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Abstract 

 

Energy Transitions on the Hawaiian Islands: Water Resource 

Implications for Hawaii’s Electrical Power System  

 

Colleen Marie Dawes, MSEER 

The University of Texas at Austin, 2014 

 

Supervisor:  Suzanne A. Pierce 

 
 

 Imported fossil fuels currently supply over 90% of the Hawaiian Islands’ annual 

consumed electricity, the majority of which is produced by petroleum-fired power plants. The 

state of Hawaii has a goal to dramatically reduce this reliance on imports and achieve 30% locally 

sourced, renewable power use by 2030. This goal signals an energy transition for the state that is 

achievable through decommissioning, repurposing and new development in power generating 

technologies and infrastructure.  

In addition to dependencies on imports and fossil fuels, Hawaii’s electrical industry is 

also currently the largest water user in the state of Hawaii with over 75% of all surface water and 

groundwater withdrawals attributed to thermoelectric generation and cooling. Transitions in 

Hawaii’s fuel mix from a petroleum dominant mix to renewable fuel for power generation could 

have significant impacts on water use and availability: a small change in energy resources could 

mean significant changes in water use. Integrated planning and management for these two 
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resources is needed. A successful energy transition for Hawaii in the next 15 years will involve 

precise planning, and strategic decision-making for both energy and water.  

This research adopts a systems view to evaluate energy-water interdependencies within 

Hawaii’s electrical system, comparing the current fuel mix and projections for energy trends on 

the islands with the continental United States. A power plant database built from Hawaii-specific 

utility-scale data combined with national averages for thermoelectric water use reported in the 

literature provide an overview of Hawaii’s current electrical sector and its water use. This 

snapshot identifies critical resource management needs and reveals disparities between the 

electrically detached islands. Scenario analysis of projected change in Hawaii’s electrical sector is 

used to assess the implications for water use intensity across a range of locally sourced power 

capacity and generation options. Results indicate that, because it displaces petroleum power 

production, increases in renewable energies on Hawaii will produce substantial water savings, 

especially in total operational water withdrawals. 
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INTRODUCTION 

Decisions for energy resource management in complex and transitioning systems 

can cause unforeseen externalities for other resources, especially water. As a 

consequence of the interrelation between energy and water resource use, changes in the 

management of one resource can result in concomitant changes in another. Mitigating 

resource imbalances requires a systems view, as well as an in-depth understanding of the 

interdependent variables. There are multiple approaches to address dynamic and shifting 

resource regimes such as the energy-water nexus including adaptive governance, which 

deals with complexity and change in human and environmental systems [1, 2]. Adaptive 

governance systems transform management into a learning process where data integration 

and stakeholder engagement play a natural part of the solution to effectively managing 

resources and moving forward with change in uncertainty.  

Scenario analysis is a proven approach to integrate new knowledge into a 

transitioning system and evaluate future projections. Analyzing and comparing a range of 

scenarios, or pathways to a future condition, highlights strategic resource management 

needs and resource tradeoffs that result from various decisions [3]. Scenario analysis is 

especially important for policy implementation where a goal for the future has been set, 

but the pathway to get there is unclear. Scenario analysis helps test multiple criteria to 

determine the optimal or preferred path forward, particularly for critical resources like 

energy or water.  
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This research focuses on strategic planning and management for energy and water 

resources in a complex, transitioning system. Scenario analysis is used to assess the 

resource intensity and reliability of future electricity mixes for the state of Hawaii to 

highlight possible tradeoffs, externalities and limiting resource factors. The optimal 

solution for any system must satisfy multiple criteria, but specifically for electrical 

systems, the goal is to achieve maximum reliability and minimum resource intensity. 

Hawaii currently uses imported coal and petroleum for the majority of its 

electricity generation. Only about 10% of the state’s annual electricity generation is from 

renewable, local resources. With this reliance on imported resources, Hawaii has the most 

expensive and economically insecure energy resources in the United States. This 

electricity is also water-intensive because fossil fueled-power plants along with biopower 

and geothermal power plants withdraw a great deal of groundwater for thermoelectric 

power production and once-through cooling processes. In fact, most fresh groundwater 

use and all saline groundwater uses in Hawaii are dedicated to thermoelectric cooling: the 

dissipation of waste heat produced during power production. 

Efforts by the state to transition to local, renewable power are creating aggressive 

energy policies that include a goal of producing 40% of the total power with local and 

renewable sources such as wind, solar, geothermal and bioenergy by 2030. The Hawaiian 

government has separate goals for end-use efficiency, projecting a 30% reduction in the 

demand for electricity from the 2007 consumption figures. In addition to decreasing the 

overall demand for electricity, there are several ways for clean energy to achieve a 

greater share (40%) of the annual electricity generation. These strategies include:  
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• Install a transmission cable, connecting Oahu to other islands’ power resources 
• Decommission or repurpose fossil-fueled power plants for LNG or biofuel use 
• Develop more wind, solar, geothermal and bioenergy resources on the islands 

 

Each of these strategies involves a change in thermoelectric power use, resulting 

in an associated change in the quantity of water consumed or withdrawn to produce 

power. Even incremental changes in electricity could have potentially large and long-

lasting impacts on local water resources. The challenge of strategic management is 

increased in Hawaii due to the disconnected and dispersed nature of resources and their 

uses, especially when compared to the rest of the United States. Each approach to 40% 

renewable power use affects the water intensity of the power sector on Hawaii. Each 

strategy contains advantages, disadvantages, and probable externalities with respect to 

energy security, energy economics and energy resources. 

The following scenario analyses explore the timing and scale of resource 

management needs associated with clean energy shifts on the Hawaiian Islands. Research 

questions include: What are the local and statewide water resource impacts associated 

with the proposed clean energy strategies for Hawaii? How does a shifting electricity mix 

on tropical islands change the lifecycle water use for energy in the state of Hawaii? 

Which strategy or combination of strategies aimed at increasing clean energy on the 

islands produce the greatest water savings? And finally, which islands stand to gain or 

suffer the most from Hawaii’s renewable portfolio standards? 

These questions about the water-energy nexus are vital to any state or region in 

transition, especially to identify critical needs in an integrated system. Hawaii is an 
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important case since its islands are isolated, closed systems – unsupported by other 

electrical or freshwater networks. Closed systems are independent and, therefore, easier 

to examine the direct effects or externalities of any perturbation to the system. The 

transition of displacing fossil-fueled electricity with renewable power generation in a 

closed system makes Hawaii a test bed for other locations that are trying to decarbonize 

or make their energy ‘clean.’ It is important to note that clean energy doesn’t always 

mean resource-efficient. 
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Chapter 1:  Electricity on Hawaii 

Americans use electricity in their homes and offices for lighting, heating and 

cooling their rooms as well as powering their electronics and appliances. Having a 

reliable source of electricity is a standard of living in the United States as well as in any 

modern society. Even though demand for power among Hawaiians is lower than the 

average American’s, Hawaiians use electricity in relatively the same way as the rest of 

the U.S. What truly sets Hawaii’s electricity apart is the relative cost and source of 

Hawaii’s generated power.  

HAWAIIAN ELECTRICITY USE PATTERNS 

Hawaii’s annual electricity use ranks among the lowest in the country, as shown 

in Figure 1.1. In 2011, Hawaii produced a net total of 813 thousand megawatt hours 

(MWh) of electricity, a mere 0.25% of total production in the United States, which was 

4,100,141 thousand megawatt hours for the same time frame [4]. This comparatively low 

level of power consumption can be attributed to several things: the state’s low population, 

low per capita demand, the lack of an energy-intense industrial sector, a mild climate, and 

overwhelmingly high retail electricity prices. 

 5 



 

 
Figure 1.1: State rankings for electricity use (top) and population (bottom) in the US, expressed in 

thousand gigawatt-hours and millions of people, respectively [4], [5].  
 

Electricity consumption can be divided into end-use sectors: transportation, 

commercial, industrial, and residential (Figure 1.2). Electricity use for transportation has 

grown recently with the increased adoption of electric vehicles, but the transportation 

sector still represents a miniscule portion of the overall electricity demand in the US and 

on Hawaii. Electricity use for commercial sectors in both Hawaii and the US represent 

about 35% of the total use. In contrast, industrial and residential end-uses in Hawaii and 

the US appear as opposite proportions of the total electricity use. Hawaii has both a small 

population and a small industrial sector, but industry on Hawaii is the largest consumer of 

electricity.  
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Figure 1.2: Electricity consumption by end-use sector for the US (left) and Hawaii (right), in percent, 

by sector for 2012. Hawaii uses more electricity for industrial purposes, but less for the 
residential sector as a whole compared to the US [7]. 
 

The bulk of industrial activity on Hawaii is food processing, printing, and 

petroleum refining. There is also a significant military presence at the US Navy base in 

Pearl Harbor. Although industrial electrical consumption dominates the islands’ electrical 

needs at 38% of the whole, its total energy consumption is minor compared to the rest of 

the United States. In 2007, Hawaii’s industrial sector was ranked 47th of the 50 states for 

overall energy use [6]. 

Residential electrical end use on Hawaii ranked 47th, the fourth lowest in the 

country in 2012 [7]. As shown in Table 1.1, Hawaii’s per capita residential electricity 

consumption is less than half the nation’s average. The low per capita demand combined 

with a small population means Hawaiian residents consume very little electricity.  
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 Per capita consumption of electricity in Hawaii homes 2,126 kWh 

U.S. per capita consumption of electricity in homes 4,566 kWh 

State rank (rankings include DC) 51 

Table 1.1: Residential electricity consumption in Hawaii and the US, expressed as kilowatt-hours of 
annual per capita electrical generation, 2011. Hawaii’s per capita electricity demand is the 
lowest in the country at half of the US average, even lower than the District of Columbia 
(D.C.) [8]. 
 

This low residential electricity demand can be attributed to the mild, tropical 

climate of Hawaii, which eliminates much of the need for climate control. By 

comparison, climate control related demands represent 29% of US household electricity 

consumption (Figure 1.3). Since the Hawaiian Islands are over 2000 miles away from the 

nearest landmass, the surrounding ocean controls the state’s climate with steady sea 

surface temperatures that stay between a low of 73°F and a high of 80°F year round [9]. 

The temperate conditions result in use of electricity for climate control for air 

conditioning and not heating. 

 
Figure 1.3: Household site end-use electricity consumption in the US, expressed in percent, 2011. With 

6% of electricity used for space heating and 23% for air conditioning, climate control 
represents 29% of annual electricity use in the US [10]. 
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SOURCES OF ELECTRICITY 

Generating electricity involves combustion of primary energy sources including 

coal, natural gas, petroleum, and nuclear fuel to generate steam that turns a turbine and 

spins a generator to produce electricity. For over a century, the United States has used 

steam turbines and has burned fuels to produce its electricity. In particular, Hawaii 

depends upon fossil fuels for the majority of its power generation. Almost 90% of today’s 

total electrical power production on Hawaii is from fossil fuels, with 15% from coal and 

74% from petroleum (Figure 1.4). 

 
Figure 1.4: Annual electricity production for Hawaii in percent by source, 2012. Renewable generation 

represents the smallest amount of generation while petroleum-fired power plants represent 
the largest [11]. 
 

Twenty petroleum-fired power plants on the islands burn residual and distillate 

fuel oils to produce three-quarters of Hawaii’s power (Table 1.2). There is also a singular 

180 MW coal-fired power plant on Oahu. While more petroleum power plants are on the 

Big Island of Hawaii, there is far more petroleum power capacity on the island of Oahu. 

Molokai’s only petroleum power plant fuels 100% of the island’s daily electricity needs. 
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These petroleum-fired generators continuously produce a stable base load of electricity 

on the grid. 

Petroleum Power Plants 
Island # power 

plants 
Installed Capacity Annual Generation 

  MW % island total MWh % island total 
Kauai 2 117 96% 409,577 92.61% 
Oahu 6 1385.2 75% 5,640,199 74.92% 

Molokai 1 14.3 100% 33,009 100.00% 
Lanai 1 10.2 89% 17,789 88.33% 
Maui 3 232.3 58% 943,283 75.06% 

Hawaii 7 251.8 74% 696,012 59.61% 
Total 20 2010.8   7,739,869   

Table 1.2: Hawaiian petroleum-fired power plants, listed by island, capacity (MW) and annual 
generation (MWh), showing the percentage for each island’s total power capacity and 
generation sourced by petroleum [11].  
 

Renewable power on Hawaii is also substantial and increasing annually. As a 

system of tropical islands in the center of the largest ocean on Earth, Hawaii has great 

renewable energy potential. So far, Hawaii has developed 21 utility-scale renewable 

power plants: 7 hydroelectric generators, 7 wind farms, 3 PV solar arrays, 3 biomass 

power plants, and 1 geothermal power plant. There are an equal number of fossil fuel-

sourced and renewable energy-sourced power plants in the state, but renewable power 

plants account for only 25% of the total installed capacity, merely 13% of the total annual 

production (Table 1.3). 
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Hawaiian Power Plants at the Utility Scale 
Island Petroleum & Coal Renewable  

MW MWh # plants MW MWh # plants 
Kauai 117 409,577 2 5.5 32,705 3 
Oahu 1565.2 7,132,506 7 292 396,208 5 

Molokai 14.3 33,009 1 0 0 0 
Lanai 10.2 17,789 1 1.2 2,350 1 
Maui 232.3 943,283 3 167.9 313,471 6 

Hawaii 251.8 696,012 7 88.5 471,558 6 
Total 2190.8 9,232,176 21 555.1 1,216,292 21 

Table 1.3: Hawaiian power plants at the utility scale, listed by island, capacity (MW) and annual 
generation (MWh). Fossil fuel power plants include petroleum and coal-fired generators. 
Renewable power plants include hydroelectric, wind, biomass and solar power [11]. 
 

