallons per day. Both systems serve HC&S sugarcane plantation, though 

HC&S also supplies raw water for domestic and other agricultural uses. The diversions 

are gravity fed, which dramatically lowers the need for power to pump water over a 

pumped water system and in fact allows for some hydroelectric power generation (HC&S 

2010). 

 

HC&S also operates 16 brackish deep groundwater wells with a supply capacity of 242 

million gallons per day, but power constraints limit supply to about 100 million gallons 

per day (HC&S 2010). The plantation uses 150 to 165 million gallons per day of surface 

water and about 80 million gallons per day of groundwater, on average (HC&S 2010). 

HC&S estimates its actual water demand at about 270 million gallons per day, though 

this optimal use is not supplied about 85% of the time (CWRM 2010). 

 

Maui also supports a growing population and visitor industry, which fuels a demand for 

potable water. Maui’s daily potable water demand was about 35 million gallons in 2007, 

up from 20 million gallons per day in 1995 (Kinoshita, Zhou 1999). Demand is expected 

to rise to 50 million gallons per day by 2030 (Freedman 2007). Most of the current 

potable supply comes from groundwater wells and serves the Central Maui Department 

of Water Supply district (Freedman 2007). Central Maui demand was nearly 22 million 

gallons per day in 2005, 75% of which was pumped from the Iao Aquifer (Freedman 

2007). The other 25% of supply comes from the Waihee Aquifer (Freedman 2007). 

Together, the Iao and Waihee Aquifers can supply about 25 million gallons per day and 

were designated a Groundwater Management Area in 2003 in response to overpumping 
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(Maui Island Plan 2008). As Central Maui’s demand continues to grow, new sources of 

water are actively being sought (Maui Island Plan 2008).  

 

Maui island’s other three Department of Water Supply districts are much smaller than the 

Central Maui district. The Upcountry District (also known as the Makawao District) 

demands less than seven million gallons of water per day from four interconnected 

Department of Water Supply systems. Most of the water supply on that system is surface 

water from rainforests, so it is vulnerable to drought. Supplemental groundwater is 

extremely expensive because of the district’s high elevation. Maui is pursuing upgrades 

to the Upcountry water supply that will provide untreated, nonpotable water to 

agricultural users alongside the potable system, as farmers currently pay to use treated 

potable water with a quality that exceeds their needs (Freedman 2007, Maui Island Plan 

2008). 

 

The West Maui District (also known as the Lahaina District) uses ground and surface 

water to supply slightly over five million gallons of water per day. The total water 

available is about eight million gallons, and further sources are sought. The East Maui 

District (also known as the Hana District) is Maui’s smallest, with a total demand of 0.2 

million gallons of water per day served by two Department of Water Supply groundwater 

wells and two private systems. Total water availability is about 0.5 million gallons per 

day (Freedman 2007, Maui Island Plan 2008). 

 

The Maui Department of Water Supply runs five surface water treatment facilities on 

Maui, providing about 11.7 million gallons of drinking water per day (Table 5). Water 

sources include streams, rainforest runoff held by reservoirs, and East Maui Irrigation 

Company’s Wailoa Ditch of the East Maui Irrigation. 
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Table 5. Maui Department of Water Supply Water Treatment Facilities 

FACILITY SOURCE SERVICE AREA AVG PRODUCTION 
Mahinahina Water 
Treatment Facility 

Honokohau Stream, 
Honolua Stream, 
Kanaha Stream 

Lahaina, Napili, Wahikuli, 
Kahana, Alaeloa 

2.4 mgd 

Lahaina Water 
Treatment Facility 

Kanaha Stream Lahaina 1.6 mgd 

Olinda (Upper Kula) 
Water Treatment 
Facility 

Waikamoi Rain Forest 
via Waikamoi and 
Kahakapao Reservoirs 

Upper Kula, Ulupalakua, 
Kanaio 

1.6 mgd 

Piiholo Water Treatment 
Facility 

Waikamoi Rain Forest 
via Piiholo Reservoir 

Lower Kula 2.5 mgd 

Kamole Weir Water 
Treatment Facility 

Wailoa Ditch Makawao, Pukalani, 
Haliimaile, Haiku 

3.6 mgd 

Data: County of Maui 2010. 
 

Three wastewater treatment facilities treat about 15 million gallons of water per day 

(Figure 9, Parabicoli 2008), demonstrating that not all users are on the public system. 

Many hotels, resorts, and isolated communities operate their own small wastewater 

treatment facilities or use septic systems or cesspools for wastewater disposal. Cesspool 

operation is no longer legal, but those that already exist continue to discharge wastewater 

into the ground. The Makawao-Pukalani-Kula Community Plan Area relies mainly on 

cesspools and septic tanks, though a private wastewater reclamation facility exists in 

Pukalani. Makena also has a private wastewater treatment plant. In general, Upcountry 

Maui is least covered by public water and wastewater services, with only Haliimaile 

served by a county collection system (Maui Island Plan 2008). 
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Figure 9. Maui County Wastewater Reclamation Facilities 

 
 

Maui County operates five wastewater reclamation facilities, three of which are on the island of Maui 
and produce about 15 million gallons of treated wastewater per day (reproduced from Wastewater 

Reclamation Division 2009: Community Working Group Mtg #2). 
 

Current Legal and Planning Context 

The State of Hawaii explicitly recognizes water as a public trust resource, requires that 

streams be allocated minimum levels of flow according to science-based Instream Flow 

Standards, and requires the use of the precautionary principle in water use permitting, 

siding with conservation where a choice is not clear. However, the water path on Maui 

(including many of the just-mentioned principles) is often forged with litigation and legal 

rulings (Sproat 2009). Some of the most important rulings since the 1970s are listed in 

Table 6. Prior to the McBryde case resolved in 1973, few legal rulings challenged sugar 

interests (Wilcox 1996). Most of Hawaii’s water law and rulings has come after the 

construction of plantation irrigation systems, so the facts of the physical infrastructure 

have favored large plantations by default.  
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Table 6.  Hawaiian Water Law Since 1970 

CASE OR ACTION DATE NOTES 
Central Maui Stream 
Restoration  2004- 12.5 mgd of 70 diverted mgd restored to the four Na Wai 

Eha streams, after 2009 proposed restoration of 34.5 mgd 

East Maui Streams 2001- some water restored to 14 of 27 streams with September 
2008 and May 2010 decisions 

Iao, Waihe’e Aquifers  2001-2003 ‘Iao, Waihe’e Aquifers designated as State ground water 
management area 

Waiahole Water Rights 1993-2000+ public trust resources cannot be given away; precautionary 
principle invoked for permitting 

1987 State Water Code 1987 explicitly protects Hawaiian rights, ecology, natural beauty, 
beneficial uses of water in public interest 

1978 HI State 
Constitution amendment 1978 “All public natural resources are held in trust by the State 

for the benefit of the people.” 
Reppun v Board of Water 
Supply 1976-1982+ riparian rights cannot be severed from riparian land 

McBryde Sugar Co. v 
Robinson 1955-1973+ water is a public resource: state holds water for public 

benefit 
Earthjustice 2003, Earthjustice 2009, Earthjustice 2010, Ward 2010a, Ward 2010b, Wilcox 1996. 
 
Two major legal battles over water are underway on Maui: the East Maui Streams case 

and the Central Maui Stream Restoration, or Na Wai Eha, case. Both challenge the 

legality of surface water diversions from streams where lack of flow harms ecology and 

traditional cultural practices (Earthjustice 2010). As of July 2010, the Commission on 

Water Resource Management has ordered some water restored to streams in both cases. 

In the Na Wai Eha case, which is being appealed, 12.5 million gallons of 70 million 

gallons of diverted water from four streams were ordered back into the streams, after a 

December 2009 indication that restoration would be closer to 34.5 million gallons (Ward 

2010b, Earthjustice 2010). Balancing the beneficial use of water associated with 

traditional industry and employment at HC&S sugarcane plantation with the State’s 

responsibility to hold water in public trust and to protect streams with scientifically based 

minimum flow levels has proved extremely controversial. The major Hawaiian water 

cases have, and are expected to continue, to last for years through hearings and appeals. 
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Environmental flow standards are an ongoing problem in Hawaii. Hawaii’s 1987 Water 

Code required the Commission on Water Resource Management to issue Instream Flow 

Standards for Hawaii’s streams, representing the minimum stream flow that adequately 

protects the public interest (Sproat 2009). Though the Commission was required to issue 

standards quickly, starting with Interim Instream Flow Standards that would be refined to 

permanent Instream Flow Standards based on scientific investigation, studies were not 

performed and Interim Instream Flow Standards were chosen to be the amount of water 

flowing in Hawaiian streams on certain dates in 1988. No Instream Flow Standards have 

been set, and the only scientifically based Interim Instream Flow Standards have been set 

because of litigation. Legal challenges rather than the planning commission are therefore 

(slowly) driving water priorities in Hawaii (Sproat 2009). 

 

The State Water Code also allows the Commission on Water Resource Management to 

take direct control over all water permits in surface and groundwater regions designated 

as Water Management Areas. By the Code, a water area must be put under management 

when the resource is threatened. All of Hawaii is expected to be put into Water 

Management Areas eventually, but sequential designation was intended to allow 

prioritization. Like Instream Flow Standards, Water Management Area designation has 

proceeded more slowly and less effectively than anticipated (Sproat 2009).  

Table 7. Watershed Actions by the Commission on Water Resource Management  

REGION CWRM ACTION YEAR NOTES 
‘Iao Aquifer Groundwater Management Area 2003 overpumping triggered 

designation  
Na Wai ‘Eha Surface Water Management Area 2008 first SWMA in Hawaii 
East Maui Streams partial flow restoration, 14 streams 2010 27 streams petitioned 

These regions are for Maui island only (Sproat 2009). 
 
Even without legal action, water planning can be controversial. Wastewater management 

poses a major planning challenge in Maui. Currently, most wastewater is injected to deep 

wells that allow treated wastewater to discharge indirectly to the ocean (Figure 20). 
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However, concerns about contaminants in the treated wastewater have fostered plans to 

increase levels of reclaimed water reuse or treatment.  

 

Maui currently reuses almost a quarter of its reclaimed wastewater, mainly for 

agricultural purposes (including golf courses). While public perception is frequently a 

challenge for wastewater reuse programs, the main barrier in Maui is the cost of 

infrastructure needed to support wastewater reuse. Purple pipe, the secondary piping 

system that carries wastewater, costs between $250 and $300 per linear foot (Parabicoli 

2008, MCEA 2009). In the Kahului area near the Wailuku-Kahului Wastewater 

Reclamation Facility, where many utility systems exist underground, traffic is relatively 

high, and a high water table necessitates pumping, costs may be as high as $1000 per 

linear foot (Parabicoli pers. comm.). Wastewater reclamation options can be quite 

expensive, particularly in areas where reclaimed water is not displacing potable water. 

Supply option analysis suggests that some of the best reuse projects that build on existing 

lines and displace potable water would have levelized costs of around $2 per thousand 

gallons (Freedman 2007). Projects that rely on upgrades to reclamation facilities and 

entirely new lines will be more expensive. Targeted conservation projects like 

xeriscaping, home irrigation measures, toilet retrofits, and shower retrofits can provide 

benefits at levelized costs of between $0.53 and around $2 (Freedman 2007). While 

reclaimed water use can be expensive, reclaimed water is a long-term drought resistant 

water source that is a less expensive supply option than many of the new source options 

analyzed for the Maui Water Development Plan, which are estimated to range in cost 

from $1.06 to $7.30 per thousand gallons (Freedman 2007)1. 

 

Mandates on wastewater quality and use can contribute to greater reclamation. Higher 

quality water is more attractive to many users, and so regulations forcing higher levels of 

                                                
1 A caveat is that these various supply sources have different capacities: some proposed new wells would 
provide millions of gallons per day, while reclamation and conservation projects tend to be significantly 
smaller. 
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treatment before discharge or injection could also increase interest in reuse. Currently, 

Maui County requires commercial users located within one hundred feet of an R-1 

wastewater distribution system to hook up to the system within one year (Parabicoli 

2008). Reclaimed water is heavily subsidized by sewer users, who bear about 76% of the 

cost: this subsidy is justified by the argument that the water would not need treatment if it 

had not been used. Reclaimed water prices can be set at the price of alternate sources 

(Parabicoli 2008), and it is intentionally priced so that reclaimed water is competitive 

with other water sources for agricultural users. 

 

Influences on Maui’s Freshwater 

Maui’s freshwater system faces numerous demands, primarily agricultural, municipal, 

and environmental. These demands for quantities of water at a use-specific quality are 

influenced by external factors, some of which are controllable and some of which are not. 

The influence diagram in Figure 10 illustrates the most salient systems that do and will 

continue to have effects on Maui’s freshwater and includes some of the features that are 

expected to put pressure on those demands. Irrigation for agriculture, potable supply to 

support real estate and the tourist industry, and water for environmental systems appear to 

be the most volatile water demands on Maui. Water is also used for industry, commercial 

purposes, military, and other needs, but those systems are relatively minor. Allocating 

water for agriculture, potable supply, and environmental systems represents active and 

occasionally controversial decisions about Maui’s development and priorities, and so 

these systems are the focus of analysis. 
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Figure 10. Influence Diagram for the Maui Water System 

 
 
 

This influence diagram shows some of the major pressures on Maui’s freshwater supply. It is not an 
exhaustive summary of inputs and impact relationships. 
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Maui’s agricultural economy demands large volumes of water. Agriculture can be for 

food or for fuel, for local consumption or for export. Decisions about what crops to plant 

and for what purpose have long-term implications for Maui’s economy: while sugarcane-

based ethanol grown on Maui is not expected to be price-competitive in the global 

market, even when compared with ethanol shipped to Maui from the US mainland 

(Keffer, et al. 2006), subsidy and mandates could promote sugarcane ethanol on Maui for 

local fuel sourcing or by banning corn-based ethanol on environmental or other grounds. 