Geothermal power plants use the natural heat from Hawaiian hot spots and active 

volcanoes to create steam, using the standard steam turbine technology to generate 

electricity. There is one geothermal plant on the Big Island of Hawaii that was installed in 

1993 and has since then been reliably producing power. By 2010 geothermal represented 

9% of the state’s total renewable installed capacity and 24% of the net total renewable 

electricity generation [11, 12]. There is still a great deal of untapped potential geothermal 

energy on Hawaii and Maui islands. 

The state of Hawaii also has a great deal of wind power. Because the islands are 

in the middle of the Pacific Ocean, the winds are more consistent—less intermittent than 

other US continental wind—so wind turbines achieve higher capacity factors than 

continental wind projects in the US. The 260 MW of installed wind capacity on Oahu, 

Maui and Hawaii islands capture the energy from these persistent trade winds, generating 

477,949 MWh, or approximately 40% of all renewable electricity generation, for the 

state. Over the last decade, the pronounced growth in renewable generation has been the 

result of new wind installments on the islands (Figure 1.5).  
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Figure 1.5:  Hawaiian utility-scale renewable generation in gigawatt hours and installed capacity in 

megawatts. 2013 data are through November [13]. 
 

Hawaii also has a wealth of solar energy and photovoltaic (PV) potential. 

Although most of the new construction and development in solar is in distributed PV, or 

residential and commercial rooftop solar panels, there are a handful of utility-scale arrays 

in the state. The three major utility-scale PV solar arrays are on Kauai (1 MW), Oahu (5 

MW) and Lanai (1.2 MW) that together generate about 4.5 GWh of power annually.  

Another renewable source of electricity, hydropower, supplies over 100 GWh of 

electricity each year on three islands: Kauai, Maui, and Hawaii. The Big Island has the 

greatest amount of installed hydroelectric capacity with three plants tallying 13.9 MW of 

power, which together generate approximately 5% of the island’s annual consumed 

electricity. Overall, the potential for hydroelectricity in Hawaii is smaller than for wind 

and solar. The geological setting of the islands results in small streams with steeply 

sloped topography that does not support large reservoirs or dams, therefore, most 
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hydroelectric power comes from smaller scale run-of-the-river hydropower plants [14]. 

Not only are the resources limited but water in streams has significant cultural value in 

Hawaii, which further reduces the viability of hydroelectric generation. 

The last type of renewable power currently installed on the islands is bioenergy 

which accounts for the greatest percentage of newly installed renewable power capacity. 

The three biomass plants (two on Oahu, one on Maui) total 39.5% of all renewable 

capacity in the state. The Puunene Sugar Mill on Maui provides biomass power to the 

grid by contract with the Maui Electric Company. The biomass power plants on Hawaii 

burn landfill gas and municipal solid waste to generate electricity; therefore they serve a 

dual purpose. While the power capacities of these power plants are impressive, compared 

to all electricity producers in the state (including coal and petroleum-fired power plants) 

biomass is only 8% of the total installed capacity and 3% of the total annual electricity 

production on Hawaii. 

Growth in utility-scale renewable power in the state is substantial. Electricity 

generated by hydropower, geothermal and solar PV contributes significantly to annual 

electricity production in Hawaii. Despite the recent growth in wind and biomass capacity, 

the amount of production from petroleum and coal-fired power plants overwhelms 

renewable electricity in Hawaii (Figure 1.6). 
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Figure 1.6: Electrical power sector consumption estimates for Hawaii by source, 1960-2011, expressed 

in trillion Btu [15]. 
 

HAWAIIAN ELECTRICITY CHALLENGES 

Hawaiian electricity is the most expensive in the nation for several reasons 

including reliance on imported petroleum and the challenge of balancing supply and 

demand within the boundaries of each island. Hawaii can overcome these challenges in 

the future by decreasing overall petroleum imports and by electrically connecting the 

islands with a statewide grid that involves undersea cables.  

Importing Petroleum for Electricity is Costly 

Using petroleum for electrical power production is exceptionally rare in the 

United States. Of all electrical power produced in the U.S., less than one percent is from 

petroleum (Figure 1.7). However, almost three-quarters of the electricity produced on 

Hawaii is from petroleum. Without any local fossil fuel on the islands, all coal and 

petroleum resources are imported. 
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Figure 1.7: Annual net electricity generation in percent by source in the US and Hawaii, 2012 [11, 16]. 

 

Moreover, Hawaii does not use domestic (e.g. US produced) petroleum for its 

power sector. Instead, the largest suppliers are from the Middle East and Africa. In 2011 

and 2013, the leading crude oil providers were Saudi Arabia and Algeria, respectively 

(Table 1.4). Hawaii imports crude oil because it has two petroleum refineries on Oahu 

from which the residual and distillate fuel oils are extracted and used for electricity 

production in the state.  

Hawaiian dependence on energy imports exposes the state to quickly shifting 

political settings in the crude oil source countries. For example, the only countries that 

supplied Hawaii’s crude oil both in 2011 and 2013 were Indonesia and Thailand. Every 

other source changed in those two years, switching imports from Angola, Chad and Saudi 

Arabia to Algeria, Argentina, Russia, and Vietnam. Heavy reliance on foreign energy 

imports means the isolated island state has low energy and economic security. Any abrupt 

change in international relations can disrupt Hawaii’s supply chain. Since Hawaii relies 

on petroleum products for electricity production, volatility in the international political 

landscape can lead to changing oil imports and volatility in electricity prices.  
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Crude Oil Imports 

Country 
Source 

September 2011 November 2013 
Thousand Barrels % Total Crude Thousand Barrels % Total Crude 

of Crude Oil Imports of Crude Oil Imports 
Algeria - - 1035 29% 
Angola 226 8% - - 

Argentina - - 517 15% 
Chad 288 10% - - 

Indonesia 744 25% 675 19% 
Russia - - 535 15% 

Saudi Arabia 1052 35% - - 
Thailand 666 22% 208 6% 
Vietnam - - 563 16% 

Total Imports 2976  3533  

Table 1.4: Hawaii’s crude oil imports in thousand barrels of crude oil and by percentage of total crude 
imports, 2011 and 2013 [17]. 
 

Such a heavy reliance on imported fossil fuels leads to the highest retail electricity 

prices in the country at 37 cents per kilowatt-hour (Table 1.5). Hawaii’s price of 

electricity is more than double the next highest price of residential electricity and more 

than triple the US average. Moreover, the price of electricity on Hawaii is directly tied to 

the price of crude oil (Figure 1.8).  

Rankings: Residential Electricity Prices 
Rank State Price, cents/kWh Rank State Price, cents/kWh 

1 HI 37.24 6 CA 16.80 
2 NY 18.48 7 NH 16.43 
3 AK 18.33 8 MA 16.05 
4 CT 18.21 9 RI 15.97 
5 VT 17.54 10 NJ 15.33 

US Average: 12.61 

Table 1.5: The top ten most expensive residential electricity prices in the US, in cents per kilowatt 
hour, 2013. Hawaii’s residential electricity prices are the highest in the nation [18]. 
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Figure 1.8: Average cost of electricity in cents per kilowatt hour compared with the price of oil (Brent 

crude spot price) in dollars per barrel from 1990 to 2012 for Hawaii. The US average price 
of electricity is also shown for comparison [13]. 
 

Dispersed Electricity Demand and Unconnected Islands 

Another contributor to the high cost of retail electricity on Hawaii is the 

segmented and dispersed nature of supply and demand. Demand specifically refers to the 

electricity end-users, who themselves are dispersed throughout the islands, except on 

Oahu.  

The island of Oahu is the most heavily populated island with 70% of the state’s 

population (976,372 of 1,293,213) and the state’s capital, Honolulu, which itself holds 

25% of Hawaii’s total population. It is also a hub for commercial and industrial activity. 

The demand for electricity on Oahu is approximately 7500 GWh each year. To meet that 

demand, Oahu has a dozen power plants with a total installed capacity of over 1800 MW 

ranging from petroleum, coal and biomass-fired power plants to wind turbines and utility-
 17 



scale PV solar arrays. As shown in Figure 1.9, most of the fossil fuel-powered power 

plants in the state are located west of the city of Honolulu. See Appendix A for maps 

similar to Figure 1.9 which represent Hawaii’s power plants by attribute: capacity, 

capacity factor, fuel type, annual generation, and power generating technology.  

 
Figure 1.9: Power plants on the island of Oahu shown by fuel type [11, 19]. (See Appendix A for 

similar maps.) 
 

Excluding the island of Oahu, the total electrical production for the rest of the 

islands is under 3000 GWh each year, which is less than half of Oahu’s annual demand. 

Molokai and Lanai have such low levels of power demand they barely register on a bar 

graph comparing overall production in the state. Maui and Hawaii power production 

levels are more than twice that of Kauai Island. The sources of electricity vary slightly 

between islands, but the total production is dominated by petroleum (Figure 1.10).  
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Figure 1.10: Annual electricity production in gigawatt hours (1000 MWh) by energy type for each 

island. With most of the residents and industrial activity on Oahu, that island consumes 
more electricity than all other islands combined [11, 19]. 
 

Without energy storage, supplying reliable electricity requires meticulous 

planning and dependable infrastructure. Power producers have to match electricity 

generation to the demand, which fluctuates throughout the day. Neglecting to match the 

power produced with the power demanded can result in blackouts, wasted energy or even 

costly damage to electrical infrastructure. Matching demand with electrical generation on 

the continental US is much simpler than on Hawaii.  

Excluding Hawaii and Alaska, the grids in the US are interconnected, so energy 

can theoretically flow from the east coast to the west coast. For instance, if Arizona’s 

demand for power increases to a level past what the state’s power plants can provide, the 

state can purchase power from the grid, supplied by another state, say, Nevada.  

There are no such interconnections in the state of Hawaii. Each island stands 

alone as a power producing entity. The grids on the islands themselves are 

interconnected, so Honolulu’s demand for power can be supplied with the wind turbines 
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from the other side of the island. Other than that, there is currently no way Oahu can use 

energy produced in the rest of the state because there are no interisland cable 

connections. 

Multiple interisland grid connections have been proposed for the Hawaiian 

Islands. In 2008, Project Big Wind proposed the installation of an undersea cable to 

connect multiple islands—Molokai, Lanai and Oahu—to support Oahu’s massive 

electricity demands with 400 MW of wind power on the two smaller islands. That 

proposal met great local opposition and has since been abandoned [20, 21].  

The most recent proposal, referred to here as the “Oahu-Maui grid tie,” 

recommends using two 200 MW high-voltage, direct-current (HVDC) undersea cables to 

connect Maui energy resources from geothermal, wind and solar to Oahu. Maui currently 

has to curtail its renewable power production because the island’s supply of electricity 

often exceeds demand. This HVDC undersea cable proposal would benefit both islands, 

allowing Maui to utilize and further develop its renewable potential, leading Oahu to 

reduce its consumption of imported oil for power generation by up to 1.5 million barrels 

each year [22]. The state energy office estimates it would cost $600-800 million to install 

the 112-mile long undersea cable, but it promises to save ratepayers $423 million over 

the next 30 years and lower the high prices of electricity [23]. 

The islands do not have high demand for power, therefore, two small 200 MW 

capacity cables planned for use in the Oahu-Maui grid tie will more than satisfy the 

islands’ power needs. The proposed cables between Oahu and Maui would extend only 

112 miles between the two islands, installed at a maximum undersea depth of 650 meters 
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(approximately 2,000 feet). State energy leaders have expressed interest in adding to the 

Oahu-Maui project by adding another island, the Big Island, and its vast potential solar 

and geothermal resources, to the grid tie. Expanding the Oahu-Maui grid tie to the Big 

Island would require another undersea cable to stretch the 80 miles between Maui and 

Hawaii islands.  

Because of the shallow depths and short distances between the islands, 

interconnections would be comparatively easy to install and maintain. There are plenty of 

examples of successful undersea cables and grid ties around the world that reach greater 

depths, greater lengths, and have higher power capacities (Table 1.6).  

The capacity of the world’s largest submarine electrical cable, the Cross-Chanel 

cable between the UK and France, far exceeds the whole state’s annual energy needs. In 

addition, the longest cable shown below, the NorNed cable, is approximately three times 

the length between Oahu and Maui. Finally, the deepest HVDC submarine cable is the 

SAPEI cable in Italy which was installed at a depth more than eight times the maximum 

anticipated depth of the proposed Hawaiian undersea cables [24]. 

Submarine Cables Around the World 
Name Connecting Year Installed Capacity Distance Covered 

NorNed Netherlands-Norway 2008 700 MW 360 miles 
Cross-Channel UK – France 1986 2000 MW 28 miles 

SAPEI* Italy 2011 1000 MW 261 miles 
Trans Bay Cable US, California 2010 660 MW 53 miles 

Table 1.6: Successful foreign and domestic installations of undersea HVDC electric cables, shown by 
year installed, capacity in MW, and distance covered in miles [24]. *SAPEI is the deepest 
HVDC submarine cable at 1640 meters (5380 feet). 
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Interconnection between islands is vital to Hawaii’s clean energy future. Without 

any interconnections between the islands, utilities must precisely match the demand on 

each island with equivalent generation. The need for precision generation and demand-

matching leads to the islands’ heavy reliance on steady, baseload generators like 

petroleum-fired power plants and the curtailment of intermittent renewable resources 

such as wind or solar. Matching demand, reliance of fossil fuels for power and cutting 

back power production are all costs that increase the price of electricity. 

HAWAIIAN ENERGY POLICIES: SOLUTIONS TO IMPORT DEPENDENCE 

The high prices and heavy reliance on imported fossil fuels for electricity are 

incentivizing Hawaiians to transition toward locally-sourced, renewable energy. The state 

of Hawaii has been strategically planning and pursuing aggressive policies to encourage 

local energy production since the 1973 energy crisis. The 1990 formation of the Hawaii 

Integrated Energy Policy Development Program led to the issuing of Hawaii Energy 

Strategies in 1995, 2000 and 2007. Then in 2008, the state of Hawaii partnered with the 

U.S. Department of Energy to form the Hawaii Clean Energy Initiative (HCEI), a 

collaborative group that unites the private and public sectors behind a primary energy 

goal of achieving 70 percent clean energy statewide by 2030. In 2009, Hawaii 

transformed this goal into law by making it their state Renewable Portfolio Standard 

(RPS) [25]. 

Hawaiian energy policy can be broken down by electricity, efficiency and 

transportation fuels. For electricity, HCEI established the overall goal of achieving 40% 
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renewably-sourced electricity generation with interim goals of achieving 15% by 2015, 

25% by 2020 (Figure 1.11). 

 
Figure 1.11: Hawaii’s renewable electricity goals, including the mid-term goals in 2010, 2015 and 2020 

as well as the state RPS of 40% in 2030 [25]. 
 

The end-use efficiency goals aim to reduce the state’s electricity consumption to 

70% of the 2007 consumption figures. By 2030, Hawaii’s overall energy consumption 

must be 30% less than 2007 levels, and 40% of the remaining demand must be supplied 

using renewable power. Combining the two goals-- 30% efficiency and 40% renewable 

power—brings the electricity sector to 70% clean energy by 2030.  

Targeting Petroleum Used for Electricity 

The majority of electricity on Hawaii is produced from thermoelectric power 

fueled by petroleum products. The RPS and electricity goals on Hawaii are not only 

aimed at increasing the diffusion of renewable energy on the islands, they are also aimed 

directly at decreasing and replacing the amount of petroleum used on the islands. While 

these goals are the most aggressive in the country, they seem manageable for the state. 
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Records from the state’s energy office show Hawaii is on track to achieve its 2015 

midterm goal of 15% renewable electricity, as the four Hawaiian utilities reported 

11.91% renewable power consumption in 2011 and 13.74% in 2012 [26].  

 
Figure 1.12: Hawaiian utilities reported their progress toward the Renewable Portfolio Standard and 

Energy Efficiency Portfolio Standard in percent for 2008-2012 [25]. 
 

The RPS policy circumvents the problem of unconnected islands. The goals are 

statewide, so despite the lack of any grid interconnections; the islands are working 

together to achieve 40% renewable power of the statewide total power consumption. 

However, if the RPS was reallocated and each island had to achieve 40% renewable 

electricity on its own, there would be a great imbalance among the islands in progress 

toward this goal. 

Judging by island, Hawaii, Maui and Lanai have the largest percentage of their 

islands’ total power consumption sourced by renewable energy. In fact, the Big Island of 

Hawaii has already single-handedly achieved the 40% renewable portfolio goal with 22% 

of utility-scale power generation from geothermal, 13% from wind and 5% from 

hydroelectric power. The next closest is Maui, which is extremely important to the state’s 

economy as a hub for both tourist activity and agriculture. Maui has 25% of the utility-
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scale electricity production from renewable sources: 20% from wind, 2% from 

hydroelectric and 3% from biomass power plants. Lanai has very little power demand—

only 0.19% of the state’s total annual electricity production—but 12% of the island’s 

power is sourced directly from utility-scale solar PV arrays which represents the largest 

share of electricity production from PV among the islands. Molokai only has petroleum 

power plants. Kauai and Oahu have the lowest percentage of their annual production 

from renewable sources at 7% and 5%, respectively. 

 

Figure 1.13: Electricity production by source and island in percent, also showing the percent each island 
contributes to the total annual electricity production for the state [11, 19]. 
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The remaining production on the islands is from fossil fuels, namely petroleum-

fired power plants. The greatest petroleum-fired power consumption and the two largest 

capacity utility-scale power plants are on the island of Oahu. These two plants, the Kahe 

and Waiau power plants, are rated 582.1 and 456.6 MW nameplate capacities, 

respectively. The Kahe plant alone produced 3 million MWh of electricity on Oahu in 

2012, approximately 40% of the island’s total power generation that year. By 

comparison, Oahu’s 60 MW municipal solid waste biomass plant, H Power, produced 

300,000 MWh of electricity in 2012, or about 4% of the island’s power consumption that 

year [11, 19]. 

The large petroleum power plant, Kahe, and the biomass plant, H Power on Oahu, 

were both running at 59% and 57% capacity factors, respectively. In effect, both plants 

were operating at about half to two-thirds of their total potential power capacity. Having 

similar capacity factors means both Kahe and H Power produced power at the same rate. 

The main difference in annual electricity production between the two power plants is 

therefore determined by capacity, or size, in megawatts.  At one tenth of the size of the 

petroleum power plant, the H Power biomass power plant produced a tenth of the total 

electricity that Kahe produced on the island that year.  

Capacity factors can be a meaningful way of judging how long an electric 

generator runs for a specific amount of time. Generally speaking, power plants with a 

constant source of fuel from fossil fuels to biofuels will run at higher capacity factors 

than, say, renewable sources like wind and solar where the primary energy source is not 

always constant [27]. The sun doesn’t always shine and the wind doesn’t always blow. 
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Power plants with higher capacity factors are frequently sources of base load 

power, serving as steady and constant electricity generators. As the state targets its 

petroleum-fired generation, they will be cutting out an important source of stable, base 

load generation and looking to replace it with renewable and sometimes intermittent 

sources of electricity. 

The state has already worked on connecting wind and solar power with battery 

storage to preserve steady generation levels and store excess energy. Pairing wind or 

solar with storage means if a cloud passes over a solar array or the wind suddenly stops 

blowing, electricity production will be supplemented by stored energy and the voltage on 

the grid will be kept at a reliable level for integration. Battery storage also enables the 

option of trapping, storing and using excess power generation from wind at night or solar 

during the day instead of curtailing these renewable power resources. When solar or wind 

production exceeds demand and cannot be used on the grid, this surplus energy can be 

stored for later use. 

Utility-scale power plants with battery storage include solar arrays on Kauai and 

Molokai as well as wind power systems on Kauai and Lanai. The PV arrays are 

successfully operating with the Xtreme Power battery storage systems. The wind power 

plant on Maui, Auwahi Wind Energy, is a 35 MW total system with 24 MW of wind 

capacity and 11 MW of a grid battery system, capable of 4.4 MWh of storage. The 

45MW Kahuku Wind system on Oahu was originally a sum of 30 MW of wind and 15 of 

energy storage battery. However, Kahuku Wind’s battery system caught on fire in 2012, 

causing $30 million worth of damage. When the utility re-opened the Kahuku project in 
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February 2014, they disengaged the battery system and now rely on other technology to 

balance the voltage of the produced electricity [28, 29]. 

In addition to interisland grid interconnections, energy storage technology is 

another way to maximize the consumption of renewable generation and advance 

renewable portfolio goals. However, even though battery technology has been around for 

more than a century, the ability to integrate it on the scale required for utility grid storage 

still faces many cost and technical challenges. More fires and accidents like the ones at 

Kahuku could discourage Hawaiians from using battery storage technology. Hawaii’s 

priority must be to safely and reliably integrate renewables into the grid to replace 

petroleum-fired electricity generation. 

Targeting Petroleum Used for Transportation 

If Hawaii wants to decrease its overall dependence on petroleum, the state will 

also have to target petroleum’s use in the transportation sector. The state uses 43 million 

barrels, or 1800 million gallons, per year. Petroleum used for electricity only accounts for 

28% of the islands’ total petroleum use (Figure 1.14). The remaining 72% goes to 

transportation, military use and other uses. Hawaii’s transportation fuels standards and 

policies aim to reduce 70% of petroleum used for ground transportation. Petroleum use 

for transportation accounts for 61% of all petroleum used on the islands, with 28% going 

to ground transportation, and 27% used strictly for commercial air transportation.  

 28 



 
Figure 1.14: Annual petroleum use in Hawaii, by sector in percent, 2013 [24]. 

 

The petroleum used for ground transportation on Hawaii can be reduced in many 

ways including increasing efficiency, reducing demand, or switching fuels entirely. 

Increasing efficiency refers to vehicle performance standards and fuel economy, both of 

which have radically improved in the US for the last 30 years since the Corporate 

Average Fuel Economy (CAFE) was signed into law with the 1975 Energy Policy and 

Conservation Act.  

The CAFE standards are an important transportation policy administered by the 

US Department of Transportation using EPA methods that encourage fitness in fuel 

economy: more miles per gallon (mpg). The Obama administration tightened the original 

standard of 35 mpg by 2020 to 35.5 mpg by 2016 and 54.5 mpg by 2025. Like the interim 

goals for Hawaii’s electricity, US cars have determinedly undertaken the challenge of 

fuel efficiency standards. In 2010, the US fleet average was 23.0 mpg. In 2011, the 

standard was 30.1 mpg, but the actual model year 2011 cars achieved a fuel efficiency of 

33.8 mpg [30]. Significant gains can be achieved by increasing the number of miles per 
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gallon of fuel in vehicles, which can decrease the demand for petroleum for ground 

transportation can decrease considerably. 

Reducing demand for petroleum in ground transportation can also be achieved by 

decreasing the number of vehicle miles traveled with petroleum-consuming cars. 

Additionally, demand for petroleum can be replaced with a demand for other fuels and 

cars including biofueled vehicles, compressed natural gas vehicles and electric vehicles. 

Hawaii has specifically encouraged adoption of electric vehicles by creating incentives 

for these cars and developing charging stations and other infrastructure for plug-in 

electric vehicles (EV). The State Energy Office has even created an app to find EV 

charging stations on each island. EVs specifically make sense on the islands because the 

small size of each island eliminates any range anxiety or worry that the cars will run out 

of fuel. Moreover, the state has enforced policies and supported programs that increase 

EV charging infrastructure. 

Incentives aimed at increasing the adoption of EVs include time-of-use ratings for 

Hawaii, Maui and Honolulu Counties that discount electricity prices for EV owners who 

charge their vehicles at night, and other rebate programs for EVs and charging 

equipment. EV owners also have the right to free public parking and the use of HOV 

lanes, even if there are no additional passengers. Hawaii also requires owners of large 

public parking lots to install EV charging stations [31]. 

Charging these electric vehicles on Hawaii will use electricity produced mostly 

with petroleum, so the immediate demand for petroleum will not decrease by switching 

from oil-consuming cars to EVs. However, the long-range goal of switching electricity 
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from petroleum-powered to renewably-sourced will eventually lead to a decrease in 

demand for petroleum in both electricity and ground transportation. 

Air transportation will be a particularly difficult division to target since 27% of 

Hawaii’s petroleum use goes directly to commercial airlines. Still, recent developments 

have shown significant progress toward future alternative fuel use. For instance, in 2013, 

Alaska Airlines signed an agreement with a consortium of local landowners and venture 

capitalist companies called Hawai’i BioEnergy LLC to purchase 10 million gallons of 

local woody biomass-based biofuel feedstock for their aircraft each year [32]. Long-term 

contracts such as this support the development of agricultural land towards the 

development of biofuels by ensuring a long-standing and high quantity buyer. 

In summary, Hawaii’s objective of reducing dependence on petroleum imports for 

energy can be achieved through goals that target both transportation fuels and 

petroleum’s use for electricity. It is important to have perspective on the petroleum 

problem, knowing there are two major petroleum users: electricity production and 

transportation. However, this paper focuses only on the role of petroleum in Hawaiian 

electricity and the implications of replacing petroleum in the power sector with locally 

sourced energy. 
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Chapter 2:  Water on Hawaii 

Potentially large water resource tradeoffs exist with the state of Hawaii’s power 

sector transitioning from mostly fossil fueled electrical power to locally sourced and 

renewable electricity production. The differences in scale of water consumption and 

withdrawal, as well as the variability among the islands for water and energy resources, 

are critical to the future management of power transitions and fuel production on the 

islands. This chapter describes Hawaiian water resources: their sources, uses, and 

potential management needs. 

Water has always been a precious natural resource on Hawaii, one that requires 

precise management and a shared sense of responsibility. Historically, Hawaiian streams 

(kahawai) were the centerpieces of society. Communities in the mountains, plains and 

coastal areas of each ahupua’a, or division of land, were designed and organized around 

shared, local freshwater resources. Upstream users were expected to preserve the quality 

and quantity of the water for downstream users, and in some cases, rights to irrigate fields 

were only granted if the user maintained their irrigation ditch [33].  

This shared sense of responsibility kept the streams pristine, and life balanced. In 

fact, water was so central to Hawaiian life that the Hawaiian word for freshwater “wai” is 

also the word used to indicate wealth. It is also the base of the word for law, kanawai, 

which is the “equal sharing of water” [34]. Today, water resources on Hawaii still carry 

significant cultural and economic value. The management of water on Hawaii remains 

one of the toughest challenges for each island, central to the future wealth and prosperity 

of the state.   
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SOURCES OF WATER ON HAWAII 

The state of Hawaii is a chain of volcanic islands isolated in the center of the 

Pacific Ocean, the largest saltwater basin on Earth. Natural freshwater resources are, 

therefore, limited to what falls and flows on each island. Although rainfall, streamflow 

and groundwater are, generally, abundant in Hawaii, most urban development is located 

on the dry side of the islands [35]. The challenge is to spatially match freshwater 

resources with demand.  