Growing high value tropical food and flower crops for export could be profitable, but 

support for island self-sufficiency would tend to favor food production for Maui’s 

consumption. The amount of water needed for irrigation depends on crop water needs, 

which in turn depend on farm location, crop type, and irrigation techniques; on water 

delivery systems, whose age and state of repair influence the amount of water lost in 

transit; and on water availability, which depends on water allocations, the cost of 

developing new water sources, and in turn influences farmers’ decisions about crop types, 

irrigation techniques, and other factors. 

 

The potable supply on Maui serves resident and tourist populations in homes and 

businesses. Population growth is a major factor affecting potable demand, and this is in 

turn influenced by island and global economies. The visitor industry is supported by 

some large institutions like hotels and resorts that are able (and sometimes required) to 

operate independent wastewater treatment and reclamation facilities. This trend could 

reduce potable supply needs per capita, as could attention to efficient appliances and 

fixtures in homes, hotels, and elsewhere. 

 

Environmental water needs are evident in Maui’s surface water, groundwater, and coastal 

systems. Surface water reservation often involves restoring or maintaining natural stream 

flow to support ecologies, traditional uses, and tourism-attracting beauty. Litigation has 

been a major driver of stream flow restoration, though the State Water Code requires that 

Hawaii’s Commission on Water Resource Management establish science-based minimum 
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Instream Flow Standards. Groundwater is in close communion with surface water on the 

volcanic island, and aquifer protection focuses on maintaining a freshwater resource that 

can contribute to surface water base flow and is not contaminated by the underlying 

seawater. The coastal zone, too, invites protection to support ecosystems and human 

health. Maui’s current practice of injecting wastewater underground for eventual 

discharge to the ocean has raised questions about health risks and nutrient loading near 

the plumes. 

 

Natural water availability clearly exerts a strong influence on the characteristics and 

operation of Maui’s water system. Where the water is and where it could be represent two 

major questions that indicate how water can possibly be used on the island. Precipitation 

and fog drip inputs to the water supply are mainly found on the windward sides of Maui’s 

two volcanoes, Mauna Kahalawai and Haleakala. These mountains produce mauka to 

makai (mountain to ocean) water flow in Maui’s 211 watersheds (Maui Watershed Atlas 

2008). Groundwater exists in freshwater lenses floating atop seawater in the porous 

volcanic rock and is suitable for drinking water in almost all aquifers. It is recharged by 

surface water infiltration, whether from precipitation, runoff, or irrigation that seeps 

through the soil and rock. Water leaves Maui’s surface and subsurface through 

evapotranspiration in plants, both wild and cultivated, and through direct evaporation. 

Runoff, including the enhanced runoff often seen in cities when impermeable surfaces 

reduce water’s ability to soak into the ground, allows water to flow off the island into the 

ocean. Water can also be transported to locations where it is wanted: ditches are used for 

surface water transport, while wells are used to pump groundwater to the surface. After 

treatment, water often goes into supply lines that serve potable supply, sewerage, or 

reclaimed water systems. Water can also be stored in reservoirs, though many of Maui’s 

unlined reservoirs lose substantial volumes of water to seepage. This seepage (and 

seepage from irrigation water) does recharge groundwater supplies, which preserves 

vegetation and reduces dust in some of the drier areas of the island (AWUDP 2004). 

Water availability varies by season and other temporal scales. 
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Maui’s community needs include food, water, fuel, culture, environmental quality, and 

economic stability. Planning for growth and desired types of development can support 

these needs, particularly since limited resources like usable water and land face numerous 

demands that produce different types of outcomes for the island. 

 

Future Directions 

Maui’s population is growing, and plantation agriculture continues to decline. Maui 

County Energy Alliance estimates that Maui’s resident population will increase by 42% 

between 2005 and 2030, demanding 40,000 new housing units and an additional 100 

megawatts of power capacity (MCEA 2009). Maui Land and Pineapple Company, Inc. 

spun off its agricultural assets in 2009, and HC&S sugarcane plantation’s parent 

company has threatened to shut it down unless profitability improves (ML&P 2010, 

Hamilton 2010a). The island’s economy has long been based on agriculture and tourism, 

and so a decline in agriculture and increase in resident and visitor populations has some 

potentially major implications for water resource use on Maui.  

 

A growing interest in island self-sufficiency, including local food and fuel production, 

suggests that water and land might be desired for diversified or biofuel crop agriculture. 

Urban development also demands land and water supplies, often at much higher 

qualities—and involving more complicated wastewater treatment—than agriculture does. 

This increased demand for treatment to bring water to drinking water standards and then 

to prepare it for disposal after use also represents an additional need for energy, 

particularly because drinking water is often pumped out of groundwater aquifers.  

 

Agriculture and urban uses often compete for the same prime land and water resources 

and distribution systems. Simultaneously, environmental flows to support ecologies, 

cultural practices, and landscapes that attract tourists demand that diversions are reduced 
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so that more water can remain in streams and other natural basins, and as water is 

earmarked for this purpose, available supply is reduced. The public trust doctrine 

formalized in the Hawaiian constitution requires that water be held in trust for the people, 

used and preserved as is best for the public, and it is not always clear what the best use 

and allocation pattern is. Other Hawaiian islands offer examples of the complex task of 

reallocating water and infrastructure when plantations exit, decline, or have their water 

use challenged, but the extremely large scale of Maui’s remaining sugarcane irrigation 

operation is unique. 
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THE POTENTIAL FOR PUMPED STORAGE USING EXISTING 
RESERVOIRS ON MAUI 

Motivation 

Electrical power is an unusual resource in that it is very difficult to store. Grid operators 

need to constantly match electricity supply and demand essentially instantaneously. The 

prospect of being able to store electricity is attractive, particularly given increased 

penetration of generating technologies that do not have controllable output. Sources like 

wind and solar are considered intermittent power sources because electricity is generated 

when wind and sun are available, not when power system operators turn wind turbines 

and solar systems on and off. Currently, grid operators are not usually able to control 

power demand: a customer’s decision to turn on an air conditioner is not based on 

available power resources. Thus, grid operators have traditionally relied on being able to 

control power supply to meet system demand. Intermittent sources challenge this control. 

 

Though electrical power is difficult to store, it can be stored as potential or chemical 

energy that can be reconverted to electrical power. Having storage availability means that 

power supply may instantaneously differ from demand, which allows for more optimal 

generation levels at controllable facilities and easier integration of intermittent power 

sources. Pumped storage hydroelectric facilities are capable of storing large amounts of 

electrical power in the form of elevated water (potential energy) which can be quickly 

released through a turbine generator to supply power. Reservoir construction is often an 

expensive component of a pumped storage hydroelectric facility. However, Maui has 

many existing water reservoirs. Managing water to allow use of existing reservoirs both 

for current purposes and as energy storage facilities could provide benefits for Maui’s 

changing power grid.  
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THE MAUI GRID  
Maui’s grid is confined to Maui Island and is fairly small, at about 250 megawatts of 

capacity. (To provide a sense of scale, many individual mainland universities have power 

plants with capacities of around 50 megawatts.) Maui’s temperate climate means that the 

demand profile does not vary much over the course of a year, as winter and summer 

heating and cooling needs are not as dramatic as they are in other regions (Figure 11). 

Peak daily demands during 2009 were usually between about 170 and 190 megawatts, 

with the highest demand in winter and summer (Reynolds pers. comm.). 

 

Figure 11. Maui Island Power Load, 4 November 2009  

 
 
 

Maui’s electric power load varies from about 80 to 200 megawatts, and its mild climate means that 
seasonal variation is not substantial. Like many residence-dominated systems, Maui sees peak 

demand around dinner time (adapted from Reynolds pers. comm.). 
 

Both the size and the fuel profile of Maui’s grid are expected to change substantially by 

2030. About 100 megawatts of extra demand are anticipated by 2030 as resident and 

visitor populations grow (MCEA 2009). (Note, however, that recent demand growth has 

MW 

hour of day 
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been slower than expected: Maui’s system peak demand of 211 MW has not been 

matched since 2007 (Reynolds pers. comm.), and a new oil-fired power plant originally 

intended to come online between 2006 and 2016 (CH2M Hill 1997) was never built.) 

Additionally, Hawaii’s Renewable Portfolio Standard and Maui County’s own goals for 

renewable generation capacity mean that the grid will move from controllable oil-fired 

power plants to renewable sources of energy. Some of these, like geothermal, will be 

easily controllable, while sources like wind and solar are intermittent and might pose 

challenges to grid operators. Maui has access to fantastic wind resources (Figure 12), 

with observed capacity factors near 50% in some areas (mainland capacity factors of 30% 

are common) (Boyd 2009). The grid will need investment in power quality equipment if 

Maui is to meet its goals. 

 

Figure 12. Maui’s Wind Resource  

 
 
 

Maui has extremely good wind resources just offshore to its south and northwest. Dark red 
represents the highest class of wind resource. This figure shows average wind speeds at 70 meters 
above ground surface, which can be slower than wind speeds where the taller wind turbine hubs are 

found (reproduced from DBEDT). 
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One optimization analysis done in a Portuguese context estimates that for every 3.5 

megawatts of wind (or other intermittent power) capacity, a system should have about 

one megawatt of pumped storage hydroelectric (or other storage) capacity (Deane, et al. 

2009). As Maui moves toward its goals of 40% renewable power by 2030 (DSIRE 2010) 

or 95% by 2020 (MCEA 2009), it is likely to add substantial quantities of intermittent 

power like wind and solar. Storage capability and other grid stabilization services will 

become increasingly important.  

 

Low resolution studies by Maui Electric have investigated the possibility of deploying a 

single pumped storage hydroelectric system to provide all of Maui’s storage needs (Seki 

pers. comm.). However, pumped storage hydroelectric can be challenging to site, and the 

nature of the infrastructure means that projects are not easily scaled over time. While 

battery capacity can be added incrementally as funding becomes available or as need is 

demonstrated, pumped storage hydroelectric facilities select reservoir and turbine sizes 

that are not as easily changed. Thus, investment requirements are more concentrated at 

the beginning of a project, and building a pumped storage hydroelectric facility requires a 

fairly inflexible commitment to certain power and storage capacities. Several 20 to 30 

megawatt wind farms under construction in Hawaii have included plans for commercial 

scale storage and power quality infrastructure with battery systems (Auwahi 2010, 

Dvorak 2010). MECO’s operating assumption that wind generators on its system are 

always off (Reynolds pers. comm.) provides operators with an incentive to provide their 

own smaller storage and grid support systems that will allow them to enter firm power 

contracts. Thus, rather than waiting for a major system-wide investment into a large 

pumped storage hydroelectric system, wind farms might build their own individual 

smaller storage and grid support systems that will be sufficient in aggregate. A planned 

400 megawatt wind farm offshore by Molokai and Lanai that is intended to be linked to 

the Oahu grid (Interisland Wind 2009) might foster larger scale storage schemes in the 

near term. 
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HOW PUMPED STORAGE HYDROELECTRIC SCHEMES WORK 
Pumped storage hydroelectric is considered the most commercial bulk energy storage 

technology, where bulk storage is defined as being able to provide more than 10 

megawatts of power for at least an hour (Schoenung, Hassenzahl 2003). However, 

pumped storage hydroelectric is only commercial under certain conditions: site 

specifications are extremely important, as are environmental restrictions. Pumped storage 

hydroelectric schemes can be land intensive, as the principle is to pump water from a 

lower to an upper reservoir during times of excess power availability and then allow it to 

run from the upper reservoir down through a hydroelectric turbine when power needs to 

be generated. Ideally, the two reservoirs are laterally near one another and separated by a 

significant vertical distance, known as head. This elevation difference between the 

reservoirs allows energy to be stored as potential energy, with water held at some height 

(Figure 13). 

 

Figure 13. Pumped Storage Hydroelectric Power Plant 

 
 

Pumped storage hydroelectric power plants pump water from a low reservoir to a higher one when 
extra electricity is available and run the water through the reversible pump turbine (from the high to 

the low reservoir) when power is needed (reproduced from Perkins 2009). 
 
The amount of energy that a pumped storage hydroelectric system can store depends on 

constants like the acceleration due to gravity and water’s density as well as factors that 

planners have some control over, like reservoir volume, the head between two reservoirs, 
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and the system’s efficiency. Energy storage capacity can be calculated by determining the 

amount of potential energy in a given amount of water, then applying an efficiency 

factor, as 
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where V is the reservoir volume in cubic meters, g is the acceleration due to gravity 

(m/s2), h is the system head in meters, !w is the density of water at a given temperature 

(kg/m3), and !  is a unitless efficiency factor (less than one) that accounts for energy 

losses in the turbine, the flow channels, and the reservoir (Bogenrieder 2006).  

 

Power generation capacity depends on the water flow rate through the turbine, as 
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where !w is again the water density in kg/m3, g is the acceleration due to gravity (m/s2), h 

is the system head in meters, !  is a unitless efficiency factor, and ! is the water flow rate 

in kg/m3 (Bogenrieder 2006). Water flow is also frequently expressed as Q (kg/s), where 

 
Q = !w"  (9). 