Rainfall is the primary source of freshwater for these remote islands. Without the 

presence of the volcanic islands, this area of the Pacific Ocean would receive on average 

25 inches of rain annually. However, the volcanic peaks and landmasses disrupt the 

climate patterns and moisture-laden trade winds leading to an average of 70 inches of 

rainfall per year. That is equivalent to approximately 8 trillion gallons of freshwater per 

year [36]. The pattern of rainfall on each island is influenced by the direction of the trade 

winds, and by the shape and height of its volcanic peaks, which in turn is influenced by 

the island’s age and formation.  

Formation of the Islands 
The Hawaiian Islands were formed by millions of years of hot spot volcanism 

over a shifting tectonic plate. Each island was once an active volcano or series of 

volcanoes that built upwards from the seafloor in a sequence of accumulating lava flows. 

The hot spot of magma that penetrated the ocean’s crust remained stationary as the 

Pacific plate traveled north (creating the Emperor Seamount chain) and then northwest 

 33 



(creating the Hawaiian Islands). Therefore, traveling northwest from the Big Island, the 

islands are successively older and smaller, eroding to seamounts. 

Island age is a significant factor in the observed topography and stream networks 

on each island. Younger islands, such as the Big Island, have had more recent volcanism. 

In fact, Kilauea is an active volcano that has been continuously erupting since 1983 and 

has added over 570 acres of new land to Hawaii [35]. Therefore, the higher peaks are 

located on the islands in the southeast. Generally speaking, higher peaks cause greater 

disruption of local climate patterns. 

Older islands, such as Oahu and Kauai, are continuously battered by wind and 

waves and have slowly been breaking down over the past 2-6 million years. The 

northwestern part of the Hawaiian Island chain has seen more rainfall than the younger 

islands. Here, mass wasting events along with millions of years of rain have carved large 

valleys and defined stream channels. The seven Hawaiian Islands are very different 

landmasses. 

The Hawaiian Islands are relatively small with only 6,349 square miles of 

landmass, and they are difficult to identify on an ordinary map of the Pacific Ocean. 

However, a map of wind speeds clearly shows the Hawaiian Islands along with the 

dramatic effect of their volcanic peaks, which interrupt the trade winds that blow from 

the northeast to southwest across the Pacific Ocean [37]. 
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Figure 2.1: Wind speed and direction near the Hawaiian Islands [37].  

 

An uneven spatial distribution of rainfall creates highly variable climate 

conditions on the islands, ranging from tropical to arid, from hot and humid to freezing 

snow and ice. Still, much of Hawaii stays in a small annual temperature range of about 

7°F with only minor seasonal changes. The highest temperatures on the leeward side of 

the islands are typically below 90°F while the windward side experiences highs in the 

low 90s. Snow, ice, and evidence of glaciers exist at the highest peaks of Mauna Loa and 

Mauna Kea. Yet, the coldest temperatures below 305 meters (1000 feet) elevation are 

reportedly more moderate in the 40s and 50s [38]. There are also extremes in the amount 

rainfall over the Hawaiian Islands with the driest areas receiving a minimum of 508 
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millimeters (20 inches) and below, while the wettest areas receive an excess of 7260 

millimeters (300 inches). In fact, the world’s highest recorded annual average rainfall is 

at Mt. Waialeale on Kauai at 12,344 millimeters (486 inches) [36]. 

Rainfall on the Hawaiian Islands 
On almost every island of Hawaii, there is a pronounced dry side and wet side 

because the wind and the volcanic peaks together produce unique rainfall patterns and 

significant rain shadow. The majority of rainfall is on the windward side of the peaks, or 

on the northeastern flank of each island, with limited extent beyond the mountaintop. 

There are, however, major differences in rainfall patterns from island to island.  

Both the Big Island of Hawaii and the island of Maui have some of the largest 

potential resources for renewable electricity including geothermal, solar, wind and 

biomass energy. Since biomass and geothermal power plants require a great deal of water 

for electricity production, the water resources availability on these islands is of particular 

interest. 

For the Big Island of Hawaii, there are five major volcanoes on the Big Island of 

Hawaii, four that clearly show on an elevation map (Figure 2.2). The peaks of Mauna 

Kea and Mauna Loa are substantial, showing up white on a digital elevation map below. 

Mauna Kea first comes in contact with the trade winds and therefore causes a large rain 

shadow over the whole west side of the island, even masking the presence of the Mauna 

Loa. Here, the rain concentrates on the pocket of lower elevation on the east side of the 

islands.  
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Figure 2.2:  Elevation in meters (left) and average annual rainfall in millimeters (right) for the Big 

Island of Hawaii. 
 

Elevation and rainfall maps of Maui reveal the effect of trade winds and the peak 

of Haleakala causing a rain shadow that extends to Kahoolawe and Lanai. On Maui, the 

rainfall peak on the southern portion of the island occurs before the peak of the mountain. 

This behavior is distinct from the northwestern volcano on Maui, which has a much 

lower peak elevation and almost conical distribution of rainfall. 

 
Figure 2.3: Elevation in meters (left) and average annual rainfall in millimeters (right) for Maui Island. 
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These distinct orographic patterns of rainfall result from differences in the 

topography and elevations of the volcanic peaks that are upgradient of the trade winds. 

The main effect of peak elevations on rainfall distribution has to do with its relationship 

with the temperature inversion layer [44]. This inversion layer is where air is warmer 

than near the ground level. Below this layer, the air is warm. Above this layer, the air is 

cool. The layer itself is where temperatures invert from hot to cold. On islands with peaks 

of 1524 meters (5000 feet) or higher, meaning Hawaii’s Mauna Loa and Mauna Kea or 

Maui’s Haleakala, cold air condenses into rainfall on the windward side, when trade 

winds climb the mountains and pass through the inversion layer, contacting the cold air 

and triggering condensation.  

 
Figure 2.4: Map of mean annual rainfall on the Hawaiian Islands in millimeters ranging from 200 to 

over 10,000 mm [39, 40]. 
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Figure 2.5:  Map of elevation on Hawaii, in meters. [40, 41, 42]. 

 

Comparing these maps of mean annual rainfall and elevation reveals that the 

spatial distribution of rainfall and freshwater has great variability from island to island. 

Over the years, Hawaiians have reworked the distribution of surface water on the islands 

to accommodate the islands’ agricultural and industrial needs. For example, a map of 

Flowline data from the National Hydrography Dataset for the island of Maui shows the 

extent of man-made water distribution deployment [40, 43]. All streams and rivers are 

colored pink. All other colored lines are man-made, artificial structures such as pipelines, 

canals and ditches that divert the streamflow. Most infrastructure supports the key 

agricultural lands that lay in the valley between the northwestern and southeastern 
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sections of the island. Also of note are the presence of streams on the windward side and 

the lack of streams on the leeward side of the island.  

 
Figure 2.6:  Maui’s streams and man-made diversions, colored using the Flowline classifications from 

the National Hydrography Dataset [43]. 

Other Sources of Water 
The supply of freshwater on the Hawaiian Islands is entirely dependent on 

rainfall. This rain either flows overland, percolating down into the soil and groundwater 

or it moves into one of Hawaii’s streams that have carved the landscape over thousands 

of years. The volcanically formed aquifers receive, store, and transport water in a variety 

of geologic settings. One of the most important sources of freshwater supply in Hawaii is 

the freshwater lens that floats on top of the denser saltwater in basal and coastal aquifers. 

These types of basal groundwater systems supply the majority of the state’s municipal 

water needs [45].  
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Figure 2.7:  Maps of Hawaiian groundwater aquifers with Oahu Island inset. Aquifers are uniquely 

colored according to the Hawaii Department of Health aquifer classifications (top) and by 
aquifer type (bottom). Basal aquifers or groundwater in contact with saltwater are 
highlighted in red, distinguished from high-level aquifers that have no contact with 
saltwater. All basal aquifers are unconfined [40, 46].  
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In addition to freshwater, these aquifers can also store brackish or saline 

groundwater, especially closer to the coastline where more rock interacts with seawater. 

Since most of the thermoelectric power plants are closer to the coast, these groundwater 

aquifers are strategic resources, especially if they are located closer to the power plant 

site. Saline water is also abundantly available to the Hawaiian Islands, as they are 

surrounded by the Pacific Ocean. Brackish and saline water have seen increasing use in 

power plants across the United States, but for Hawaii, the overwhelming majority of 

water used for thermoelectric cooling processes, mostly in steam turbines, is saline.  

In addition to groundwater resources, Hawaii has abundant surface water 

resources. Due to the geology of the volcanic islands, Hawaiian streams tend to be short, 

narrow and shallow, eventually discharging into the ocean [45]. The different ages of the 

islands also lead to variation in stream sizes and levels of streamflow. The islands get 

progressively older towards the northwest with Hawaii as the youngest island, and it 

follows that the older the island, the more established drainage channels become due to 

the longer period of erosion and stream valley formation. Also, because more rain falls on 

the windward side of each island, streams tend to be more ubiquitous there. The surface 

water and groundwater on the islands are used in very different ways. 
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Figure 2.8:  Map of natural streams and man-made water diversion infrastructure in Maui County [40, 

41, 42, 43]. 
 

There are also myriad complex diversions of water from the “wet” sides to the 

“dry” sides of each island including channels, ditches, underground conduits and 

pipelines (Figure 2.8). This movement of water is mostly for irrigating agricultural fields. 

However, with the recent land use changes resulting from the decline of plantation 

agriculture and growing urban centers in the state, drainage patterns and water uses are in 

flux.  

HAWAIIAN WATER RESOURCE CHALLENGES 

There are multiple risks to the quality and quantity of water resources on the 

Hawaiian Islands. Climate change poses a threat to temperature and rainfall on the 

islands. Any change in temperature or level of the surrounding Pacific seas could 

drastically alter the amount of available water on Hawaii. The environment on Hawaii is 

delicate, kept in particular balance by continuous rainfall, sustainable aquifer yields and 
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diversions of stream water. If these resources became polluted, overdrawn, or diminished 

in any way, the damage could possibly be irrevocable.  

Several threats have recently been at the center of critical water management 

needs for Hawaii: 1) unsustainable groundwater pumping, 2) saltwater intrusion into 

aquifers, 3) recharge reduction due to land use change, and 4) water quality impacts. For 

basal aquifers, the amount of freshwater is balanced by a thick freshwater lens that is 

perched above the denser saltwater. Over pumping these groundwater resources can 

result in shrinkage of the freshwater lens, after which saltwater and brackish water 

intrudes and permanently replaces the freshwater [47]. Surface water resources can also 

be diminished, depleted, or polluted. Most water quality problems are associated with 

surface water sources. Incidents such as wastewater discharge and pesticide runoff have 

affected both surface and groundwater quality. However, most of the wastewater 

discharge has been into coastal waters rather than streams, so most risk of pollution is 

from natural causes such as excessive erosion [48].  

In many areas of the state, surface and groundwater resources are interconnected, 

requiring precise management to ensure the water quality and supply of both resources. 

Mismanagement could result in the depletion or contamination of one or more sources of 

water. On Hawaii, over pumping of groundwater can shrink surface water bodies such as 

streams, lakes, wetlands, estuaries or reservoirs. Likewise, draining or diverting surface 

waters can deplete connected groundwater resources by interrupting aquifer recharge. 

The risk of contamination for shallow aquifers is higher because they are more likely 

directly tied to surface water [45]. 
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Over pumping poses the greatest threat of all the water management risks on 

Hawaii, especially on the island of Oahu where water use is the highest. In the 1960s, 

demand for water was so high, and supply was so depleted that the Honolulu Board of 

Water Supply and Hawaiian Electric Co. assessed the feasibility of a desalination plant. 

The proposed desalination plant would use the waste heat from a nuclear power plant to 

supply the energy needed to desalinate saltwater from the Pacific Ocean, turning it into 

usable freshwater. Yet, neither the nuclear power plant nor the desalination plant was 

built, and, the problem was managed with conservation efforts and development of other 

natural resources through surface water diversion and groundwater high-level storage 

[49].  

The State’s Department of Land and Natural Resources and the Commission on 

Water Resource Management manage Hawaii’s water rights and allocations. Hawaii also 

has a state water plan that looks at water quality, water resource protection, agricultural 

water use and development, and county water use and development along with a state 

water projects plan. It is up to the State’s Department of Land and Natural Resources to 

govern and decide where to allocate water and where to conserve water resources. But 

first, state officials need to know the sectors and areas that contain the greatest potential 

impact for water conservation. One of those areas might be water used for electricity 

production. 
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HAWAIIAN WATER USE PATTERNS 

The supply and demand for water on the Hawaiian Islands is unique from the rest 

of the US. Of all the saline and fresh water used on Hawaii, 68% is supplied by 

groundwater and 32% by surface water. These proportions are essentially switched in 

comparison with the rest of the United States whose water supply is predominantly from 

surface water, not groundwater. 

Water Withdrawals Units U.S. Hawaii 
Source       
          Groundwater % 20.7 67.7 
          Surface water % 79.2 32.4 
        
Selected Major Users       
          Public supply % 10.6 39.0 
          Irrigation % 33.6 56.8 

Table 2.1:  Water withdrawals by source for the US and Hawaii (2000) in million gallons per day and 
percent by source and major users. US data include Puerto Rico and the Virgin Islands [50]. 
 

The state of Hawaii separates its surface and groundwater uses. For surface water, 

irrigation is the largest user at 82% of all fresh surface water withdrawals. With an 

additional 1% for livestock and 3% for aquaculture, the total water use for food 

enterprises is a total of 86% of all fresh surface water use. Groundwater, on the other 

hand, is rarely used for irrigation or agricultural purposes at only 1% of all fresh 

groundwater withdrawals. Instead, groundwater is primarily used for public supply and 

thermoelectric power. The portions of surface water and groundwater used for public 

supply are the same at 13-14% of the total freshwater withdrawals of each source. 

 46 



   
Figure 2.9:  Freshwater use by source and end-user, in percentage, 2005 [50]. 

 

County-level statistics differ slightly from aggregated state-level data regarding 

water use and rankings. Irrigation is the largest user of fresh, surface water with the 

exception of Maui County (Maui, Molokai, and Lanai Islands), where the amount used 

for irrigation is very similar to the amount used for public supply. In Hawaii County (the 

Big Island) and Kauai County (Kauai Island), thermoelectric freshwater use is ranked 

second, behind freshwater used for public supply. On the other hand, in Honolulu County 

(Island of Oahu) and Maui County, the leading freshwater user is thermoelectric power.  

The majority of water use is on the island of Oahu. The water use on Oahu is 

extraordinarily high due to the high population density and industrial activity on the 

island around the state’s capital, Honolulu. About three-fourths of the state’s entire 

population resides in Honolulu County (read: island of Oahu). Table 2.2 shows all water 

use, saline and fresh, for each county in Hawaii. 
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Use State total Hawaii Honolulu Kauai Maui 

Groundwater 1,803.39    105.47      1,557.65    39.91      100.34     
   Public supply 249.41    37.23      152.65    26.45      33.06     
   Domestic 12.20    8.27      0.19    1.84      1.90     
   Industrial 30.98    24.42      4.93    -      1.63     
   Irrigation 23.63    7.31      7.31    0.58      8.43     
   Livestock 0.75    -      0.34    0.18      0.23     
   Aquaculture 2.23    1.46      0.77    -      -     
   Mining 1.42    0.62      0.39    0.06      0.35     
   Thermoelectric 1,482.77    26.16      1,391.07    10.80      54.74     
Surface water 90.01    19.28      35.67    9.44      25.62     
   Public supply 11.43    -      -    0.75      10.68     
   Domestic -    -      -    -      -     
   Industrial -    -      -    -      -     
   Irrigation 74.21    16.48      34.69    8.69      14.35     
   Livestock 1.32    1.32      -    -      -     
   Aquaculture 2.61    1.48      0.98    -      0.15     
   Mining 0.44    -      -    -      0.44     
   Thermoelectric -    -      -    -      -     
      Total 1,893.40    124.75      1,593.32    49.35      125.96     

Table 2.2:  Water use, by type and county in million gallons per day (2005). Honolulu County includes 
Oahu. Maui County includes Molokai, Lanai and Maui islands. Kalawao County is not 
included because it uses 0.02 mgal/day only for public supply [50]. 
 

Thermoelectric Water Use 

Overall, the largest water user in the state is thermoelectric water use in Hawaii’s 

fossil fuel-dominated electrical sector. The thermoelectric water use category refers to the 

operational water that is used to produce electricity in thermally-powered, water-cooled 

generation systems. In the Rankine system in conventional steam turbines, which is the 

dominant thermoelectric power generation technology used in the US and on Hawaii, 

water is the prime mover. Water is heated in a boiler to steam, and then this steam turns a 

turbine and generator, which generates electricity. Water is also used as a thermoelectric 

coolant in this process, dissipating the waste heat generated during thermoelectric power 
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production, cooling and condensing the steam to return it to the boiler for another cycle 

[51, 52].  

There are two types of general water use categories for thermoelectric end-use: 

consumption and withdrawal. Water withdrawals are typically returned to the 

environment by means of (deep) well injections into groundwater aquifers, or discharge 

into a body of surface water such as a stream, lake, or in Hawaii’s case, the ocean. Water 

consumption is the water that is used and cannot be immediately returned to the 

environment.  

The scale of water withdrawal and consumption varies between power plants and 

cooling technology types or cycles. In a once-through cycle, water is withdrawn, used 

once in the power plant to cool and condense steam, and then returned to its source, 

typically at higher temperatures. Thermal pollution concerns do exist in the rest of the 

US, but there is such a high level of mixing in the ocean where this water is returned that 

it is of less concern on Hawaii. This open-loop system tends to cost less and with less 

evaporation and water consumption compared to closed loop cycles. The total volumes of 

water withdrawals are much higher, but the overwhelming majority of these water 

withdrawals are returned to the environment. In a closed loop or recirculating system, a 

smaller volume of water is withdrawn because the water is collected and reused in 

cooling towers. However, more water is lost or consumed due to higher evaporation rates 

[52, 53]. Both water uses are significant. 

Water use for power production on Hawaii dominates in the following categories: 

freshwater use, saline water use, groundwater use and total water uses in the state. In 
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2005, 78.3% of the state’s total freshwater withdrawals, which include surface and 

groundwater, were for thermoelectric power. Of all fresh groundwater used in 2005 in the 

state of Hawaii, 82% was for power generation. Moreover, nearly all of the water used 

for thermoelectric generation and cooling is from groundwater. Virtually no surface water 

is used for electric generation or cooling purposes on Hawaii with the exception of the 

hydropower plants whose turbines and generators spin because of running surface water 

in streams. The use of saline water from the Pacific Ocean or Pearl Harbor is usually 

classified as surface water, however, since it is from the ocean it is distinguished from the 

surface waters on the islands themselves. 

Thermoelectric power plants require large amounts of water, especially for 

cooling, but the amount of freshwater used in the state for power is miniscule compared 

to the amount of saline water used in the thermoelectric power production process on 

Hawaii (Table 2.3). In 2000, saline water accounted for 97.5% of the water used for 

thermoelectric power on Hawaii, and it represented 76.7% of all uses and withdrawals 

recorded in the state. 

 Thermoelectric Power All Uses & Withdrawals 
Fresh 37.8 447 
Saline 1450 1450 
Total 1487.8 1890 

Table 2.3:  Hawaiian water withdrawals for thermoelectric power and all uses, by water type, in 
million gallons per day, 2000 [50]. 
 

The use of saline water for thermoelectric use on Hawaii has been growing over 

time. By USGS estimates in 2000, 1.2 billion gallons of saline groundwater were used for 

once-through cooling processes each day in Hawaii. By 2005, Hawaii was rated the 
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largest user of saline groundwater in the country, with Texas mining as the second largest 

user of saline groundwater.  

The USGS data on thermoelectric water use is somewhat limited. The USGS 

produces a report on thermoelectric water use every five years, but the most recent (2005) 

data is almost a decade old. The reports also do not differentiate water use by cooling 

systems, water sources or fuel mixes. In addition, there is no record of the use of 

unconventional water resources for energy, such as the recycled water from the 

Honouliuli Wastewater Treatment Plant that is delivered to refineries and power plants in 

Oahu’s Campbell Industrial Park or the brackish water that the state’s singular coal 

power plant withdraws from a nearby coastal groundwater aquifer [49] [54].  

Changing water use classifications also make the data difficult to track among 

reports. Prior to 2000, the USGS classified saline thermoelectric withdrawals for Hawaii 

as surface water, but now it is considered groundwater. In fact, the reporting 

classifications remain misleading since much of the saline water used for thermoelectric 

generation is drawn straight from the ocean. Still, an enormous increase was recorded by 

the USGS: Hawaii’s saline water withdrawals for thermoelectric power increased by 200 

million gallons per day between 1995 and 2000 and again between 2000 and 2005. 
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Figure 2.10:  Self-supplied water for thermoelectric use by source and type in million gallons per day, 

1985-2005. USGS reclassified saline surface water as saline groundwater in 2000 [50]. 
 

The Energy Information Administration (EIA) is another source for information 

and insight on water use trends for power generation with a much longer timeline. The 

EIA surveys all utility-scale power plants in the US each year and publishes the data 

elements from those surveys. Hawaiian-specific EIA data cover the first installation of a 

hydroelectric turbine in 1906 to the most recent half-year information in 2013. EIA Form 

860 captures generator-level data, plant-level data, and utility-level data about existing 

and planned utility-scale power plants and the associated environmental equipment [54]. 

The most recent data from 2012 show utility-scale power plant installations on Hawaii 

from 1906 to 2012 by power source, fuel type, prime movers, and cooling water sources. 

Graphs of these time-series data are available in Appendix B. There is a clear trend 

among these graphs that highlight three general stages of the water-energy nexus on 

Hawaii.  Stage one shows a transition from water consuming to water-lean technologies, 

stage two from ocean water to groundwater, and stage three shows a shift to 

unconventional water and dry systems.  
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Figure 2.11:  Utility-scale power plant installations by power source and fuel type in megawatts, 1940 – 

2012 [54]. 
 

 
Figure 2.12:  Utility-scale power plant installations by prime mover and turbine type in megawatts, 1940 

– 2012 [54]. 
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Figure 2.13:  Utility-scale power plant installations by cooling water source in megawatts, 1940 – 2012. 

If no cooling water is needed, the bar is colored green [54]. 
 

The first major trend from the 1940s to the 1980s is the rapid installation of large 

capacity petroleum power plants equipped with steam turbines that withdraw saline water 

directly from the ocean for thermoelectric cooling. Then, the second wave of installations 

from the 1980s to the 2000s featured combined cycle combustion and steam turbines, 

internal combustion engines, and combustion (gas) turbines, which generally require less 

water than steam turbines to generate electricity. More biomass, petroleum and even 

hydroelectric power plants were added. This second wave of installations did, however, 

include the massive 203 MW coal power plant in 1992 which uses steam turbines, 

brackish water, and cooling towers. The water resources also shifted from mostly saline 

ocean water to groundwater from wells. More power plants required less water, some 

needing no cooling water at all. Two petroleum power plants in 1990 and 1996 used 

municipally-sourced water for the first time in the state.   
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Finally, the most recent wave of power generator installations from around 2000 to the 

present added a great deal of wind, solar, and battery technology to the state’s energy 

mix, none of which require water to operate. These three trends combined show how 

Hawaiian decision makers are moving toward leaner, energy and water resource-efficient 

systems. The state has advanced its energy mix and power technology toward more 

sustainable options for the islands, and even as more power generating technology is 

added each year, less operational water is required for each new installation. 

WATER USE ESTIMATES FOR HAWAIIAN POWER 

The average amount of water consumed for thermoelectric cooling in the US is on 

the order of 800 to 1000 gallons per megawatt hour (gal/MWh) of produced electricity. 

Additionally, typical US operational water withdrawals can range from 40 to 40,000 

gal/MWh [56]. But these water use factors depend heavily on fuel type and power 

generating technology. Since there is no recent data on water use for power generation in 

the state, these national estimates and Hawaii-specific power plant data must be used to 

calculate the water intensity of Hawaii’s current electrical system. 
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Fuel Source Cooling Type 

Withdrawal 
Factor 

(gal/kWh) 

Consumption 
Factor 

(gal/kWh) 

Percent of Total 
Hawaii 

Generation 
Local, Renewable     

Solar PV N/A 0 0.03 0.04 

Wind N/A 0 0 4.57 

Hydropower N/A 0 0* 1.03 

Geothermal- 
Binary Turbine 

Once-Through 
Wet recirculating 

15 
6 

NA 
4.65 2.5 

Biomass (MSW) 
Once-through 

Wet recirculating 
35 

0.55 
0.3 

0.48-0.61 3.50 
Imported, Fossil     

Coal 
 

Once-Through 
Recirculating 
Cooling Pond 
Dry Cooling 

35 
1 
24 
0 

0.3 
0.7 
0.7 
0 

14.28 

Petroleum 
 

Once-Through 
Recirculating 
Cooling Pond 
Dry Cooling 

35 
0.55 
7.89 

0 

0.3 
0.48 
0.11 

0 

74.08 

Table 2.4:  Hawaii’s utility-scale fuel mix shown by fuel source, cooling technology type, and water 
withdrawal and consumption factors in gallons per kilowatt hour of produced electricity. 
The percentage of each fuel source for total utility-scale electricity generation is included 
for comparison [56-59]. 
 

Using these national averages and the utility-scale power plant data, the water-

intensity of Hawaiian electricity can be calculated and compared to the rest of the US. 

One unique problem is a deficiency of information on water use at petroleum-fired power 

plants. Most studies on US power water use looks only at the 48 contiguous states, 

leaving off Alaska and Hawaii. The energy demands in Hawaii and Alaska are miniscule 

compared to the rest of the US, and they do not represent the average energy mix. For 

instance, on Hawaii, petroleum makes up the bulk of the electricity generation, 

accounting for 74% of the annual power production. So it makes sense that Hawaii might 
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be left off of national energy studies because less than 1% of electricity in the country is 

generated using petroleum.  

The nation-wide studies also commonly leave out oil-fired generation, so there is 

considerably less data on the water demands of oil-fired power plants. For the sake of 

these analyses, it is assumed that the demand for water at petroleum fired power plants is 

similar to natural gas and biomass power plants because of the fuel energy density and 

power production process using similar steam turbines.  

It is also assumed that the bulk of the fossil fuel generation uses once-through 

cooling technology. Based off of the 2005 USGS water use data, 25.3 million gallons of 

fresh groundwater per day and 1450 mgal of saline groundwater per day were used for 

once-through cooling in power production processes. Only 12.5 mgal/day of fresh 

groundwater, or 0.84 percent of the state’s total water use for power production, was used 

for recirculation in thermoelectric cooling processes in the state. At less than one percent 

of the total, the water use at recirculating power plants is insignificant at the state level. 

Process Source mgal/day % total 
Once-through Cooling Fresh Groundwater 25.3 1.7% 
Once-through Cooling Saline Groundwater 1450 97.5% 

Recirculation Fresh Groundwater 12.5 0.8% 

Table 2.5:  Amount of fresh and saline groundwater used for recirculation and once-through cooling 
processes on Hawaii each year [50].  
 

When considering fuel type, renewable energy production is typically lower in 

water consumption and water withdrawal needs for power production. For instance, wind 

power and solar PV power have negligible water withdrawals for power production, 
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needing only the occasional panel washing or cleanup. The only other type of non-

thermal generation in the state is hydropower, which, on Hawaii, also consumes 

negligible amounts of water during operation because they are run-of-the-river 

hydropower plants without dams or large reservoirs. This is different from the continental 

US where hydropower plants have substantial evaporative losses in the large reservoirs 

behind the dams.  