ANCILLARY SERVICES 
Power systems exist to supply a demand for electricity. While generating electricity is 

their main function, effectively supplying the electricity requires that a number of other 

services be provided. Perhaps most obvious from a user perspective are the needs to 

maintain consistent system voltage and frequency, two attributes that affect how electric 

machines operate. Another important service is known as black start capability. Most 

large thermal power plants require a source of electricity to run system loads like pumps 

and fans, so while they can keep themselves running, they cannot start themselves. Some 
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other generator like a hydroelectric plant or a diesel generator that can start without a 

source of power is necessary so that the grid can restart after a major power outage. 

Operating services like load following capacity and spinning reserves (power generating 

capacity that can come online instantly) allow grid operators to react to changes in 

demand levels (von Meier 2006).  

 

These ancillary services (ancillary because they are secondary to the main goal of 

generating electricity) have value, and hydroelectric plants are particularly useful for 

supplying ancillary services. The economics of a pumped storage hydroelectric system 

can be favorably shifted by the value of ancillary service provision, particularly on a grid 

where ancillary services are in short supply (Table 8). Wind and solar generation have 

characteristics different from traditional thermal generators, largely because they do not 

generate power using large generators spinning synchronously with other generators on 

the same system. While sophisticated power electronics can help these generators 

overcome some of the challenges that make their integration to the grid easier for 

operators, it can be helpful to have generators like hydroelectric systems available to 

provide certain services. 

 

Table 8. Values for Ancillary Services to the Electric Grid 

 

Adapted from Koebbe 1993. 

PEAK SMOOTHING 
Being able to store energy allows generators to choose output levels that both supply the 

necessary amounts of energy to meet demand and allow generators to operate efficiently. 

Demand can vary significantly over the course of a day, with peaks often seen around 

dinner time and sunset when people start cooking, turning on lights, and watching 

ANCILLARY SERVICE VALUE ($/kW) 
Black Start 5 
Frequency Regulation 5 
Load Following 25 
Operating Reserves 30 
Voltage Regulation 5 
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television. Power plants have a marginal cost associated with each unit of energy they 

produce, and this marginal cost often varies with the amount of power they are 

generating. For example, a power plant might operate less efficiently, thus consuming 

more fuel, when its components are stressed at high load. The cost of producing a unit of 

power can be described by the variable cost function 

 
 ci :!! !  (10), 

 
which depends on the plant’s physical efficiency at different capacity levels, ramping 

rates, minimum and maximum loads, and other factors. Differentiating the cost at a given 

power output with respect to the quantity generated yields the marginal cost of generation  

 
!ci
!Qi

(Qi )  (11), 

 
often expressed in dollars per megawatt hour produced. An example profile for a power 

plant is presented in Figure 14. The plant cannot cost effectively produce below a certain 

minimum level, about 500 kilowatts in this example, and as it approaches its rated 

capacity of about six megawatts, it becomes less efficient and costs rise. The plant is able 

to exceed its maximum rated capacity briefly at high cost, but not by very much (Baldick 

2010). 
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Figure 14. Marginal Cost Curve for a Power Plant 

 
 

Power plants often have minimum and maximum production levels beyond which they cannot 
provide electricity. Cost of production can vary depending on the production level (adapted from 

Baldick 2010). 
 
The price that plants receive for their power is usually above their marginal cost of 

generation, so plant operators are able to balance costs with revenue from increased sales 

to determine the optimal output level. When demand is relatively constant, something 

that can be mimicked on a grid that has sufficient energy storage capacity, plant operators 

can choose a most resource-efficient point at which to operate and remain there. Peak 

smoothing using energy storage is a major reason that pumped storage hydroelectric is 

pursued by many grids. Maui’s feasibility studies for pumped storage hydroelectric were 

originally largely motivated by the desire to smooth peaks and allow more efficient 

operation of its expensive oil-fired power plants, though the advantages associated with 

using pumped storage to incorporate intermittent sources provoked further interest (Seki 

pers. comm.). 
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Maui uses about half of its electricity for water systems (MCEA 2009), including 

groundwater pumping. The electricity intensity of Maui’s water systems is unusually high 

relative to the rest of the United States, in part because of the high elevation regions that 

are supplied by deep groundwater wells or pumped surface water. Groundwater can be 

stored above ground after it is extracted, just as water can be pumped between reservoirs 

in a pumped storage hydroelectric scheme. This means that pumping does not necessarily 

have to occur exactly when the water is needed (though long-term storage can entail 

losses if systems are leaky), and so groundwater pumping could serve as a peak 

smoothing technique on many of the Hawaiian Islands. Even without energy storage, 

excess power can theoretically be directed to near-constant pumping needs. Though 

groundwater pumping can absorb power, it cannot supply power or provide other grid 

functionality benefits like pumped storage hydroelectric can. In practice, Maui Island 

power system operators occasionally request that pumping be postponed during high 

demand periods, but they do not communicate during times when excess power is 

available (Reynolds pers. comm.). Maui does not use time-of-use pricing for electricity 

(Reynolds pers. comm.), so there is no financial incentive for pump operators to work 

with the electric utility.  

 

Existing Reservoirs 

Siting large reservoirs can be a challenge from public perception, land use, and 

environmental permit perspectives. Often, no appropriate sites are available. Given 

Maui’s extensive network of irrigation and other water supply infrastructure, much of 

which was constructed decades ago, existing reservoirs could be useful for pumped 

storage hydroelectric projects. Infrastructure developed for a much more plantation-

reliant economy has fallen into disrepair or disuse in many cases, and so existing 

reservoirs might be more available for nonirrigation uses than has historically been true. 

HECO commissioned a study to examine the potential for pumped storage hydroelectric 

at existing reservoirs several years ago, but that study remains in the private domain (Seki 
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pers. comm.). This analysis seeks to use public information to confirm that the potential 

for pumped storage hydroelectric on Maui using existing reservoirs is limited. 

 

A pumped storage hydroelectric system requires at least two reservoirs separated by a 

substantial elevation change. The economics of the system usually work best when the 

reservoirs are close together, as energy losses in long penstocks can be substantial, and as 

building those penstocks can be expensive. On Maui, the highest elevation dams are 

mainly used for drinking water supply, constructed to provide a gravity fed public supply 

with acceptable pressure. The head (elevation difference) between irrigation reservoirs is 

also acceptably large in many cases, as irrigation systems were also designed to rely 

mainly on gravity for water transport. Pumped storage hydroelectric projects like 

California’s Castaic and Pyramid Lake system are part of irrigation and water control 

schemes (Deane, et al. 2009): multiple uses of reservoirs are thus demonstrably possible, 

though the small size of most of Maui’s reservoirs could pose challenges (Figure 15). 
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Figure 15. Influence Diagram Representing a Multi-Use Reservoir System Including 
Pumped Storage Hydroelectric Power Plants 

 
 

Running a pumped storage hydroelectric system simultaneously with irrigation, public water supply, 
and other reservoir uses poses challenges. Storage and generation depend on excess power 

availability, and most major water needs are influenced by precipitation. 
 
This analysis investigates the potential for pumped storage hydroelectric projects at the 

53 existing dams on Maui Island that are evaluated by the State of Hawaii’s Dam Safety 

Program (DLNR 2009). Other evaluations of pumped storage hydroelectric on Maui have 

indicated interest in systems that are substantially larger than any of the existing 

reservoirs can support, and since the reservoirs not included in the Dam Safety Program 

are smaller than those that are, excluding those reservoirs is justified. 

 

Maui has a wet windward side and a dry leeward side like the other Hawaiian Islands, 

which get most of their precipitation from orographic rainfall, as discussed above. Figure 

15 shows that most of Maui’s reservoirs are on the northern, wet side of the island. Large 

plantation agriculture has traditionally been located in the Central Valley and on the 
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western side of Maui, reflected in reservoir location. Public water supply reservoirs are 

located in the high rainfall centers of Maui’s eastern, higher mountain, Haleakala. Maui 

has irrigation ditch systems that parallel each other at different land elevations, which 

contributes to the gravity feeding of the water systems, and this is also reflected in 

reservoir locations. 

 

Figure 16. Maui’s Major Reservoirs and Rainfall Isohyets 

 
 

Maui’s 53 reservoirs regulated under the Dam Safety Program are primarily on the northern and 
western sides of the island, where gravity fed systems from the windward mountainsides feed soil 

suitable for agriculture. The dots are reservoirs, and the contours are isohyets showing annual 
rainfall in millimeters (data: Office of Planning 2010). 

 
Pumped storage hydroelectric reservoir water levels should be maintained at a minimum 

of about 10% of the reservoir capacity (Protopapas, Papathanassiou 2004), so leakage and 

evaporation from the reservoirs are a concern. Particularly in the upper reservoir, where 

water represents stored energy, water losses are highly undesirable. Appropriate liners on 

the bottom and sides also should be explicitly designed for rapid water level changes 

(Lyashko, et al. 1981).  

 

A pumped storage hydroelectric scheme relies on reservoir capacity, reservoir proximity 

to another suitable reservoir, and the available head (elevation difference) between the 

upper and lower reservoirs. The highest head at a United States pumped storage 
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hydroelectric project is 543 meters, but other countries present examples with much 

higher head (Deane, et al. 2009). Notably, the 450 megawatt Kopswerk II project in 

Austria uses existing reservoirs with 800 meters of head to provide 600 gigawatt hours of 

storage capacity (one thousand times the storage contemplated for Maui) (Vorarlberger 

Illwerke AG 2006, Pöyry 2010). 

IMPACTS OF PUMPED STORAGE AT EXISTING RESERVOIRS 
Using existing reservoirs for pumped storage hydroelectric allows developers to save on 

excavation costs and reduces siting concerns, but it also entails costs for reconditioning 

reservoirs, increasing evaporation losses, and altering how the water system is operated. 

On Maui, much of the advantage of having a site already dedicated to a reservoir is lost 

because of preexisting uses. This problem is compounded by the challenges of gaining 

access to privately owned reservoirs. As agricultural irrigation systems go out of use with 

the demise of plantations, investigating whether pumped storage is technically feasible at 

desired levels might be worthwhile. Based on published reservoir capacities and 

elevations, this analysis finds that no existing reservoirs can reasonably provide the 600 

megawatt hour storage capacity that Maui has sought2. 

 

Pumped storage hydroelectric systems present numerous benefits for grid operators 

where they are feasible. They are able to provide most necessary ancillary services, like 

black start capability, load following generation capacity, and voltage and frequency 

regulation. Where intermittent generation sources like wind and solar power exist, 

pumped storage hydroelectric systems can allow for easier grid operation by absorbing 

excess power when supply exceeds demand and releasing that stored energy when needed 

with high round trip efficiencies (estimated at 87% by Maui feasibility studies) (Seki 

2007). Though pumped storage hydroelectric is commercial in more situations than any 

                                                
2 Even when each reservoir’s full rated capacity is considered and available head is taken to be the 
reservoir’s elevation—which assumes the second reservoir is at sea level—MA-0138 is the only reservoir 
that could theoretically provide 600 MWh of storage or more. MA-0138 is the two-basin Kahakapao 
Reservoirs that provide 101 million gallons of storage for public water supply and are often not full. 
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other bulk storage strategy, operation can be challenging when pumped storage 

hydroelectric is incorporated into an existing water supply system using existing 

reservoirs. 

 

Reservoirs used to store water to generate electricity lose operational flexibility, as the 

water is held for later use. Flood control, irrigation, drinking water supply, and other 

services that reservoirs provide might be adjusted for the sake of the pumped storage 

hydroelectric system, particularly given the large capital costs that are recouped through 

power sales. If the upper reservoir is full due to storm water retention or other water 

needs, no more electricity can be stored by pumping water to the upper reservoir 

(Anagnostopoulos, Papantonis 2007).  

 

One of the largest problems with existing reservoirs on Maui is that most are already in 

use (additionally, most are fairly small by pumped hydroelectric standards, with the 

average capacity of the dams investigated by the Dam Safety Program at 37 million 

gallons). Preexisting use dramatically reduces the dams’ useful capacity, as water would 

likely be earmarked for existing uses like irrigation and public water supply. A shortage 

of accessible water means that little water is likely to be devoted to pumped hydroelectric 

reservoirs, particularly as the water must be of high enough quality to mingle with 

drinking water supplies in many cases.  

 

Most of Maui’s irrigation reservoirs are unlined, products of an earlier era where 

engineering capabilities were lower and water conservation was less of a concern. 

Pumped hydroelectric schemes have a technical minimum reservoir level estimated at 

10% of capacity (Protopapas, Papathanassiou 2004), which means that the reservoirs will 

be partially full all the time. Currently, many are entirely or mostly empty for part of the 

year, and water is often used quickly—on a daily cycle—to prevent excessive loss to 

leakage. Leakage rates from existing Maui reservoirs are so significant that reservoirs 

would almost certainly need to be lined if pumped storage systems were installed. Lining 
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can be costly (Table 10). Even assuming a perfect liner, maintaining water in reservoirs 

that are sometimes empty means that more water will be lost to evaporation. 