Hawaii’s thermoelectric water use occurs in the thermally generated power from 

geothermal, biomass (MSW), coal and petroleum-fired power plants. Of those four power 

plant types, two have imported fuels, and two are considered local resources: geothermal 

and bioenergy are local while coal and petroleum fuels are imported. Coal, petroleum and 

biomass power plants have high withdrawal factors, around 35 gallons per produced 

kilowatt-hour.  

Geothermal can potentially require large volumes of water for power production. 

However, the singular geothermal power plant on Hawaii, the Puna Geothermal Venture 

on the Big Island, uses a combination of two water-saving cooling technology types. It 

uses the conventional steam turbine systems along with two air-cooled technologies: a 

combined cycle system and a binary system [62]. The Puna Geothermal plant employs 

hot liquid and steam this is pumped from underground wells to turn the plant’s turbines. 

The steam turns the steam turbine, and the waste heat is recovered to heat an organic 

fluid with a lower boiling point that drives a secondary turbine, generating more power 

from the captured waste heat, which is a once-through cycle since the geothermal liquids 

are reinjected to heat up again [63, 64]. By using other liquids in the steam cycle, this 
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geothermal plant design conserves instead of consumes water, but can still require 15 

thousand gallons of water withdrawals for every megawatt-hour of produced electricity.  

The one coal plant on Oahu burns coal, shredded tires, used motor oil and spent 

carbon from the Board of Water Supply water filters, along with other waste products. In 

addition, some of the ash byproducts from coal power production are significant 

ingredients in the island’s concrete. Oahu’s coal-fired power plant manages and 

repurposes waste and produces a significant amount of steam for the oil refinery in 

Campbell Industrial Park. The coal plant is not only a major power producer and heavily 

invested in the electric industry, but it is also invested in the fuel and waste management 

industries on the islands as well. However, along with the water needed for 

thermoelectric cooling, coal uses a great deal of water to filter and remove coal dust 

during operations. Where this coal facility previously used sprinklers and hoses, it now 

uses atomized water to attract and control coal dust on site. The efficiency of water use to 

improve production and environmental standards has improved, but it still represents a 

great deal of the water needed for power production [65]. Still, the focus of Hawaiian 

policymakers is to shut down oil-fired generating units, not the coal power plant on Oahu 

that produces a great deal of power and provides other island services [66, 67, 68].  

Natural gas and nuclear-powered generation are not included in the Hawaiian 

electricity-water use estimates. Hawaii’s annual, statewide electricity generation is 

approximately 10 terawatt-hours, which is 10 billion kilowatt-hours. The average nuclear 

power plant in the US produces 11.8 billion kilowatt-hours of electricity a year [69]. That 

means if the Hawaiian Islands were grid-connected, one average US nuclear power plant 
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could produce over 118% of Hawaii’s annual electricity needs. Nuclear can consume 

large quantities of water for power production, but there are currently no nuclear power 

plants in the state of Hawaii. 

There are also no power plants that use natural gas. Gas-fired power plants are 

among the most efficient types of power plants in the US. Gas-fired power plants can 

easily be turned on or off, ramping up or decreasing production to match demand. Natural 

gas power plants are seen by many as the transition fuel, a natural partner to renewable 

and intermittent sources of power such as wind or solar because it can easily fill the gaps 

in power demand when wind and solar are limited [70]. Instead of supplementing 

renewable wind power with natural gas power production, the islands currently curtail 

wind power production because the power produced exceeds inter-island demand.  

Knowing that the overwhelming majority of thermoelectric power produced in the 

state of Hawaii uses once-through cooling technology, the water intensity of the utility-

scale power sector on Hawaii can be estimated using fuel type information and EIA 

estimates of annual power production at each power plant. This is a simple calculation. 

The national estimates for water withdrawal and consumption factors, meaning the 

volume of water used to produce a unit of energy, can be multiplied by the corresponding 

annual generation from each fuel type to calculate the amount of water used each year by 

source to produce electricity [53, 55-61].  
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Fuel Type Generation Water Factors 
  Withdrawal Consumption 
  (MWh/year) (gal/MWh) (gal/MWh) 

Petroleum 7739869 22200 300 
Coal 1492307 17200 500 

Biomass 365220 35000 300 
Geothermal 260997 2000 3430 

Hydro 107517 0 0 
Solar 4608 0 30 
Wind 477949 0 0 

Fuel Type Estimated Annual Power 
Water Withdrawals 

Estimated Annual Power 
Water Consumption 

 mgal/year % mgal/year % 
Petroleum 171825.09 81.51% 2321.96 26.90% 

Coal 25667.68 12.18% 746.15 8.64% 
Biomass 12782.70 6.06% 4668.50 54.08% 

Geothermal 521.99 0.25% 895.22 10.37% 
Hydro - - - - 
Solar - - - - 
Wind - - - - 
Total 210797.47  8631.83  

Table 2.6:  Annual thermoelectric water withdrawal and consumption in millions of gallons a year on 
Hawaii, calculated using once-through cooling water use factors. Solar, wind and 
hydropower have zero withdrawals or consumption because they use no water during 
power operations. 
 

The results from this calculation show that the annual production of 10.4 terawatt-

hours of utility-scale power on Hawaii requires 2 trillion gallons of water withdrawals 

and consumes an additional 8.6 billion gallons of water each year in the state. Almost all 

of this water is for the thermoelectric power producers while the hydro, solar and wind 

power producers demand very little in water withdrawal or consumption categories. 

Instead, the majority (over 80%) of the estimated water withdrawals are for petroleum 

power production that predominantly uses once-through cooling. Since three-quarters of 

the power production come from petroleum-fired power plants, it makes sense that this 
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fuel type and these power plants withdraw this amount of water. Over half of the water 

consumption, however, is for biomass power production. 

There are also great differences among the islands themselves in water use for 

power production. With the largest population, urban centers, and industrial activity, 

Oahu again has the greatest demand for electricity. As most (90%) of that demand is met 

with its petroleum-fired power plants and coal plant, it makes sense that the power 

produced from those generating facilities requires a great deal of water for thermoelectric 

cooling. Of the state’s total thermoelectric water use, 77% and 80% of the thermoelectric 

water withdrawals and consumption, respectively, is on the island of Oahu.  

The islands with the lowest thermoelectric power needs are also the islands with 

lowest thermoelectric water needs. Lanai and Molokai are good examples of this pattern. 

On the other hand, Maui and the Big Island have the second and third greatest annual 

power production, which is reflected in their water withdrawals. However, Maui’s 

thermoelectric water consumption is less than a third of the Big Island, which is probably 

due to the immense amount of water-saving wind power on Maui Island and the water-

intense geothermal on Hawaii. 
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 Generation Withdrawals Consumption 
ISLAND MWh mgal/year % mgal/year % 
Kauai 442,281.00 9092.61 4.31% 122.87 1.59% 
Oahu 7,528,714.00 162269.06 76.98% 6144.17 79.54% 

Molokai 33,009.00 732.80 0.35% 9.90 0.13% 
Lanai 20,139.00 394.92 0.19% 5.34 0.07% 
Maui 1,256,754.00 22334.62 10.60% 338.48 4.38% 

Hawaii 1,167,570.00 15973.46 7.58% 1104.02 14.29% 
TOTAL 10,448,467.00 210797.47  7724.79  

Table 2.7:  Water withdrawal and consumption for power generation on each of the Hawaiian Islands, 
in million gallons per year and percent of the total state consumption and withdrawals. The 
relative levels of water use depend heavily on each islands’ energy mix. 
 

Currently, the scale of freshwater consumption for power is extremely low. The 

majority of Hawaii’s water use is dedicated to once-through, thermoelectric cooling at the 

state’s coal, petroleum, bioenergy and geothermal power plants which mostly utilize 

saline water. Any divergence from this electricity mix away from petroleum-fired power 

consumption and towards renewables could mean a significant shift in water use, mostly 

toward water savings. However, if power plants are repurposed for other fuels or they add 

water saving technologies like closed systems, cooling towers and recirculating cooling 

loops could significantly increase the rate of freshwater use and consumption. This is 

possibly the most crucial change in water use as freshwater is a limited resource, but 

saltwater interminably surrounds the islands.  

The lifecycle water intensity of the electrical sector also has the potential to 

increase dramatically, especially if the electrical mix shifts to include local biofuels as 

part of their renewable power generation. The shifting scale of both energy and water 

supply and demand on the Hawaiian Islands creates a compound management problem. 

This energy-water nexus is a complex, interdependent system that must be modeled 
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properly for the future planning and integrated management of both water and power 

resources. The following analyses in the next chapter aim to quantify the water resource 

impacts involved in multiple scenarios of growth in locally sourced power capacity, and 

the strategies to achieve 40% renewable generation on Hawaii.  
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Chapter 3:  Strategy and Scenario Analysis 

AN ANALYSIS OF WATER IMPACTS FOR TRANSITIONING ELECTRICAL MIXES ON HAWAII 

This chapter combines the two previous electricity and water chapters to provide 

several outlooks, analyses and scenarios for the water resource intensity of future 40% 

renewable electricity mixes in the state of Hawaii. First, two incremental strategies to 

achieving interim RPS goals are assessed and discussed. Then, a scenario analysis 

combines all three approaches to assess the year-by-year water and energy resource needs 

associated with achieving different renewable electricity mixes on the islands. Comparing 

the scenarios for a future power system on Hawaii reveals strategic resource management 

and power reliability concerns.  

The three general approaches or strategies to increasing the proportion of 

renewable power production with respect to the fossil fuel generation on the islands 

include: 

(1) Expanding the grid by electrically connecting the islands with undersea 
transmission cables 

(2) Decommissioning or repurposing fossil fuel generators 
(3) Adding renewable generating facilities 

 
The first two strategies are incremental approaches to increasing Hawaii’s 

renewably-sourced electricity. The first strategy of grid connections displaces petroleum 

power plants as a result of connecting renewable energy generated on Maui with the 

demand on Oahu. The second strategy uses the opposite approach of targeting petroleum 

power plants first, calculating the generation deficit that results from their 

decommissioning which is then hypothetically supplied by different renewable sources. 
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The last strategy involves building out the potential renewable capacity on the islands, 

which is discussed as part of an integrated approach with the other two strategies in the 

scenario analysis. 

TWO INCREMENTAL APPROACHES TO THE RENEWABLE PORTFOLIO STANDARD 
In order to meet the interim goals and make progress toward achieving the 40% 

renewable portfolio standard by 2030, Hawaii must take incremental steps to begin 

decreasing fossil fuel power generation and increasing the proportion generated using 

local renewable energy. On Hawaii, small grids and small electricity demand are paired 

with enormous renewable power potential in geothermal, solar and wind energy. Since 

the islands have geographically variable potential supplies of renewable electricity, it is a 

primary challenge for electricity managers in Hawaii’s future energy sector to match 

potential electrical supply with end-user demand.  

Hawaii is already facing challenges with renewable electricity overproduction, 

which results in curtailment. Curtailment is defined as the difference between potential 

generation and actual generation, and it occurs when power production exceeds demand 

[71]. The state specifically sees overproduction from wind turbines on the island of Maui, 

which produce a great deal of electricity at night when the demand for electricity is low. 

In order to maintain proper frequency and output, utilities must lower production from 

different generating units on the island until the overall production matches demand. If 

the frequency of the produced electricity gets too high or too low, the power could 

overload the grid, damaging critical electrical infrastructure like circuits and 

transformers. 
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The strategies to avoid curtailment include (1) downsizing generating facilities, 

(2) adding energy storage and (3) connecting generation more precisely with its end-

users. The first strategy means that large-scale power plants typical in the continental US 

are quite smaller on the Hawaiian Islands. The low demand for power on each island 

cannot justify the construction of large capacity power plants. Therefore, energy 

generation portfolios must balance the total electricity needs of each island with the 

amount of capacity and generation from each power plant. 

Using energy storage is a strategy to store excess energy produced during periods 

of low demand for use later in periods of high demand. Storage also acts as a ‘smoothing’ 

mechanism for the power output from intermittent sources such as wind or solar PV 

which can vary minute by minute. The grid needs to be protected from these rapid 

changes and from large spikes and drops in electricity production, which storage 

provides. Storage increases overall reliability of these intermittent sources, thereby 

reducing the cost of producing power and it reducing power curtailment [72]. Utility-

scale energy storage is a relatively new technology, and Hawaii is at the forefront of 

developing and employing large-scale battery storage technology [73]. However, storage 

on Hawaii has proven to be relatively ineffective due to fire risk. Wind power is at 

particular risk, for example, the only wind facility with storage, the Ahuwahi Wind power 

plant on Maui, caught on fire multiple times [29].Wind on Hawaii has higher capacity 

factors than US continental wind. Because of the constant trade winds on Hawaii, the 

wind classes are more similar to offshore wind power, operating nearly 30% of the time 

instead of the normal 15% for land-based wind turbines [74]. This wind power could 
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potentially displace a great deal of petroleum generation if the sources of wind energy 

were better connected to islands (specifically Oahu) that use petroleum power plants to 

supply electricity demand. 

Strategy 1: Inter-Island Transmission Cable 
Connecting the islands with undersea transmission cables would provide the 

benefit of better connecting supply with demand and reinforcing the resiliency of the 

statewide electrical system. It is also one of the most effective ways of achieving 

incremental renewable portfolio goals on Hawaii without installing any additional 

renewable capacity. An interisland connection between Oahu and Maui, for example, 

would allow wind turbines on Maui to operate at full capacity, thereby supplying both 

Maui and Oahu with renewable and locally-sourced power. Maui has a great deal of 

potential wind generation that goes unused during high wind production at low load 

periods, while its next door neighbor, Oahu, has the largest continuous loads in the state.  