 

Evaporation from an open water surface is difficult to model, given that local conditions 

like relative humidity, wind speeds, and other rapidly changing variables have a 

substantial impact on evaporation rates. The Penman Equation is an empirically based 

equation that approximates evaporation from a water surface fairly well. It relies on data 

about daily mean temperatures, wind speeds at a fixed height above the water surface, 

relative humidity, and solar radiation to predict daily evaporation. The equation  

 

Eest =
m ! (Rn + Ah )

m + "
+
" ! 6.43(1+ 0.536 !U2 )#e

$v(m + " )
 (12) 

 
gives estimated potential evaporation Eest in millimeters per day (mm/d), where m is the 

slope of the saturation vapor pressure curve in kilopascals per degree Kelvin (kPa/K), Rn 

is the net radiation exchange for a free water surface (mm/d), Ah is the energy advected to 

the water body (mm/d), ! is the psychrometric constant (which depends on local 

pressure) (kPa/K), U2 is the wind speed two meters above the water surface in meters per 

second (m/s), !e is the vapor pressure deficit (which depends on relative humidity) (kPa), 

and !v  is the latent heat of vaporization for water in megajoules per kilogram (MJ/kg). 

Many of these input variables are not easily accessible for a site of interest, and so a 

rigorous evaluation of evaporation potential requires data collection (Stewart, Howell 

2003, Shuttleworth 1993). As this analysis suggests that pumped hydroelectric storage 

using existing reservoirs on Maui is not worthwhile, the Penman Equation is presented 

for theoretical completeness and not used for site evaporation evaluation.  
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Potentially Usable or Constructible Reservoirs 

FRESHWATER RESERVOIRS 
A 1980 study of pumped storage hydroelectric potential in Hawaii suggested that the 

State had potentially usable sites for pumped storage but that the technology was not 

cost-competitive with alternatives. Even then, the value of pumped storage capacity for 

integrating intermittent power sources like wind and solar generation was cited. That 

study sought to identify sites with obvious potential, based on existing reservoirs. It 

determined that the maximum practical size of a pumped storage system on the island of 

Maui was 15 megawatts (Hirai 1981), which is substantially smaller than the 30 and 50 

megawatt plants investigated for Maui over the past several years and ultimately deemed 

too costly. 

 

The 1980 study importantly noted that many of Hawaii’s potential pumped storage 

reservoirs are primarily used for agriculture and at the time were mostly owned and 

operated by sugar companies. Small agricultural reservoirs, defined as having capacities 

lower than 300 million gallons, would only be expected to devote part of their capacity to 

pumped storage operations—Hirai & Associates arbitrarily suggest 25% of capacity for 

storage (1981). Many undergo daily filling and draining during irrigation season, which is 

not ideal for pumped hydroelectric storage. All of Maui’s existing reservoirs have 

capacities under 300 million gallons (DLNR 2009). All but one of Hawaii’s sugar 

plantations have closed or announced their final harvests, however, which justifies 

revisiting the concept of using old irrigation reservoirs for pumped storage hydroelectric.  

 

The final sugar plantation, HC&S, is located on Maui and is a major owner and operator 

of dams and reservoirs. The plantation is already under scrutiny for its high water use, 

and statistics on reservoir leakage rates from periods when furrow (flood) irrigation was 

still used—which meant that reservoirs were kept full more of the time—indicate 

enormous water losses from existing reservoirs. Data from the 1960s indicate daily losses 
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of 23 to 31 million gallons from 36 reservoirs (31 of which remain unlined) served by the 

eastern water supply system (CWRM 2010). Now, drip irrigation practices have reduced 

the need to keep water in reservoirs for flood irrigation, and reservoirs are mostly used 

for flow regulation (HC&S 2010). The minimum water levels required for smooth 

operation of pumped hydroelectric facilities would increase water losses from both 

evaporative and leakage processes, as the current system experiences periods where no 

water is lost because reservoirs are empty. Given Maui’s existing water controversies 

(Table 6), such losses would likely be easily targeted as unreasonable. Reservoirs would 

have to be lined at great cost, even if new ones did not need to be excavated. 

Additionally, current operations keep most of the HC&S reservoirs entirely dry during 

parts of the summer, which would not allow for good economic or mechanical operation 

of expensive pumped hydroelectric systems. HECO estimates that Maui pumped storage 

would cost about $3,500/kW, which is relatively very expensive for pumped storage 

(Table 11). 

 

Many large, high elevation nonagricultural reservoirs on Maui are used for drinking 

water supply. Here, too, pumped storage units would interfere with the intended use of 

the reservoirs. Particularly given that drought has kept large reservoirs on Haleakala at 

low capacity (Loomis 2008), using these reservoirs for pumped storage hydroelectric 

does not make economic or resource sense for Maui.  

 

An assessment of possible reservoir combinations reveals one four-reservoir system that 

benefits from large reservoirs and extremely high head. A Y-shaped scheme with two 

small reservoirs feeding into a central large one that then fed into a fourth, lowest 

reservoir could store about 580 megawatt hours at full capacity (Figure 17, Table 9). 

These calculations do not consider the need to keep reservoirs at 10% capacity or to 

reserve water in the reservoirs for other uses. The three higher elevation reservoirs are 

naturally fed drinking water reservoirs that are not usually at full capacity and are used to 

supply domestic customers, while the lowest reservoir is an agricultural reservoir 



 66 

currently used for recreation. This system is not feasible for use as a pumped 

hydroelectric scheme but does present an interesting thought experiment. The operational 

challenges of running a pumped hydroelectric system with four reservoirs and alternate 

uses central to the public water supply are likely too great to consider in a practical sense. 

 

Figure 17. Potential Pumped Storage Hydroelectric Power Plant Sites Using 
Existing Reservoirs 

 
 

Linking reservoirs 46 and 47, 138 and 47, and 47 and 94 (black lines) in a pumped storage 
hydroelectric system would allow for a maximum storage of close to 600 MWh, but this storage 

estimate does not account for other water uses (drinking water and agricultural), technical minimum 
water levels, etc. Red lines are power lines. Pumped storage hydroelectric using existing reservoirs 

does not appear cost effective on Maui (data: Office of Planning 2010). 
 
The 53 reservoirs associated with Hawaii’s Dam Safety Program are located at widely 

varying elevations, presenting numerous potential reservoir pairings for pumped storage 

hydroelectric systems. As a liberal estimate of the potential storage capacity available 

from existing reservoirs on Maui, this analysis assumed that the full maximum capacity 

of the smaller reservoir in a pair could be used for energy storage. Minimum technical 

reservoir levels or other water needs from the same reservoirs were not taken into 

account. Also, where the lower reservoir has smaller capacity, the possibility that water 

could be released from the lower reservoir so that the full capacity of the larger, upper 

reservoir could be used for water storage was not considered. Based on MECO studies of 

600 megawatt hour storage systems—far larger than any system considered here—and 
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numerous indications that pumped storage hydroelectric on Maui is not economically 

feasible at this time, more nuanced analysis was not performed. 

Table 9. Possible Pairings of Existing Maui Reservoirs for Pumped Storage 
Hydroelectric Power 

RESERVOIRS 
 

MAX CAPACITY 
(MG) 

HEAD 
(METERS) 

STORAGE 
(MWh) 

47 to 94 54 703 340 
138 to 47 54 406 197 
77 to 74 42 202 76 
70 to 96 46 179 74 
79 to 80 78 78 55 
72 to 74 42 141 53 
46 to 47 12 424 46 
85 to 89 46 86 35 
144 to 130 20 195 35 
86 to 89 41 92 34 
57 to 55 9 405 33 
74 to 80 42 84 32 
79 to 81 57 60 31 
59 to 130 17 195 30 
75 to 73 20 147 26 
141 to 89 46 58 24 
75 to 76 23 67 14 
141 to 90 22 63 12 
144 to 58 11 120 12 
58 to 130 11 75 7 
132 to 142 5 130 6 

Location, capacity, and elevation data: Office of Planning 2010. Reservoir pairings: 
author analysis. Storage capacity: author calculation. 

 
Using existing reservoirs for pumped storage hydroelectric on Maui appears unfeasible 

for cost, water supply, operational, environmental and land use, and public opinion 

reasons. Even assuming reservoirs could be fully utilized for energy storage (at one 

hundred percent capacity of the smaller reservoir on each two-reservoir system), no 

existing reservoir systems could be expected to store the 600 megawatt hours of energy 

sought by MECO.  
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SEAWATER RESERVOIRS 
Pumped storage hydroelectric schemes using seawater are also possible. Japan hosts the 

world’s only existing seawater pumped storage system, the 30 megawatt Okinawa 

Seawater Pumped Storage Power Plant. The plant uses a manmade rubber-lined upper 

reservoir that takes water from the ocean, which serves as the lower reservoir. Built in 

1999, the Okinawa plant relies on specially corrosion-resistant materials and pump 

turbines (IEA Hydro). 

 

Hawaii has considered seawater pumped storage, and the Hawaiian Electric Company 

(HECO) considered a proposal to use Oahu’s Koko Crater for seawater pumped storage 

in the 1990s. The system designers had ties to the Okinawa project (Seki pers. comm.). 

The Koko Crater plant and a conventional freshwater pumped storage hydroelectric 

scheme at Kaau Crater on Oahu were designed to provide 160 megawatts of power 

generation capacity and eight hours of storage; both were deemed unfeasible (Seki 2007). 

While technically possible, the plans were rejected because of environmental and land 

use permitting challenges (Hawaii Renewable, Seki 2005). 

  

Economic Considerations 

LEVELIZED COST OF ELECTRICITY 
A power generation project’s levelized cost of electricity is used to express the price a 

generator must receive per unit power it sells in order to break even on its investment in 

making the power. The generator’s lifetime costs must be considered and weighed 

against its lifetime energy production, giving the formula 

 

LCOE =
discounted costs ($)

discounted generation (kWh(e))
(13). 

 
(13) can be further decomposed as follows:  
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LCOE =

It + Mt + Ft
(1+ r)tt=1

n

!
Et

(1+ r)tt=1

n

!
(14), 

 
where It is the investment in year t, Mt is the maintenance and nonfuel operational 

expenditures in year t, Ft is the fuel expenditures in year t, Et is the electricity generated 

in year t, r is the discount rate, and n is the lifetime of the project in years (Schneider 

2010). 

 

Both costs and energy production are discounted at a fixed rate. Choosing the discount 

rate is an important step. Often, the discount rate is set at the cost of borrowing money, or 

the interest rate on a loan the generator could obtain. In special cases, some costs might 

be discounted at different rates if generators have access to low-cost loans for certain 

parts of the project. As with net present value calculations, levelized costs of electricity 

can be misleading if discount rates are chosen inappropriately. The costs furthest in the 

future might not be fully visible, particularly when large costs are incurred at the end of a 

project’s operating lifetime as for a nuclear or other large thermal generator. 

ECONOMICS OF CONSTRUCTION 
Pumped storage hydroelectric projects are characterized by two major attributes: power 

generation capacity and storage capacity, or the watts producible and the watt-hours 

storable, respectively. Each component is associated with a cost, though costs vary 

widely by site. Deane, et al. estimated that in a US, Europe, and Japan review region, 

pumped storage hydroelectric capacity costs ranged from $680 to $3,100 per kilowatt of 

capacity,3 and not enough data were available to determine relative costs per kilowatt-

hour of storage (2010). Schoenung and Hassenzahl estimate costs at about $1,000 per 

kilowatt of capacity and about $10 per kilowatt-hour of storage (2003). Using a variable 

speed pumping turbine allows more efficient operation at partial load, which is most 

                                                
3 Converted from Euros at 1.44 USD = 1 Euro, December 2009 (paper publication date) 
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noticeable for small machines like those that Maui might use (Bogenrieder 2006). 

Variable speed pumping capability adds about $50 per kilowatt to the cost of the power 

equipment (Schoenung and Hassenzahl 2003). A HECO estimate for Maui suggested a 

cost of $3,500 per kilowatt of capacity for pumped storage hydroelectric at a 30 to 50 

megawatt scale (Seki 2007), which is relatively expensive (Table 11). Pumped storage 

hydroelectric is unlikely to be feasible on Maui relative to storage and generation 

technologies oriented to provide high power output for short periods (Figure 18). 

 

One of the major construction-related costs of pumped storage hydroelectric is the cost of 

excavating and lining the reservoirs. In the case where existing reservoirs are used, 

excavation costs are not a concern, but lining existing reservoirs can be prohibitively 

expensive. For example, HC&S estimates the cost of lining 31 unlined reservoirs that 

handle water from the East Maui Irrigation system (each with capacity between one and 

80 million gallons) at $43.5 million (CWRM 2010). For perspective, consider that the 

Maui Department of Water Supply’s annual revenue is less than $30 million (Freedman 

2007). 

 

Reservoir liner costs vary by type (Table 10), and installed costs also depend on factors 

like fuel cost and material availability. Given that Maui is an isolated island, fuel and 

other material costs are typically significantly higher on Maui than on the US mainland, 

so reservoir liner costs can be expected to be higher for Maui than is indicated in Table 

10. 



 71 

Table 10. Costs for Components of a Pumped Storage Hydroelectric Power Plant 

COMPONENT COST NOTES 
fixed speed generation $1000/kW includes pumps/generators, penstocks, etc. 
variable speed generation $1050/kW relatively new technology: none in the US due to age of 

operating installations 
storage capacity $10/kWh includes excavation, lining, etc.; assumes 75% efficiency 
operating costs $2.5/kW-year assumes 1000 MW plant with 25 employees at 

$100,000/year 
reservoir liner (HDPE) $5.4/m2 requires skilled installers; installed cost, AL 
reservoir liner (PVC) $4.7/m2 excludes UV-protective soil layer; installed cost, AL 
reservoir liner (EPDM) $7.1/m2 installed cost, AL 
reservoir liner (soda ash) $0.32/m2 installed cost, AL 
reservoir liner (bentonite) $1.5/m2-layer assumes bulk purchase; installed cost, AL 
land, permits, access site specific  
public acceptance  public opposition can seriously affect success 

Adapted from Schoenung, Hassenzahl 2003, Curtis et al. 2001, Hawaii Renewable 2009. Note that 
installation costs for liners depend on fuel prices, which are higher in Hawaii than in Alabama. Costs 
were converted from December 2000 values in Curtis et al. to current using the Inflation Calculator 
(BLS 2010). Square feet were converted to square meters at 10.764 ft2 = 1 m2. 
 