Currently, Maui island produces 1256.8 GWh of electricity each year. Of that, 

about 25% or 270 GWh comes from wind and biopower. Oahu, on the other hand, has the 

largest share of the state’s electricity demand at 7528 GWh per year, but only 5.3% of the 

island’s total electricity production comes from renewable sources (Table 3.1).  
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 Maui Oahu All Islands (Total) 
Petroleum 943 5640 7740 

Coal 0 1492 1492 
Biomass* 39.8 325 365 

Hydro 21 0 108 
Solar 0 0.2 4.6 
Wind 253 71 478 

Geothermal 0 0 261 
Total Generation 1256.8 7528.2 10448.6 

Renewable % 24.9% 5.3% 11.6% 

Table 3.1:  Annual energy demand in gigawatt hours and percent renewable generation on Maui and 
Oahu Islands, 2012, with the all island total for comparison [11, 19]. 
 

Curtailment is a significant issue that raises costs of generating electricity on the 

island of Maui. When there is surplus electricity production, the first thing Maui power 

operators do is cut back the combustion generators (read: petroleum power plants) to 

minimum generation levels. Next, if power production still exceeds demand, then the as-

available generators such as wind are “curtailed according to a pre-determined priority 

established via contractual agreements” [73]. 

When combustion generators are run at low production levels, they risk damage 

and deterioration of the power plant. They also risk having to shut down—should 

production levels fall too low—and restart the plant, which takes a great deal of time. The 

petroleum power plants do not easily ramp up or ramp down, but when they do they burn 

more fuel than necessary, which similarly escalates the price of electricity [74]. 

The Maui Electric Company (MECO) is required by the Hawaii Public Utilities 

Commission to provide data on the amount of curtailed generation for wind on Maui. 

Strategy 1 is based on the assumption that if Maui was electrically connected to Oahu, 
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that wind power would be used instead of curtailed. An electrical connection between 

Oahu and Maui would bring both islands closer to 40% renewable generation, and 

avoided curtailment would reduce the cost of generating electricity in both places. 

Strategy 1 evaluates how much fossil fuel power generation could be displaced and how 

much water saved from the addition of an undersea connection without adding more 

renewable generating units. 

Table 3.2 below depicts monthly wind curtailment in 2013 as reported by MECO 

in gigawatt-hours, or thousand megawatt hours. The total amount of annual curtailed 

wind production turns out to be a fifth of the annual wind generation on Maui [72]. If this 

electricity was used on Oahu instead of curtailed on Maui, it would be equivalent to 

replacing 46.7 GWh of oil-fired production on Oahu, which is equivalent to the power 

production from the 100 MW ‘Honolulu’ petroleum power plant in 2012 (48.2 GWh). 

The promise of Strategy 1 posits that a cable will replace one of the six petroleum power 

plants on Oahu without adding more renewable generating facilities on Maui or Oahu, 

augmenting Oahu’s renewable energy supply with plants already built on Maui. 
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Wind Energy 

Accepted 
GWh 

Estimated Savings 
from Wind Energy 

Purchased 
thousand dollars 

Wind Energy 
Curtailed 

GWh 

Estimated Cost of 
Curtailment 

thousand dollars 

Jan 11.3 694 5.8 89 
Feb 22.3 1,536 14.8 193 
Mar 10.7 510 3.5 18 
Apr 10.8 559 1.2 29 
May 15.0 743 3.5 23 
Jun 30.9 1,788 7.3 -20 
Jul 24.2 901 2.7 99 
Aug 30.9 1,382 2.4 99 
Sep 27.4 1,368 2.7 449 
Oct 15.0 617 0.7 112 
Nov 16.1 761 1.0 178 
Dec 15.8 924 1.2 206 
YTD 230.3 11,783 46.7 1,475 

Table 3.2:  Maui Electric Company’s calculated wind energy production and curtailment in gigawatt 
hours, with associated costs in thousands of dollars, 2013 [77, 78].  
 

Assessing the water interdependencies in Strategy 1 provides limited insight 

because the water use associated with producing wind power is negligible. For oil-fired 

power plants, however, each megawatt-hour of produced electricity requires 22,200 

gallons of water withdrawals and 300 gallons for consumption. If Oahu utilized Maui’s 

curtailed wind production from last year, it could have saved 1,037 million gallons of 

water withdrawals and 14 million gallons of water consumed. 

Strategy 2: Decommission and/or Repurpose Power Plants 
This second strategy looks at the power plant level data, gauging impacts of 

decommissioning specific oil-fired generators or repurposing those power plants for other 

fuels. Since water use in power plants is calculated using water factors of gallons per unit 

of produced electricity, the most significant water impact would be from 
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decommissioning the largest annual power producers and replacing the lost generation 

with water efficient, renewable power technologies.  

Simply decommissioning power plants is only half of a future energy policy. By 

decommissioning petroleum-fired power plants, Hawaii indeed moves toward their 

energy goals to discourage imports and encourage local renewables. However, when 

power plants are decommissioned, an equivalent amount of generation must be created to 

supply the remaining power demand.  

The major problem with decommissioning the oil-fired power plants is the 

reduction in a stable base load. Base load is the electricity demand that ramps up slightly 

during the course of the day. It is different from peak power, which, on Hawaii, is the 

demand that spikes from about 5 to 9pm each evening, as reflected in the higher time-of-

use pricing at those times [79]. With Hawaii shifting to renewable generation, electricity 

reliability concerns are raised. Reliability is especially challenging if fossil fuel 

generation is replaced with renewable generation facilities like wind turbines and PV 

solar panels that are intermittent power sources. The main difference between base load 

generation and intermittent production are the capacity factors, which are defined as the 

amount of time a particular generating unit produces power at or near its capacity. It is 

also known simply as the time a power plant is ‘on.’ Generally speaking, the higher a 

power plant’s capacity factor, the more constant its electricity production (Figure 3.1). 
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Figure 3.1:  Hawaii power plants colored and sized by capacity factors. Stable, baseload generation is 

known as the power plants that are ‘on’ more than 50% of the time. These power plants are 
identified by the largest, purple-colored dots on the maps [11, 19]. See Appendix A for 
similar maps of Hawaii’s power plants. 
 

High annual power production does not always equate with high capacity factors.  

For instance, the highest capacity petroleum power plant, Kahe, on Oahu is 582 MW and 

it generates 3,000 GWh of electricity each year, roughly 40% of the island’s needs. 

However, it operates at a calculated 59% capacity factor. The plant that operates at the 

highest capacity factor is the coal-fired power plant on Oahu, which has a 94% capacity 

factor, producing 1,500 GWh annually from the 180 MW power plant.  

It is also true that capacity does not guarantee generation. Say Oahu wants to 

decommission its largest power plant, 582 MW capacity Kahe, and replace it with wind 
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or solar. However, 1 MW of petroleum capacity is not equivalent to 1 MW of solar or 

wind in terms of electricity generation. Instead, to replace the 3,000 GWh of electricity 

annually produced from Kahe, Oahu would have to install 5.8 million, 1 MW wind 

turbines and 60 billion 250 W solar PV panels. This estimate is optimistic since wind 

turbines on Hawaii actually produce more electricity than other turbines in the US due to 

the constant trade winds. 

For this analysis, three different sized petroleum power plants are considered, 50, 

100 and 200 MW, all operating at about 70% capacity factors and using once-through 

cooling technology. As shown in the table below, these three sizes don’t cover the entire 

range of power plant sizes on the islands, but they serve as median estimates. Table 3.3 

also reveals the distribution of sizes and generation of the power plants on the different 

islands with, for example, average petroleum-fired power plant capacities of 231 MW on 

Oahu and 58.5 MW on Maui. 

Island MW MWh Island MW MWh 
Kauai 26.6 220,526 Maui 197.9 776,333 
Kauai 90.4 189,051 Maui 32.4 166,883 
Oahu 100.3 48,213 Maui 2.0 67 
Oahu 456.6 1,041,501 Hawaii 60.8 231,855 
Oahu 582.1 3,008,824 Hawaii 20.0 402 
Oahu 12.2 80,491 Hawaii 35.5 173,985 
Oahu 214.0 1,324,166 Hawaii 15.0 4,719 
Oahu 20.0 137,004 Hawaii 34.0 74,369 

Molokai 14.3 33,009 Hawaii 7.5 1,109 
Lanai 10.2 17,789 Hawaii 79.0 209,573 

Table 3.3:  Petroleum power plants in the state of Hawaii listed by island, capacity in megawatts and 
net generation in megawatt hours in 2012 [11, 19]. 
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Calculating the average generation expected of 50, 100 and 200 MW power 

plants, combined with water use factors gives the total amount of water each power plant 

would hypothetically use per year for electricity generation. Assuming these power plants 

would be decommissioned this would be equivalent to the amount of water saved by not 

operating.  

Power Plant 
Capacity 

Capacity 
Factor 

Annual 
Generation Total Withdrawals Total 

Consumption 

50 MW 70% 306810 MWh 6811 mgal 92 mgal 
100 MW 70% 613620 MWh 13622 mgal 184 mgal 
200 MW 70% 1227240 MWh 27244 mgal 368 mgal 

Table 3.4:  Water savings from decommissioning three different power plant sizes in the state of 
Hawaii, shown by water withdrawal and consumption in million gallons, using water use 
factors (gal/MWh) reported in the literature [56-59]. 
 

Decommissioning a 50 MW power plant would save 6.8 billion gallons in water 

withdrawals and 92 million gallons in water consumption each year. Similarly, a power 

plant four times that size would achieve four times the water savings in each category of 

water withdrawal and consumption.  

Again, this is only half of the equation for a stable, supported electricity 

transition. After decommissioning the power plants, the gap in annual electricity 

generation would need to be made up in other power generation. Since the state wants to 

transition to renewable and local fuels, the gap would hopefully be replaced with wind, 

solar, geothermal or biomass power. If existing generation was replaced with wind or 

solar, the water savings would be equivalent to the power plant’s previous water use. This 

is ultimately because of the minimal water needs for wind and solar. 
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However, projected outcomes shift significantly if the petroleum generation is 

replaced with biomass or geothermal power. There are less base load generation concerns 

with these two renewable technologies since they operate at higher capacity factors. 

Biomass and geothermal power plants also have control their fuel resources, unlike wind, 

which can stop blowing, and solar, which can stop shining rather abruptly. The one 

existing geothermal power plant on the Big Island, the Puna Geothermal Venture, also 

operates at 70% capacity factor, which means one geothermal power plant would equal 

one petroleum power plant if they were the same size. The major difference is the water 

use. The Puna Geothermal Venture (PGV) uses binary cooling technology, so its water 

use factors are significantly different from petroleum power plants. If the new geothermal 

generating units were configured the same way as the PGV, then there would be large 

savings in the water withdrawal category, but an overall larger consumption of water 

switching to geothermal over petroleum power. 

Municipal solid waste biomass power plants operate at a different capacity factor, 

about 60% instead of 70. In order to properly replace petroleum generation, the MSW 

power plants have to be slightly larger capacity. A 50 MW petroleum power plant 

becomes a 58.3 MW Biomass MSW power plant, and so on. The major difference 

between biomass, geothermal and petroleum is biomass (MSW) uses an order of 

magnitude more water in withdrawals for thermoelectric cooling.  

Table 3.5 shows replacing petroleum generation with geothermal generation 

produces some water savings in the water withdrawal category, biomass produces no 

water savings in any category. The amount of water a biomass MSW power plant 
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consumes per produced megawatt hour is the same as a petroleum power plant, so there is 

no change in water consumed. The change in water withdrawals from petroleum to 

biomass-fired power plants is on the order of 3 to 15 billion gallons per year, depending 

on the size of the plant. 

Calculations 

 

Capacity 
Factor 

Generation 
Needed 
(MWh) 

Power Plant 
Size 
(MW) 

Water 
Withdrawal 

Factor 
(gal/MWh) 

Water 
Consumption 

Factor 
(gal/MWh) 

Petroleum 70% 
306,810 
613,620 

1,227,240 

50 
100 
200 

22,200 300 

Geothermal 70% 
306,810 
613,620 

1,227,240 

50 
100 
200 

2,000 3,430 

Biomass 60% 
306,810 
613,620 

1,227,240 

58.3 
116.7 
233.3 

35,000 300 

Results 

 

Power Plant 
Size 
(MW) 

Annual 
Water 

Withdrawals 
(mgal) 

Annual Water 
Consumption 

(mgal) 

Change in 
Withdrawals 

(mgal) 

Change in 
Consumption 

(mgal) 

 
Geothermal 

50 
100 
200 

613.6 
1,227.2 
2,454.4 

1,052.3 
2104.6 
4209.2 

6,197.6 
12,395.2 
24,790.4 

-960.3 
-1,920.6 
-3,841.2 

 
Biomass 

58.3 
116.7 
233.3 

10,738.3 
21,476.6 
42,953.2 

92.0 
184.1 
368.2 

-3,927.2 
-7,854.5 
-15,709.0 

0 
0 
0 

Table 3.5:  Calculating water savings for replacing petroleum generation with geothermal and biomass 
power plants, shown in million gallons, with the red highlighted cells showing increased 
need for water for the renewable generation. 
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In summary, decommissioning a petroleum power plant and replacing the lost 

generation with added renewable power production produces variable results in water 

withdrawals and consumption, depending on fuel type. If the decommissioned petroleum 

power was replaced with wind and solar generation, there would be immense water 

savings. The next most efficient water-energy strategy would be replacing petroleum 

power with geothermal, which would save 90% of the water withdrawn, but would 

consume ten times more compared to the original petroleum power plant. Finally, the 

least effective replacement for petroleum-sourced electricity generation from a water 

efficiency standpoint would be if the petroleum power plants would be substituted by 

water-intensive biomass power plants. Electricity from biomass withdraws over ten 

thousand gallon more than petroleum power per unit of energy produced. 