ECONOMICS OF OPERATION 
Pumped storage hydroelectric projects have historically been developed to allow large 

thermal baseload power plants to operate continuously at efficient levels, with pumped 

storage schemes using extra power to pump water during low load periods and release it 

through turbines during high load periods to smooth the demand faced by the larger 

generator. Nuclear power plants in particular have benefited from pumped storage 

hydroelectric, as nuclear generators are not amenable to load-following operation. In 

these cases, the economics of operating a pumped storage hydroelectric project depends 

on the price differential between peak and nonpeak electricity demand hours, and 

operators can choose to invest in pumped storage hydroelectric schemes where arbitrage 

opportunities are sufficient.  

 

As Crampes and Moreaux formalize: for pricing periods i = 1, 2,..., n, often restricted to 

two periods (on- and off-peak), the production quantity bundle for a thermal power plant 

system can be defined as 

 



 72 

 (q1
T ,q2

T ,…,qn
T )  (15). 

 
The production quantity bundle is the set of possible outputs by a producer in each 

production time period. Here, q denotes the quantity of electricity that can be generated, 

and the superscript T stands for “thermal.” In all cases,  

 
qi
T ! qT (16), 

 
where qT is the maximum possible generating quantity normalized to the length of the 

period (units are energy units, like megawatt-hours in each period). This maximum 

quantity is the same in each period, which reflects the assumption that operating at higher 

capacity in one period does not affect possible capacity levels in other periods. However, 

operating at higher q in one period can affect the cost of operating in another period. 

The cost function for operating in each period is  

 

 C(q1
T ,q2

T ,…,qn
T )  (17), 

 
which is assumed to be symmetric, strictly increasing, strictly convex, and thrice 

differentiable. Interperiod cost effects are visible in the second derivatives Cij , 

 i, j ![1,…n] , i ! j . Outputs in two periods are complements if Cij > 0 , suggesting that 

higher operation in one period lowers costs in the other. Complementing occurs when, for 

example, a generator must be warmed before it can operate at full efficiency. Outputs in 

two periods are substitutes if Cij < 0 , where higher operation in one period increases 

costs in the other. A substitution relationship can result from running a system at a higher 

than optimal level that is associated with, for example, lower fuel efficiency or higher 

equipment wear. 

 

Similarly to (15), the pumped storage hydroelectric production quantity bundle can be 

defined as  
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 (q1
H ,q2

H ,…,qn
H )  (18), 

 
where the superscript H stands for “hydroelectric,” with cost function 

 

 C(q1
H ,q2

H ,…,qn
H )  (19). 

 
The pumped storage hydroelectric production is not independent of the thermal 

production (15), assuming that all stored water must be pumped into the upper reservoir 

(i.e. there are no natural water inflows). In a Maui context, the assumption of no natural 

inflows could be valid if natural inflow volumes were reserved for existing uses, like 

drinking water supply or irrigation water. Thus, in order to generate the quantityqn
H in 

period n, the thermal system must supply !qn
H  in period n – 1, where ! =

1
"

 and !  is the 

round-trip efficiency of the storage system from power input to power output, including 

storage losses, turbulence losses, turbine losses, etc. 

 

Though this discussion focuses on pumped storage hydroelectric, the above formalization 

(Crampes, Moreaux 2010) applies to most bulk energy storage technologies. Batteries, 

flywheels, and other non-hydroelectric storage usually do not benefit from the 

possibilities of natural inflow, however. 

 

If natural inflows can be used for electricity generation, the pumped storage hydroelectric 

production quantity bundle comprises two separate systems limited by capacity of 

reservoir: the total production quantity is the sum of production from pumped water and 

natural inflow water 

 
qi
H = qi

T + qi
W  (20), 
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where qi
W denotes the energy stored in water that flows into the reservoir naturally. Note 

that the efficiency factors applied to qi
T and qi

W will be different, as pumping losses do 

not apply to qi
W but generating losses do. Also important to note is that  

 
qt
H !Vhg"w  (21) 

 
at all times, where Vhg!w  is the maximum energy storage capacity of the reservoir based 

on its volume, head, gravitational acceleration, and water density, as the amount of water 

stored cannot exceed the reservoir capacity. The subscript t is used to denote an 

instantaneous time period, while the subscript i denotes periods of water influx. This 

distinction reflects the fact that the reservoir is being used for storage, and water may 

already exist in the reservoir when excess power becomes available for pumping. 

 

In this thermal and pumped storage hydroelectric scheme, operations are optimized by 

comparing the available energy price in each period with the energy losses incurred 

during the pumping, storage, and release processes. As thermal output is controllable and 

predictable, even if it is not used for load following, the pumped storage hydroelectric 

output can be adjusted with some knowledge of the future. 

 

The situation changes when the excess power used for pumping is from intermittent 

sources like wind generation, which can be predictably down-regulated (turned off while 

the wind is blowing) but not up-regulated (turned on when the wind is not blowing). The 

cost function for a wind generator is not strictly increasing or strictly convex: since fuel 

costs are zero, the cost of production is essentially constant. Pumped storage 

hydroelectric or other energy storage thus becomes more important as assurance that the 

intermittent power will be useful to the grid. Economic analysis by investors then focuses 

on whether the value of the electricity that would otherwise not be usable justifies the 

cost of storage technologies. 
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The production quantity bundle for intermittent generators does not easily take the 

expected form implied by (15) and (18)  

 

 (q1
I ,q2

I ,…,qn
I )  (22), 

 
where the superscript I stands for “intermittent,” as production quantities are not 

knowable in advance. The mechanical capacity to generate at some level might exist, but 

the fuel—the wind—arrives unpredictably. The production quantity bundle can be better 

characterized as  

 
!i,qi

I "[qmin
I ,qmax

I ]  (23). 
 
The cost function can be expressed as  

 

 C(q1
I ,q2

I ,…,qn
I )  (24), 

 
but as mentioned above, the cost function is essentially constant because the wind is free. 

This formulation assumes that investment, maintenance, and nonfuel operational costs 

(including the cost of land) are distributed over actual production and does not tally 

opportunity costs of lost generation as production costs.  

 
When pumped storage hydroelectric production relies on intermittent sources, it will 

necessarily be more unpredictable than in the case where predictable thermal output 

supplies pumping power. Of course, general patterns can be predicted. Day-ahead 

prediction capability is also improving dramatically for wind generation (Economist 

2010). The economics of investment in pumped storage hydroelectric or another storage 

technology along with wind capacity or other intermittent power sources depend on the 

expected value of intermittently generated energy that the grid would not be able to 

accept without storage capacity: thus, for an intermittent generator, storage serves as 

insurance against supply disruptions rather than an arbitrage opportunity. This is 

particularly true on Maui’s small grid: on larger systems, multiple intermittent sources 

can provide a relatively stable average output, but Maui’s single wind farm is not yet 



 76 

balanced by other intermittent generators at other locations. Over a project’s lifetime, the 

energy recovered can be described as 

 
!1qi

I

lifetime
" +!2qi

W (25) 

 such that 
 

!t,(qt
I + qt

W ) "Vhg#w  (26). 
 

The efficiency loss penalty is lower for water that naturally flows into the reservoir than 

for water that must be pumped up, and the energy storage in the reservoir at any given 

time may not exceed the total maximum volumetric storage capacity of the reservoir. A 

summation is used rather than an integral in (25) to emphasize that the operator has 

discretion over water release: the ability to store energy until release is favorable is a vital 

characteristic of bulk energy storage projects. 

 
In the specific case of pumped storage hydroelectric and wind capacity, temporal 

resolution of when an operator expects excess wind on the grid could be important. 

Reservoir space can be taken by natural water inflow and by pumped water, and if extra 

wind and water tend to arrive together (as in mild storms that increase wind generation 

without forcing turbines to cut out due to excessive wind speeds), capacity limits can be 

encountered. The capacity limit poses a physical limitation to how much water can be 

pumped up for storage, so if the reservoir is filled naturally at the same time as wind 

power is available to pump water, storage opportunities can be lost. However, the natural 

inflow represents a free source of energy storage, as the water represents potential energy 

regardless of source. Thus, there is no real disadvantage from a grid stability perspective, 

but wind farm operators could lose potential revenue if they need to curtail production 

rather than sell it to the grid for storage. 

ALTERNATIVE STORAGE TECHNOLOGIES 
Pumped storage hydroelectric is highly site-specific. Pumped storage hydroelectric on 

Maui is unlikely to make environmental or economic sense, given the potentially high 
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water losses and high costs. Sandia estimates for system costs suggest that a 30 

megawatt, 600 megawatt-hour system with a variable speed pumping turbine and a lower 

efficiency than HECO estimates should cost about $1,300 per kilowatt (Table 11), while 

HECO estimates that cost at about $3,500 per kilowatt. The discrepancy is probably 

largely related to Maui’s high fuel, material, and shipping costs, combined with the 

extremely permeable soil that requires serious investment in reservoir lining if water 

losses are to be kept to acceptable levels.  

 

Table 11. Cost of Bulk Power and Energy Storage Technologies 

TECHNOLOGY POWER 
COST 

STORAGE 
COST 

BALANCE OF 
PLANT 

AC-AC 
EFFICIENCY 

NOTES 

variable speed 
PSH 

$1050/kW $10/kWh $4/kWh 0.78 Maui system cost 
estimate: $3,500; 
efficiency estimate: 
0.87 

Xtreme Power 
unit 

n/a n/a n/a >0.90 piloted at Kaheawa 
(Maui); contracted 
for Kahuku (Oahu) 

VR Pb acid 
batteries 

$125/kW $200/kWh $150/kWh 0.75 $200/kWh 
replacement every 5 
years 

Ni/Cd batteries $125/kW $600/kWh $150/kWh 0.65 $600/kWh 
replacement every 
10 years 

HT Na/S 
systems 

$150/kW $250/kWh $50/kWh 0.70 expected at Auwahi 
(Maui); $230/kWh 
replacement every 
10 years 

Adapted from Schoenung, Hassenzahl 2003, Xtreme Power 2010.  
Bulk storage is the ability to supply 10 megawatts or more for at least an hour. N/A = not available. 
PSH = pumped storage hydroelectric. VR Pb = valve regulated lead acid batteries, which are more 
expensive than conventional flooded lead acid batteries but have lower operation and maintenance 
requirements. Ni/Cd = nickel cadmium. HT Na/S = high temperature sodium sulfur. Compressed air 
energy storage is not considered because of the challenges of finding fluid-tight reservoirs on Maui, 
and above-ground vessels are expensive. 
 
Pumped storage hydroelectric is a scalable storage technology, but is it scalable only 

from levels that are large relative to Maui’s 250 megawatt grid: pumped storage 

hydroelectric development proceeds on a tens to hundreds of megawatts scale. Battery 

technology, while often seen as too expensive, can be easily piloted and scaled at the 
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level of a few megawatts. Maui has piloted an Xtreme power unit based on solid state 

battery cells at its Kaheawa Wind Farm, and a sodium sulfur battery system is expected at 

the planned Auwahi farm (Dvorak 2010, Auwahi 2010).  

 

The advantage of pumped storage hydroelectric is more evident in its large energy 

storage capacity, not its ability to produce power at a given output: pumped hydroelectric 

schemes are not significantly better at producing power than batteries or other systems, 

but reservoir storage capacity is inexpensive (Table 11). Batteries present a relatively 

cheap way to produce power for short periods and an expensive way to store energy. On 

Maui, power regulation might be the most important attribute of a storage system, as 

wind resources are excellent but the grid is too small to absorb large shocks from power 

coming on and off. Thus, when batteries are available to smooth power production while 

alternative generators are ordered to come online, temporary wind lulls are expected to 

vanish, or turbines are cut off when power production is too high, the more important 

attribute of a storage system might be its ability to provide substantial generation capacity 

for short periods.  

 

The battery system considered for Oahu’s Kahuku wind farm (30 megawatts) is expected 

to provide 15 megawatts of power generation capacity and 10 megawatt hours of storage. 

The pumped storage hydroelectric schemes considered for Maui were intended primarily 

for power storage, at about 30 megawatts of power capacity and 600 megawatt hours of 

storage. Figure 18 demonstrates that batteries are relatively cheaper for high power, low 

storage applications, while pumped storage hydroelectric is clearly cheaper for high 

storage applications. Estimated costs assume a twenty year life for the wind farm the 

systems serve and incorporate battery replacement costs accordingly. 
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Figure 18. Bulk Storage Costs for Power versus Storage Oriented Systems 

 
 

a. Bulk Storage Costs for a 15 MW, 10 MWh Storage System 
 

 
 

b. Bulk Storage Costs for a 30 MW, 600 MWh Storage System 
 

 
 

Batteries are competitive with pumped storage hydroelectric systems for providing power for limited 
periods of time (low energy storage), but pumped storage hydroelectric systems are clearly more 

cost effective for large storage needs. Based on data from Table 11. System lifetimes are assumed to 
be 20 years to match wind farm lifetimes, and battery replacement costs are included accordingly. 
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Pumped storage hydroelectric appears too expensive for deployment on Maui, in part 

because economies of scale do not favor small projects and large projects are difficult to 

site and operate. Maui nonetheless faces grid operation challenges as it adds intermittent 

power generation like wind to its small grid, and ancillary services must be provided to 

ensure stable grid operation. Maui’s 30 megawatt Kaheawa Wind Farm has hosted a 

commercial pilot of an Xtreme Power’s 1 megawatt hour, 1.5 mega volt-ampere (like 

watts, but including the capacity to supply reactive power) modular Dynamic Power 

Resource unit. The trial has been successful enough in reducing wind power variability 

that Xtreme Power has contracted to provide Oahu’s 30 megawatt Kahuku Wind Farm 

with a commercial-scale 10 megawatt hour, 15 mega volt-ampere system for power 

regulation. The modular nature of this battery-based technology allows for far more 

nimble deployment than a pumped storage hydroelectric system has, which seems to be 

an advantage (Dvorak 2010, Xtreme Power 2010).  

 

Another example of a wind project that will use storage capacity to aid its integration to 

the Maui grid, Sempra Generation’s proposed Auwahi wind farm in South Maui is a 21 

megawatt project expected to begin generating in late 2012. It will likely incorporate a 

sodium sulfur battery system capable of storing at least ten megawatt hours of electricity, 

again demonstrating the value of scalable, low land intensity storage solutions. When it 

was originally conceived in 2006, the Auwahi project was owned by Shell WindEnergy 

Inc. and was expected to have a capacity of 42 megawatts. It also included a feasibility 

study for pumped hydroelectric storage, which was ultimately rejected for cost reasons. 

The wind farm was scaled down because of concerns about integrating a large amount of 

wind power onto Maui’s small grid, demonstrating the demand for the type of ancillary 

services that a pumped storage or other hydroelectric generator can provide. However, 

land use, environmental, community, and cost challenges suggest that the Maui grid must 

find non-hydroelectric solutions to its ancillary service needs. Pumped hydroelectric has 

repeatedly been deemed unfeasible on Maui, whether it uses new reservoirs (like the 
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proposed 50 megawatt project at Auwahi) or existing reservoirs, as the above 

commentary indicates (Auwahi 2010).  

 

The cost effectiveness of any storage technology depends on the marginal cost of the 

electricity it stores and delivers. When storage technologies deliver power from 

intermittent sources of electricity that would otherwise have been curtailed, they allow 

the grid operator to substitute power with no fuel cost for power with a fuel cost. The 

lifetime revenue stream must justify capital investments, but marginal cost of production 

for renewable intermittent power is very low. Maui faces much higher marginal 

electricity costs than most of the United States because of its reliance on oil, a relatively 

expensive fuel, for power generation. Though statistics were not reported for Maui, the 

electricity consumer price index shows that the County of Honolulu on neighboring Oahu 

has electricity prices that were 86% higher than the United States average in 2007 (Maui 

Data Book 2008). Maui’s electricity prices tend to track oil prices with about a two 

month delay due to inventory use (Figure 19) (PUC 2010).  
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Figure 19. Cost of Oil-based Electricity With Changing Oil Price 

 
 

Maui and the rest of Hawaii are heavily reliant on oil for power generation, which is expensive and 
can help other generating sources’ economic cases. Electricity prices track oil prices with about a 

60 day inventory delay (reproduced from PUC 2010). 
 
These high electricity prices allow some relatively expensive renewable technologies—

including battery systems—to be cost effective on Maui. Preliminary studies that show 

costs for pumped storage hydroelectric schemes on Maui nearly three times as high as 

those found elsewhere, in addition to market evidence that battery systems are being 

deployed by intermittent generators, suggest that pumped storage hydroelectric power is 

not the most cost effective option to help Maui integrate its intermittent generators in the 

near term. Despite evidence that pumped storage hydroelectric schemes typically 

outcompete batteries on cost, Maui’s unusual circumstances mean that pumped storage 

hydroelectric has real competitors for storage provision. The small grid puts a strict upper 

bound on the amount of storage that is useful and needed, while high electricity prices 

allow for investment in relatively expensive technologies like batteries. An expected 

transition from mostly oil-fired electricity to mostly renewable electricity over several 

decades favors the use of technologies that are easily scaled from very small installations 
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to quite large ones. Pumped storage hydroelectric facilities are not deployable with 

single-digit megawatt hour storage capacity that might be sufficient to back up wind 

farms; battery systems are. Given that intermittent generators have direct financial 

incentives to demonstrate reliability and firm dispatchability to grid operators, they might 

supply their own storage capacity that will make island-wide investment in a large 

pumped hydroelectric storage facility unnecessary. 
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WAILUKU-KAHULUI WASTEWATER FOR BIOMASS 
PRODUCTION AT HC&S 

Motivation 

Public potable water supplies are treated before use, transported to users, and then 

collected from users and treated again after use before disposal. Wastewater treatment 

and disposal is traditionally an energy intensive process that is intended to protect human 

health and environmental quality. Maui’s wastewater disposal systems have evolved, 

going from direct discharge of untreated sewage into the ocean to cesspool discharge to 

the current scheme where most wastewater is treated and injected into deep underground 

wells, where it percolates through Maui’s volcanic rock and indirectly discharges to the 

ocean. Maui island discharges over 11 million gallons of reclaimed wastewater into 15 

injection wells each day at Department of Water Supply Facilities (Parabicoli 2008). In 

addition, Maui hosts more than 6000 small septic and cesspool systems and over 300 

injection wells total, serving individuals, private wastewater facilities, and large users 

(Dailer, et al. 2010). 

 

Developing potable water supply is energy intensive, as is transporting it and treating it. 

Treated wastewater represents a source of water at the surface that is irrigation grade or 

better, and interest in using reclaimed water after treatment has lead to Maui’s reusing 

about a quarter of its wastewater. Though demand exists for further reclaimed water, 

infrastructural needs are significant and costly: reclaimed wastewater cannot legally be 

mixed with potable water supplies. As some surface ditch water is used for public supply, 

reclaimed water cannot be put directly into those ditches, and separate piping (purple 

pipe) must be installed to transport reclaimed water from the wastewater reclamation 

facility to the point of use. 
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Injecting reclaimed wastewater underground presents potential environmental threats. 

Not only is the freshwater lost, but reclaimed wastewater can contain high levels of 

nutrients that allegedly harm coral health and can contribute to algal blooms (DIRE 

2010). Additionally, human pathogens that are present in the water can enter the ocean. 

Wastewater injection has been blamed for Maui’s unusually high incidence of MRSA 

(methicillin-resistant Staphylococcus aureus) (McDade 2008). While alternative disposal 

methods such as reuse, land application, or evaporation ponds are possible, the 

infrastructure needed to make those methods viable is expensive. Environmentally 

protective regulation might eventually require higher levels of wastewater treatment 

before injection, which would also make the water more attractive for reuse and could 

justify further investment in reuse systems. 

 

Maui Mayor Charmaine Tavares has stated a goal of 100% reclaimed water reuse for 

Maui, with special attention to also using the nutrients present in the water that can be 

helpful or harmful for existing crops (including golf courses) depending on their 

fertilization needs and lifecycle stage (Kinoshita, Zhou 1999). One potential solution is to 

use the reclaimed water to grow algae for bio-oil production. Growing algae could be an 

attractive way to dispose of Maui’s wastewater, especially since some oil-fired power 

plants can burn unprocessed bio-oils directly (HNEI 2009). 

 

This brief analysis considers whether applying treated R-2 quality wastewater from 

Central Maui’s Wailuku-Kahului Wastewater Reclamation Facility to HC&S sugarcane 

lands to produce biomass intended for combustion in power plants represents a viable 

wastewater disposal solution. One major point is that the volume of reclaimed wastewater 

that would be available with appropriate delivery infrastructure is vastly smaller than 

HC&S’ irrigation needs, at about seven million gallons per day of reclaimed R-2 water 

next to about 270 million gallons per day of irrigation water. Thus, using reclaimed water 

for irrigation is primarily a disposal option, not a water supply option. However, where 
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reclaimed water can displace water diverted from surface sources, even small volumes 

can be significant for stream flow restoration. 

 

Current Wastewater Regime on Maui 

Maui Mayor Tavares has challenged the island to reuse all of its wastewater after 

treatment (Hamilton 2009b), a technically feasible goal that is hampered mainly by costs. 

Reclaimed wastewater is distributed in a parallel infrastructure to the primary water 

supply, so dual piping and storage systems are required. Certain types of use would also 

require further wastewater treatment, which can be energy- and capital-intensive. Maui 

currently reclaims about 23% of its 15 million gallons of wastewater that pass through 

County systems each day (Parabicoli 2008). 

 

Most of the remaining treated wastewater is injected into deep wells near the island’s 

coast, where it percolates through porous volcanic rock and then enters the ocean. 

Because freshwater is less dense than saltwater, the reclaimed wastewater plume tends to 

float once it reaches the ocean (Anthony pers. comm.). Wastewater often has relatively 

high nutrient content, including nitrogen, which can be problematic when it begins to mix 

with ocean water. Wastewater injection plumes have been linked to coral damage and 

waterborne infections (DIRE 2010), though causality is not clear. In Lahaina, on Maui’s 

western coast, concerns about ocean contamination from injectate led to increased 

wastewater treatment, but later studies suggested that contamination from other sources 

like public restrooms and cesspools could be more responsible (Limtiaco 2005).  
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Figure 20. Wastewater Injectate Plume from Kihei Wastewater Reclamation 
Facility 

 
 

Wastewater is treated, then injected into deep wells before it slowly moves toward the ocean. This 
figure shows the injectate plume associated with the Kihei Wastewater Reclamation Facility, colored 

according to detected levels of δ15N, a sewage marker (reproduced from Hunt, Rosa 2010). 
 
Maui island injects about 11 million gallons of wastewater each day through 15 injection 

wells at three facilities. The Wailuku-Kahului Wastewater Reclamation Facility in 

Central Maui injects R-2 water with eight injection wells, while the Kihei Wastewater 

Reclamation Facility in South Maui and the Lahaina Wastewater Reclamation Facility in 

West Maui inject higher quality R-1 water through three and four injection wells, 

respectively. Though each Wastewater Reclamation Facility processes about five million 

gallons of wastewater per day, the Kihei and Lahaina facilities support almost all of the 

3.3 million gallons of reclaimed water use on the island with their higher level of water 

treatment. These facilities were upgraded in 1993 to produce R-1 water, which can be 

used with few restrictions (Parabicoli 2008). Injection wells have been used on Maui 

since the Clean Water Act prohibited direct ocean discharge of untreated sewage in the 

1970s. The Hawaii Department of Health and the US Environmental Protection Agency 

share responsibility for regulating the injection wells (County of Maui 2010). 
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Table 12. Wastewater Treatment Classes 

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 

Adapted from Wastewater Branch 2002. 
 
Maui could replace injection wells with reclamation (as irrigation or otherwise), land 

application, deep ocean outfalls, evaporation ponds, or treatment systems that would 

bring wastewater to drinking water quality as a means to dispose of wastewater (County 

of Maui 2010). Each alternative faces challenges, largely associated with cost, 

environmental risks, and public perception. For example, land application of wastewater 

for irrigation or other purposes would likely result in that wastewater’s entry to 

underlying aquifers or in its running off into the ocean (Water Resources Committee 

2008).  

 

The Wailuku-Kahului Wastewater Reclamation Facility produces R-2 water, which is 

lower quality than the R-1 water produced at Kihei and Lahaina facilities. Viral and 

bacterial loads are not as substantially reduced for R-2 water, so uses like spray irrigation 

or application to crops that will come into contact with people are generally restricted. 

However, R-2 water can be used for non-food crop irrigation. Wailuku-Kahului 

Wastewater Reclamation Facility’s proximity to HC&S sugarcane operations suggests a 

potential reclamation opportunity, especially given recent restrictions on the surface 

water volumes that the plantation is able to divert (Table 6). Challenges related to costs 

and use restrictions do present major barriers to this application. In particular, using R-2 

water from the Wailuku-Kahului facility would require that a dual piping system be 

installed in a particularly high cost area and with few potential users other than HC&S. 
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Kahului’s roads host multiple utility systems, which increases construction costs, and the 

water table is high, which requires dewatering. Installing pipe in that area might cost 

closer to $1000 per linear foot than the $250 to $300 cited elsewhere (Parabicoli pers. 

comm.). Water users within 100 feet of an R-1 water line are required to start using the 

water within a year, but the restrictions on R-2 water use mean that very few facilities in 

the vicinity of an R-2 water line would be required or able to use it. Thus, using R-2 

water directly from Wailuku-Kahului Wastewater Reclamation Facility would represent 

more a water disposal than a water supply option. The high costs associated with this 

form of water disposal, however, would be incurred to reduce the impact of injecting 

wastewater at the facility with the least coastal impact: Wailuku-Kahului Wastewater 

Reclamation Facility is sited on a heavily industrial part of the coast, and algae levels 

near the injection wells are lower than those near Kihei and Lahaina (Parabicoli pers. 

comm.). 

 

Allowing wastewater to seep into soil after irrigation or land application use could 

present groundwater contamination risks. Most of the island of Maui overlies aquifers 

that are used for drinking water supplies. However, Figure 7b shows that the Central 

Valley region where Wailuku-Kahului Wastewater Reclamation Facility water could 

theoretically be applied to sugarcane overlies one of the few areas that does not host a 

drinking water aquifer. While contamination risks should still be considered, this—and 

the low sustainable yield of one million gallons per day for the dryland aquifer (Figure 

7a)—suggests that land application would not be as challenging in the Central Valley as 

it would be elsewhere. 
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Figure 21. Maui’s Aquifers and Agriculture 

 
 

a. (Repeated from Figure 7a.) The Central Valley Aquifers are not used for drinking water. 
Yellow indicates location of an aquifer used for drinking water (data: Office of Planning 

2010). 
 

 
 

b. Yellow indicates agriculture-zoned areas. Dots indicate locations of hotels. Concern has been 
voiced about central and western agriculture lands becoming brown and dusty near hotels if 

irrigation slows (Limtiaco 2005, data: Office of Planning 2010). 
 
Costs are a major hurdle to using wastewater for irrigation at HC&S, but R-2 water could 

be used to produce biomass intended for combustion without further treatment 

requirements. The volume of available water is very small relative to HC&S’ irrigation 

needs but could partially replace the water restored to maintaining stream flow. 

Assuming an irrigation rate of about 11,000 gallons of water per acre per day (Scheuer 

2010), Wailuku-Kahului’s five to seven million gallons per day of reclaimed water could 

irrigate approximately 400 to 700 acres of sugarcane lands with a drought-resistant water 

source. HC&S currently cultivates over 35,000 acres of sugarcane (HC&S 2010). 
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Biomass production depends on the frequency of water application, so drought resistance 

is attractive for water used to grow biomass for combustion. 

 

Biomass for Power Plants 

Biomass has been used as a fuel for electricity generation on Maui for decades. During 

the height of the plantation agriculture era, about 70% of Maui’s electric power was 

generated by burning bagasse, a waste product from sugar production. The massive 

decline in sugar production over the last twenty years now means that bagasse burning 

produces about a tenth of that, or about 7% of Maui’s power (Coffman pers. comm.). 

HC&S, Maui’s last sugar plantation, provides 12 to 16 megawatts of firm power output 

to the Maui grid from its 42 megawatt steam unit (Arent 2009, Global Energy Concepts 

2006), which also powers the plantation’s operations. HC&S blends biomass fiber with 

waste oil and imported coal to enhance its output, though biomass must account for at 

least 50% of the fuel used (and has historically averaged about 75%). 

 

Despite the decline in bagasse-based power generation, there is still a large amount of 

existing infrastructure formerly used for biomass-based power generation that could 

potentially be rehabilitated and retooled. Arent, et al. estimate that Maui has space to 

sustain eight to 33 megawatts of power output from burning woody trees and biomass 

(2009). The Hawaii Natural Energy Initiative estimates that this comprises about 3000 

acres of land available for energy crops, not including HC&S sugar plantation lands 

(HNEI 2009). As HC&S owns over 43,000 acres of land and cultivates about 37,000 

acres, it would be a major player in biomass production for energy crops. Current 

biomass-for-energy plans at HC&S are focused on ethanol production to replace or blend 

with petroleum-based liquid fuels (HC&S 2010). 

 

Burning fiber in power plants could be attractive from a water perspective because the 

sugar content of the biomass is not important: the product is dry fiber, not sugar as is the 
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case for food-sugar or for ethanol production. Irrigating with lower quality water 

generally produces biomass with lower sugar content, particularly when the water has 

high concentrations of potassium and other salts. However, biomass production relies 

more heavily on the frequency of water application than on the water’s quality, so using 

brackish groundwater or reclaimed wastewater might not have an adverse impact on 

growing biomass for combustion. Soil contamination or air emissions from burning the 

biomass that incorporated compounds from the water could still be concerns. In 

particular, high potassium content in a biomass combustion fuel reduces the slagging 

temperature in a furnace, which leads to more slag production (Jenkins, et al. 1998). One 

solution to furnace challenges is to remove undesirable elements from the fuel by 

leaching it with water in the field after cutting, but this can contribute to groundwater and 

soil contamination and can reduce fuel quality (Turn, et al. 2002). 

 

In 2002, HC&S combusted about 275,000 tons of dry fiber and about 80,000 tons of 

molasses to produce roughly 180 GWh of electricity (Global Energy Concepts 2006). 

Maui County generates about 110,000 kilotons of dry cane trash annually, which includes 

leaves, cane tops, and other non-sugar biomass, and this could also be used as fuel (the 

relative quality of cane trash versus bagasse fiber as fuel likely varies significantly by the 

cane trash composition). Sugarcane on Maui is currently harvested after field burning, 

where sugarcane fields are lit on fire to eliminate leaves and other cane trash before the 

canes themselves are harvested (HC&S 2010). Burning can be a nuisance and an air 

pollution problem, though it allows for more efficient packing of harvested canes, which 

reduces fuel use by large trucks. Biomass combustion would actually favor recovery of 

that additional biomass for power production rather than field burning, so green cane 

harvesting techniques might be more viable for biomass combustion applications than for 

sugar extraction-focused operations. 
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Wastewater for Biomass for Power Plants 

Treated wastewater has long been used for sugarcane irrigation in Hawaii. On West 

Maui, the Lahaina Wastewater Reclamation Facility provided R-2 water to Pioneer Sugar 

Mill for irrigation; Kauai provided free R-2 water to sugarcane operations to help the 

island dispose of the wastewater (Limtiaco 2005). Wastewater has traditionally been 

mixed with ditch water to reduce nutrient loading with nitrogen, phosphorous, and 

potassium, though careful management can allow operators to use these traditional 

fertilizers (Kinoshita, Zhou 1999). Designation of major Maui ditches as public 

waterways precludes mixing in ditches for future projects.  

 

Currently, HC&S uses about six million gallons of its own wastewater per day to spray 

irrigate several hundred acres of sugarcane that is burned at its power plant. The 

wastewater is from cane cleaning, cooling water, and wet scrubbers at the sugar mill, and 

it is applied through spray irrigation systems because of a tendency to clog drip irrigation 

lines. The six million gallon volume is roughly equivalent to the amount of available R-2 

water from Wailuku-Kahului, and the biomass produced with it is used for combustion. 

However, this water disposal operation does not demand power for pumping the water 

long distances from its source to the cane fields like the R-2 wastewater would, and it 

does not require that new pipe systems be laid. 

 

Lower-grade reclaimed water can be used for biomass that is never in contact with the 

public, like biomass grown specifically for combustion in power plants. Nutrient loading 

from R-2 wastewater might be a problem for certain applications, though others benefit 

from the inherent fertilization (Limtiaco 2005, Parabicoli pers. comm.). The Wailuku-

Kahului Wastewater Reclamation Facility could continue to produce R-2 water if 

reclamation projects focused on irrigation, but other reclamation uses would likely 

require a $15 to $20 million upgrade to R-1 treatment standards (Water Resources 

Committee 2008). A further challenge is that R-2 water could plug emitters in drip 
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irrigation systems, which might require spray irrigation. However, spray irrigation using 

R-2 water is restricted because it generates fine mists of undisinfected water.  

 

Fuels release their constituents upon combustion, which means that contaminants that 

enter fuel biomass from irrigation water will become air emissions. In some regions, 

wastewater has high levels of heavy metals that can be difficult to remove from 

smokestacks. Heavy metals are not a major concern in Maui due to the island’s relative 

lack of industrial wastewater generators. Biomass intended for combustion can be left in 

fields after harvest to allow some of the undesirable elements to leach out of the fuel, but 

this merely serves to transfer the contamination problem from air to soil and water 

systems (van Loo, Koppejan 2008). Given that the aquifer below HC&S’ major operation 

is not a drinking water aquifer, this might not be a major problem, depending on what 

contaminants are being leached. 

 

The large cost of constructing a conveyance system for reclaimed water from the 

treatment facility to fields is a major, obvious challenge to using the Wailuku-Kahului 

water at HC&S. Though blended ditch and wastewater has been applied to sugar crops 

for irrigation in the past, HC&S’ main ditches are considered state-regulated waterways 

and cannot be used for reclaimed wastewater conveyance. R-2 water would need 

dedicated transportation and storage systems, which are estimated at about $250 to $300 

per linear foot (MCEA 2009). As mentioned above, installation costs near the Wailuku-

Kahului Wastewater Reclamation Facility are likely far higher. A recently laid 24 inch 

water main in the area cost approximately $1000 per linear foot because of drainage 

challenges and the high use of the underground region for other pipes and infrastructure 

(Parabicoli pers. comm.). Pumping the water from the wastewater reclamation facility to 

fields for agriculture would demand substantial amounts of energy: surface water arrives 

at the plantation by gravity, and the plantation is already power-limited to about 100 

million gallons per day of groundwater pumping, though the existing wells could supply 

over 200 million gallons of water per day. A 1991 study suggested that Wailuku-Kahului 
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reclaimed water would cost about $1000 to $1700 per developed acre-foot to use or 

between $300 and $400 per acre foot to devote directly to groundwater recharge. 

Developing new potable sources, by contrast, was expected to cost $600 to $900 per acre 

foot (Wilson Okamoto 2003). 

 

The quality of the wastewater also poses challenges to use at HC&S. As R-2 water cannot 

be applied to food crops, any irrigation would have to be for crops used for other 

purposes, like energy production. Reclaimed wastewater components like potassium and 

other salts tend to reduce sugar production by the sugarcane plants, so wastewater-

irrigated sugar would be less suitable for ethanol production (which relies on sugar 

content) than for direct combustion (which relies solely on biomass).  

 

Wastewater nitrogen content is a major challenge to disposal, whether via injection wells 

or onto fields. Nitrogen does act as a fertilizer, and HC&S applies 290 to 340 pounds of 

nitrogen per acre of sugarcane through drip irrigation systems during its first year of 

growth (HC&S 2010): Hawaiian sugarcane is a two year crop, however, and a quick 

calculation shows that nitrogen overloading from wastewater is a real possibility: 

 

Sugarcane requires approximately 11,000 gallons of water per acre per day, which is 

about 42,000 liters. Reclaimed water must maintain a nitrogen content below 10 

milligrams per liter, and Maui’s injectate total nitrogen levels are usually between four 

and 10 mg/L (County of Maui 2010). At a conversion of 454,000 milligrams per pound, 

this translates to about 0.4 pounds per acre per day at the low end and about 0.9 pounds 

per acre per day at the upper limit, or 134 to 335 pounds of nitrogen per year. This is 

similar to the amount of nitrogen applied to crops during the first year, but as it is in the 

water, it would continue to transfer nitrogen over sugarcane’s entire lifecycle. 

 

Were HC&S to see the R-2 water as an important water source necessary for continued 

sugarcane cultivation, nitrogen content might not be a problem, as the R-2 water could be 
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applied to two sets of fields, alternating by year. If, however, irrigation use is primarily 

for Maui’s wastewater disposal needs, this alternation would require HC&S to devote 

additional land and effort to producing wastewater-irrigated biomass for combustion. The 

value to HC&S of irrigating with R-2 water is likely negative: reclaimed water prices are 

set to equal avoided water costs. That price increases at the rate of inflation, not at the 

rate that the cost of other water sources increases, so it does represent a hedge against 

electricity prices in the form of groundwater pumping needs at HC&S. (This possible 

advantage is also a possible disadvantage, as electricity prices could go down.) Perhaps 

more importantly from the plantation’s perspective, the land irrigated with R-2 water 

would be unavailable for other uses. If that land could not be irrigated anyway due to a 

lack of water, this might not be a financial burden. However, the cost of pipe suggests 

that the land would be as close to the treatment plant as possible, which means it would 

be on the lower part of the plantation. This coincides with the area that is not water 

limited: HC&S is challenged to irrigate the upper plantation because of pumping costs, 

but the lower farms are generally well supplied. Thus, it is likely that using R-2 water 

would require use of land that is valuable for other purposes as well. No potable water 

could be displaced by the R-2 system along the way, as R-2 use is restricted. If Maui is to 

invest in reclaimed water infrastructure, it is likely that targeted investment at the Kihei 

or Lahaina facilities would provide greater benefits than investment at Wailuku-Kahului 

Wastewater Reclamation Facility. 

Growing Sugarcane versus HC&S Alternatives 

Some crops require more water than others. Sugarcane is a particularly water-intensive 

crop: as a tropical grass, it is suited to high levels of daily water. Biomass for fuel, 

whether for ethanol or for direct combustion, can be produced effectively from multiple 

crops, and water limitations might favor the use of a nonsugarcane crop for biomass 

production from R-2 wastewater to be burned in a power plant. 
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Studies of biofuel production potential on Maui have focused on biomass for ethanol, 

with particular attention to banagrass, eucalyptus, and leucaena. Other crops might be 

even more suited to biomass production for direct combustion: one proposed alternative 

crop is industrial hemp, which can be harvested multiple times each year and is a low 

water intensity crop. Though sugarcane is sensitive to wastewater components for sugar 

(but not biomass) production, the other crops under consideration would be used to 

produce cellulosic ethanol. Thus, biomass production is the primary goal, as it is with 

biomass for direct combustion. Table 13 shows crop evapotranspiration coefficients KC 

for four crops over the course of their lifecycles. The crop evapotranspiration coefficient 

is the ratio of the crop of interest’s evapotranspiration rate to a reference crop’s 

evapotranspiration rate, so the higher figures indicate higher water demand. Also notable 

is the difference in irrigation efficiency associated with the various crops, as crops require 

different water delivery methods that vary in their effectiveness at delivering water to the 

crop. 

Table 13. Crop Coefficients for Bioenergy Crops  

CROP KC, INITIAL KC, MID KC, END IRRIGATION EFFICIENCY 
sugarcane, year 1 0.4 1.25 1.25 0.85 
sugarcane, year 2 1.25 1.25 0.75 0.85 
sugarcane, ratoon 0.4 1.25 0.75 0.85 
banagrass, cut 1 0.5 0.9 0.85 0.7 
banagrass, cut 2 0.5 1.15 1.1 0.7 
eucalyptus, young 0.6 0.6 0.6 0.8 
eucalyptus, old 1 1 1 0.8 
leucaena, young 0.6 0.6 0.6 0.8 
leucaena, old 1 1 1 0.8 

Adapted from Fares 2008.  
 
Table 13 indicates that sugarcane is more water intensive than other potential bioenergy 

crops. HNEI estimates that sugarcane and banagrass require about 78 inches of water 

annually, eucalyptus requires more than 40 inches per year, and leucaena requires about 

20 to 40 inches of rain per year (2006). While this suggests that more energy could be 

produced with the same amount of water applied to a nonsugar crop, there has been 

substantial community pushback on introducing new types of crops in Hawaii. Crops that 
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most efficiently produce biomass relative to the water input tend to be fast growing 

weeds, and communities are concerned about invasive species (Coffman pers. comm.). 

Also, Maui and other Hawaiian islands already have infrastructure for and experience 

with sugarcane. Water needs are not the only consideration when bioenergy crops are 

chosen. 

 

Bioenergy operations require water to irrigate crops, but they also need water for power 

plant blowdown, biomass processing, and, where ethanol or bio-oils are being produced, 

for biorefineries. These auxiliary water needs can be significant, depending on the nature 

of the industrial applications. 

 

Going beyond the question of whether sugarcane is the best crop to grow with reclaimed 

water, it is also relevant to ask whether HC&S irrigation is the best use of Wailuku-

Kahului water. Clearly, there are many barriers to use, including system costs for 

pumping and distribution lines, and the reclaimed wastewater represents a small volume 

of water relative to the plantation’s needs. Additionally, nutrient concerns and concerns 

about R-2 water clogging drip irrigation lines suggest that additional water treatment 

might be necessary before HC&S would be willing to use Wailuku-Kahului wastewater.  

 

Once the water is treated to R-1 standards or beyond, however, more uses for the water 

are allowed. Treating Wailuku-Kahului Wastewater Reclamation Facility water to higher 

standards could invite new demand other than agriculture that would be able to use the 

water to create more value. This also reveals a philosophical challenge, though, as 

treating the wastewater to standards more acceptable to agricultural users also makes it 

more likely that the water will not be allocated for agricultural use. If Maui is to preserve 

its agricultural economy, it will need to carefully navigate the tensions between urban 

development and agriculture. 
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Wailuku-Kahului WWRF Water Costs versus Alternatives at HC&S 

Reclaimed wastewater is heavily subsidized by sewer users, justified by the idea that 

wastewater treatment would not be necessary if wastewater were not generated, and 

selling reclaimed wastewater is a form of water disposal. Sewer users support about three 

quarters of the cost of reclaimed wastewater, while users pay the additional quarter. 

Wastewater is intentionally priced to be competitive with alternative sources of water for 

each user class. Maui County has required since 1996 that commercial users must use 

recycled water within one year of being within one hundred feet of an R-1 distribution 

system (Parabicoli 2008). That ordinance defines the user classes as major agricultural 

users, those who use at least three million gallons of reclaimed water per day, serve 400 

acres, or serve any pasture; agricultural users using less than three million gallons of 

reclaimed water per day; and all other users. Water rates for alternative sources relative to 

reclaimed sources for 2008 are presented in Table 14, with the reclaimed water rates as of 

July 2010 in parentheses. Rates vary with electricity cost, as treatment and water 

pumping is an energy intensive process. HC&S currently faces costs of $0.03 to $0.29 

per thousand gallons of groundwater it pumps, depending on the source (CWRM 2010). 

Table 14. Recycled and Alternate Water Source Costs 

USER CLASS NONRECYCLED SOURCE COST/KGAL RECYCLED SOURCE COST/KGAL 
major agriculture $0.12, surface ditch water $0.12 ($0.15, July 2010) 
agriculture $0.24, brackish groundwater $0.25 ($0.33, July 2010) 
all others $0.62, potable agricultural water $0.97 ($1.28, July 2010) 
Adapted from Parabicoli 2008 and Wastewater Division 2010 data. 
 

Cost Effectiveness 

The cost effectiveness of wastewater reuse depends on numerous external factors, 

including the highly impactful cost of energy. Maui uses about half of the electricity it 

generates on water supply, moving and treating water from pre- to post-use, and it faces 

one of the highest electricity rates in the United States due to the prevalence of oil-fired 

power generation. As long as Maui remains dependent on oil for power, global oil 
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prices—and the uncertainty surrounding future oil prices—will continue to strongly 

affect the economic rationality of Maui’s water choices. In particular, given that 

wastewater reclamation and reuse projects require significant capital investment for 

treatment and distribution systems, the oil price volatility that translates to electricity 

price volatility provides an incentive to wait and see whether a costly investment is 

worthwhile. This is especially true in light of the relatively small quantities of wastewater 

available, at least relative to irrigation needs. Distribution system piping (purple pipe) 

alone is estimated to cost $250 to $300 per linear foot (MCEA 2009), and it is not a 

mobile asset. Maui currently hosts a stranded wastewater distribution system on the west 

side that formerly served Pioneer Sugar Mill, then Maui Land and Pineapple, both of 

which have ceased operations (Limtiaco 2005, ML&P 2010). Other users for the 

wastewater are available, with many commercial parties expressing desire to use the 

treated water, but storage and distribution capacity is insufficient to support these users 

(Limtiaco 2005).  

 

Not only is electricity integral to wastewater treatment processes, including pumping 

operations at treatment plants, but it also affects the cost of alternative water sources. 

Much of Maui’s water supply is groundwater, which requires energy to be pumped out of 

the ground. A 1991 study suggested that using Wailuku-Kahului Wastewater 

Reclamation Facility water would cost $1000 to $1700 per acre-foot, while new sources 

of potable water could be developed for between $600 and $900 (Wilson Okamoto 2003). 

However, dramatically higher electricity prices would necessarily increase the cost of 

developing groundwater, and having treated wastewater at the surface presents 

advantages that could outweigh the additional costs of treatment and distribution systems. 

 

Alternative water sources could also become relatively more expensive in the face of 

scarcity. That scarcity may be driven by resource quality, resource quantity, or resource 

access constraints (Figure 22). 
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Figure 22. Influence Diagram for Wastewater Treatment Cost-Effectiveness 

 
 

Wastewater treatment and reclaimed water infrastructure and delivery can be expensive, but 
alternatives like other, also expensive water and contamination can help it be competitive. 

Regulations prohibiting wastewater injection and a desire for supply security can also make 
wastewater reuse more cost-effective. 

 
Another factor related to marginal additional cost of using reclaimed water is regulation. 

It is possible that environmentally protective laws could hold Maui wastewater treatment 

to higher standards than currently exist. Numerous studies have suggested links between 

ocean health declines, increased prevalence of human waterborne diseases like MRSA, 

and the injection of treated wastewater into the near-ocean zone (Dailer 2010, DIRE 

2010, McDade 2008, McDade 2009). Threats to coral reefs and humans also represent a 

threat to tourism, with one estimate indicating a eventual annual $30 million loss to the 

Maui economy from algal blooms near the Kihei wastewater injection site (van 

Beukering, Cesar 2004). Thus, regulation could require higher treatment standards before 
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water injection is allowed, and that would force investments in the wastewater system 

unrelated to reuse demand. In that situation, wastewater reuse would become relatively 

less expensive, requiring additional investment in distribution systems only. 

 

Garnering public support could also encourage potential customers for reclaimed water. 

Ecological and other costs of wastewater injection, including the opportunity cost of 

abandoning a freshwater source, could be high enough to attract public attention. Hotels 

and other tourist-focused businesses in particular might be able to benefit from the public 

support angle, both by using eco-friendly credentials to attract customers and by 

demonstrating to the local community that tourism can coexist with a robust island 

community without overconsuming natural resources. 

 

Using reclaimed water can demonstrate harmonious coexistence particularly because it 

allows for resource use without resource consumption, as long as the wastewater is not in 

such high demand that it is no longer considered a waste product. Wastewater can often 

be considered a secure water supply, since it is a byproduct of other consumption that is 

not in high demand. However, supply security is coupled to water use: wastewater 

volumes decline when conservation measures are put into place, and so wastewater is not 

a guaranteed supply. For example, if Maui were to mandate ultra low flow toilets across 

the island, wastewater production would decline along with primary water consumption. 

Planners would need to remain conscious of these effects and inform wastewater users 

well in advance in order to preserve consumer interest in wastewater use. On the other 

hand, wastewater volumes tend to increase with population growth, and so planners 

might also need to woo new customers as larger volumes of treated wastewater are 

generated. 

 

All water supply systems are threatened by risks to treatment and delivery infrastructure. 

On Maui, reclaimed water supply might be at greater risk from natural disasters than 

primary water supply simply because of the plant locations. Wastewater treatment and 
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reclamation facilities tend to be situated at low points near the ocean. This allows the 

water system to rely on gravity to move sewage, which saves money and energy. It also 

fosters a passive safety mechanism that forces untreated water to drain to the ocean rather 

than into communities if power supplies are cut or if the system is otherwise 

compromised. This is good engineering design, but it does mean that wastewater 

reclamation facilities are more susceptible to flooding, tsunamis, and coastal storms than 

higher-elevation primary water treatment plants. 
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CONCLUSIONS 

The dynamics of Maui’s water system are driven by its users, within limitations imposed 

by physical and legal constraints. Hawaii’s public trust doctrine demands that water be 

used in a way that protects the public interest. The public interest, however, is not a 

single set of outcomes. Multiple beneficial uses can produce value for the public, and 

balancing these possibilities is a major challenge for planners. Maui’s natural water 

endowment is large, but perceived shortages resulting from infrastructure and other 

limitations mean that water management is an important part of the system. 

 

Maui’s built water infrastructure is old and based on the needs of plantation agriculture, 

particularly sugarcane cultivation. Physical constraints tend to favor large agricultural 

uses. Legal constraints that explicitly recognize water as a public trust resource, advocate 

the use of a conservation-biased precautionary principle during water permit allocation, 

and protect environmental and cultural needs appear on their face to favor smaller uses. 

This tension between physical and legal reality has long been recognized on Maui. 

 

As Maui’s economy changes with a rapid decline in large-scale agriculture and an 

expectation for significant population growth and demand for urban water and land, 

water planners will face the challenge of influencing the island’s long term development. 

Interest in island self-sufficiency favors allocating water for agriculture, whether for 

diversified agriculture or biofuel production. Interests in growing the economy could 

focus more on agriculture for export, enhancing the tourism industry, and embracing 

urban development. Even here, tensions in the system exist. While agricultural land and 

water supplies are attractive for real estate development, the presence of agriculture 

preserves green space and ensures that naturally dry regions do not generate dust storms 

(Limtiaco 2005). Also, increased potable water demand will be accompanied by 

additional wastewater generation, and wastewater disposal is a major challenge for Maui. 
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Maui faces an economic transition over the coming decades, and it has also set ambitious 

goals that will require major infrastructural changes. The Mayor of Maui has expressed 

goals of powering Maui with 95% renewable energy and reusing 100% of Maui’s treated 

wastewater within 10 years. The decline of plantation agriculture and the potential rise of 

biofuel agriculture or local food-focused agriculture, together with a growing demand for 

water and energy and environmentally focused goals for their provision present a 

challenge and an opportunity to seek synergies among fundamentally connected systems 

like water, energy, land, waste, community, and economic growth. This work 

investigated whether using existing water infrastructure to support energy development 

was worth pursuing in two areas, either as existing reservoirs for pumped storage or 

existing wastewater for bioenergy production. Both concepts appear to be economically 

prohibitive at this time. Though this could change, it is likely that Maui’s major 

opportunities lie in development of new infrastructure that carefully considers the 

multiple systems it will affect. 

Future Work 

This document is the first step in a multi-year investigation of Maui’s water focusing on 

the interplay among water, land use, energy use, and community sustainability. Long-

term planning and an explicit focus on finding synergies among these systems can 

improve the efficiency and effectiveness of resource allocation and use. Future work will 

focus on defining the long-term production possibilities frontier for Maui water services, 

building on the understanding of the water system and its major players and components 

developed during this research. 

 

The vision for Maui depends on its people, as it is an island community that hosts 

hundreds of thousands of residents and visitors at any given time. Environmental 

sustainability and economic sustainability are both goals for the island, and increasing 

self-sufficiency appears possible and probably desirable. Thus, continued research will 

depend on the generous input of Maui’s water stakeholders and decisionmakers. In 
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particular, near-term work will examine Maui’s water and energy interface, with a 

specific focus on plans to develop biofuel production on the island. Interviews with 

stakeholders like agricultural users, real estate developers, government and research 

bodies, major landowners, utilities, energy companies, environmental groups and 

conservationists, and native Hawaiian groups will aim to focus on their perceptions of 

how Maui will or should use water in the future. Developing a database of water services 

that users anticipate demanding over the next several decades, and comparing that with 

challenges and investment estimates by water suppliers and planners, will allow for 

community-informed creation of several potential island water use scenarios. A systems 

dynamic model based on identified drivers and barriers, water quality and quantity 

requirements, and costs and investment need for several scenarios will be developed to 

clarify relationships and analyze potential futures for Maui’s water. 

 

Tensions in the Maui water system that will likely present particular analytical 

opportunity include tradeoffs between localizing food versus fuel production and between 

agricultural and population-focused water development. 
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