Repurposing Power Plants 
The other part to Strategy #2 on the power plant level is to repurpose power 

plants, switching fuels but keeping the plant itself and infrastructure. A repurposing 

strategy makes obvious economic sense since it requires comparatively little capital to 

repurpose an existing plant instead of constructing a new one. However, the two main 

fuels the state is considering for these ‘repurposed’ plants projects are liquefied natural 

gas (LNG), which is an imported fossil fuel, and locally produced and refined biofuels 

used in the combustion turbine.  

Generally speaking, LNG is yet another exported resource, one that does not 

directly bring Hawaii closer to its renewable generation goals. However, natural gas 

power plants are more closely tied to renewables as these combustion turbines have fast 
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ramping capabilities, matching and smoothing out the dynamic production curves of 

intermittent, local and renewable sources of PV solar and wind. This means indirectly, 

LNG power plants could help expand renewables’ use in the state by increasing the 

overall reliability of the system. 

Biofuels offer a unique aspect to this debate since biofuels would be a locally 

produced, locally refined, and locally used fuel and energy source. Local water impacts 

for power production from biofuels, therefore, are not limited to the operational use. 

Instead, the local electricity-water impacts for use of locally produced biofuels would 

include the water for irrigating, collecting and refining the crop then thermoelectric end-

use. In other words, it would be one of the only sources of electricity whose lifecycle 

water impacts have impacts on local water resources instead of just the water used for 

thermoelectric production.  

The production and refining of local biofuels for direct use in power plants and 

the transportation sector involves a great deal of water in the irrigation, farming and 

extraction of the energy material. Moreover, the majority of the water that would be used 

to grow biofuels would be surface water and freshwater. Since the power sector on 

Hawaii currently has a low freshwater footprint, a change to liquid biofueled power 

plants could drastically change should the state decide to tie together its agricultural and 

food industry to the energy industry.  

SCENARIO ANALYSIS OF STRATEGIES 1, 2, AND 3 
This scenario analysis focuses on the whole picture: from 2007 and 2012 to 2030, 

how does Hawaii achieve 40% renewable electricity and does it satisfy all criteria for a 
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future electrical system on the islands? What is the resource intensity and reliability of 

the system over time? How many power plants, wind turbines or PV panels need building 

and what is the associated water use?  

Assumptions 
This analysis essentially combines and integrates Strategies 1, 2, and 3 with the 

added factor of both the renewable portfolio standards and the energy efficiency 

standards. It also operates on the structure of those policies: they are statewide goals, not 

tailored to each island. The driving assumption is that by 2030, all islands are electrically 

connected so it does not matter where the renewable capacity exists; just that it generates 

enough of the total electricity. It is also implicit that petroleum power plants will be 

decommissioned as a result of renewable power growth. 

The power sector on Hawaii is a complex system and data are not universally 

available, so quite a few simplifying assumptions are involved in this analysis to isolate 

the effects of changing generation on the islands. Again, only utility-scale generation is 

considered. While the Hawaii Clean Initiative reports the progress toward the 40% 

renewable portfolio standard multiple times each year, they report both distributed and 

utility-scale generation as one total amount which distorts the data with the amount of 

installed residential rooftop PV. This evaluation ignores distributed generation, focusing 

only on utility-scale transitions to meet Hawaii’s energy policies.  

While there is considerable potential for renewable power in possible wave-

action, offshore wind, ocean thermal energy conversion, and other renewable and 

experimental generating units, no utility-scale units have been built or operational yet in 
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Hawaii or the United States. This analysis uses a conservative, simplifying assumption 

that due to various policy, technology and cost barriers no new-fangled renewable, 

utility-scale energy technologies will come online before 2030.  

This study also has a timing element where it is assumed the RPS goals and 

interim goals in 2015, 2020 and 2030 are met in terms of renewable power production. It 

is also assumed that by 2030, the energy efficiency goals are met. All rates of change in 

renewable generation and efficiency are linear, with increases in renewable generation 

growing linearly from goal year to goal year (2015 to 2020, and 2020 to 2030), and the 

energy efficiency steadily increasing from 2007 to 2030. 

Key Variables Growth Rates, Calculated Generation 
  Demand Growth Rate  1%  annually 
  Renewable Share by 2030  40% 
  Efficiency in 2030  30% 
  Efficiency Growth Rate  1.3% annually 
  Generation with Efficiency  
        Gen2007  11533350 MWh 
        Gen2030  8073345 MWh 
  Renewable Goals 
        %Renewable2015         
        %Renewable2020 
        %Renewable2030 

 
 15% 
 25% 
 40% 

  Rate of Renewable Growth  
        2007 – 2015 0.96% annually 
        2016 – 2020 2.0% annually 
        2021 - 2030 1.5% annually 

Table 3.6:  Key variables employed in the scenario analysis (See Appendix C for variables, equations 
and calculations). 
 

The overall growth in demand for electricity is assumed to be equal to the growth 

in population, which is approximately 1% annually on Hawaii. This means in the 23 

years from 2007, which is the baseline year for efficiency standards, to 2030, the growth 
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in electricity demand from a growing population will be counteracted by increases in 

end-use efficiency. And again, as in the second strategy, the only renewable power 

technologies considered are the ones currently installed and used on the islands: 

geothermal, PV solar, wind and biomass. Hydropower is considered a renewable 

technology, but for this strategy we assume neither the generation nor capacity of the run-

of-the-river hydropower plants will change. Because hydropower on Hawaii is limited to 

run-of-the-river power plants, these power plants do not reach the sizes of larger 

conventional hydroelectric dams in the US. Water is also a culturally valued resource on 

Hawaii. Therefore, the amount of hydropower capacity and generation does not change 

from year to year in these analyses.  

In this analysis, the fossil fueled electricity shifts from petroleum power plants 

while the one coal-fired power plant will continue to produce at the same rate for the next 

twenty years. It is also assumed the cooling technologies will not change, so renewable 

thermoelectric producers, geothermal and biomass, and fossil fuel thermoelectric 

producers, petroleum and coal, will use once-through cooling at the same rates and water 

use factors as reported in the literature and summarized Chapter 2.  

In summary, by 2030, 40% of the total electricity production will be sourced by 

renewable power producers and 60% from fossil fuels. The total state electricity needs 

will be 70% of 2007 levels due to increases in efficiency, which will counteract a 

gradually growing population’s increasing demand for electricity. The scenario analysis 

that follows looks at four different renewable electricity mixes where geothermal, 
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biomass, onshore wind and solar PV power have varying shares of the 40% renewable 

production total in 2030. 

Four Scenarios 
Scenario analysis is a method of projection that offers multiple alternative 

possible outcomes. Comparisons of these scenarios show the potential effects of different 

decisions in the electrical sector and the corresponding change in water use. These 

projections highlight strategic management needs between water and energy resources, 

and potential tradeoffs between electric reliability and resource intensity. 

The four scenarios look at different shares of the renewable electricity mix 

represented by the four main utility-scale renewable generating technologies (Figure 3.2). 

Scenario 1 evenly distributes the total renewable generation among the four renewable 

sources, allowing for comparison between renewable fuel types and the overall impact of 

the energy transition on water use. Scenario 2 represents a geothermal-heavy electrical 

mix that would occur if Maui and Hawaii islands aggressively develop the immense 

geothermal potential along the volcanic rift zones, multiple, large-scale power plants. 

Scenario 3 is also geothermally-dominated, but this scenario has higher levels of wind 

and solar, with biomass as the smallest portion. Finally, Scenario 4 is the reverse of the 

previous scenarios, where geothermal and biomass—both thermoelectric power plants—

produce the least amount of electricity while wind and solar are the largest producers. 
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Figure 3.2:  Four scenarios of future electrical generation mixes in Hawaii shown as a percentage of the 

total non-hydroelectric renewable power generation in 2030. 
 

The goal of this analysis is to assess the timing and scale of the transition to 

renewable energy on Hawaii and understand the regional water impacts from changing 

thermoelectric generation. The main research question is which mix, of the four described 

below, produces the largest water savings in the thermoelectric water use category. There 

will also be a discussion of changing power plant capacities and reliability concerns, 

which are all, in the end, costs. 

Methods 
First, baseline electricity data from 2007 and 2012 combined with the two 

electrical energy policy standards for the state and their associated growth rates show the 

total generation required for each benchmark and end goal for electricity. Using the 

growth rates, drivers, and assumptions, a projection of the current electricity mix out to 

2030 serves as a base case or comparison for potential water use for any other electricity 

mix. Figure 3.3 shows this base case, which provides the timing of the transition to 40% 
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renewable generation and 30% efficiency, highlighting how the fossil fueled portions 

decrease in relation to the growing wedge of non-hydropower renewable generation.  

 

Figure 3.3:  Base case electricity generation shown in thousand GWh (or million MWh) from 2007 to 
2030, based off of growth in power demand, renewable power generation, and end-use 
efficiency by 2030. 
 

EIA data from 2007 and 2012 provided the baseline for the energy efficiency and 

renewable portfolio goals as well as future electricity generation projections [11, 19]. 

These data from the Electricity Data Browser include power plant-level data on monthly 

and annual electricity generation, nameplate capacity, fuel type, and location. The 2007 

electricity mix is of particular import since the goals for efficiency (or decreased power 

consumption) are based on the demand from that year. The 2012 data about electricity are 

used because they are the most recent data available for the state and each island. 
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Next, the four scenarios of varying utility-scale renewable energy (not including 

hydropower) are applied to the base case, showing the timing of the transition by fuel 

type (Figure 3.4). Only the relative proportions of the power types in the non-hydro 

renewables wedge changes. These time-series graphs show how renewable generation in 

the state of Hawaii grows as the petroleum-fired power declines over time from 2012 to 

2030. Each scenario dictates the final distribution of the non-hydropower renewables by 

2030, and these graphs show how the electricity generation from each of these fuel types 

must grow or shrink to meet the interim goals of 15% in 2015, 25% in 2020 and finally 

40% renewable electricity production by 2030. 

Figures 3.1 to 3.4 show the growth of each power type over time as a portion of 

the total annual generation. For each of the scenarios, the amount of hydropower and coal 

capacity and generation does not change, and the petroleum capacity and generation 

behaves the same way in each scenario, decreasing over time as more renewable 

generation is added. Of particular note are the midterm and end goals for the RPS: 2015, 

2020, and 2030. These years are highlighted in the water use results to show the 

progression of water withdrawals and consumption levels as the non-hydropower 

renewable technologies are in flux. 
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Figure 3.4:  Electricity Generation in thousand gigawatthours, 2012–2030, for Scenarios 1 and 2. 

 

 

Scenario 1 

Scenario 2 
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Figure 3.5:  Electricity Generation in thousand gigawatthours, 2012–2030, for Scenarios 3 and 4. 

 

Scenario 3 

Scenario 4 
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In addition to levels of annual generation, scenario analyses use capacity factors 

to calculate the final change in capacity for each primary fuel type. Changes are then 

expressed as a number of additional power plants, solar panels or wind turbines needed 

based on the typical size of these generating facilities on the islands. For wind, a 1 MW 

standard turbine size is used while solar quantities are based off the standard 250 W PV 

panel. The only other geothermal plant in the state is 43 MW, but there are three sizes for 

biomass power plants: 46, 60, and 113 MW. Negative changes in capacities are expressed 

as quantities and sizes of decommissioned power plants.  

The projected annual electricity generation needs are also converted into water 

use statistics. Water impacts are calculated using the procedure outlined in Figure 3.6, 

using capacity, generation and water use factors reported in the literature for utility-scale 

power plants. Multiplying generation by the water use factors for withdrawals and 

consumption produces levels of water use in each category for each year.  
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Figure 3.6: Conceptual model of the calculations used to assess the resource intensity of each scenario 
in the scenario analysis (See Appendix C for a list of variables, equations, and calculations). 
 

The calculated annual levels for production, capacity, water withdrawals and 

water consumption are set up much like cash flows in a spreadsheet, shown by fuel type 

with subtotals for renewable and non-renewable generation. These levels are controlled 

and easily manipulated by the primary drivers and growth rates in electricity demand and 

renewable generation, which are separated from the rest of the calculations on a main 

dashboard. Changes to these primary drivers are immediately reflected in the results in 

the main spreadsheet. For instance, a user could easily input a renewable portfolio 

standard of 50% instead of 40, or an efficiency standard of 20% instead of 30%. 
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The secondary drivers include the power capacity factors and the water 

withdrawal and consumption factors, which can also easily be changed to reflect new 

data or changes in technology and efficiency. These drivers apply to each power source 

category so the capacity and water use results are reported by primary fuel type. Biomass 

is among the most variable in these categories because the different biomass power plants 

on Hawaii have opposing capacity factors, and the water use factors reported in the 

literature have quite a wide range of values. Still, the strength of the model is its 

flexibility and simplicity. 

The final drivers are the different shares of the total non-hydropower renewable 

technologies possessed by geothermal, wind, solar PV, and biomass. These portions can 

be anywhere from 0 to 100%, with the four shares adding evenly up to 100%. Again, the 

four scenarios differ because of alterations in these percentages (Figures 3.3 and 3.5). 

Appendix C contains an in-depth description of the variables, naming conventions, 

equations, and calculations used in this scenario analysis. Appendix C also contains a 

workflow and detailed step-by-step instructions on how to calculate generation, capacity, 

water withdrawal, and water consumption for each scenario. 

Results 
Water withdrawals (Figure 3.7) and water consumption (Figure 3.8) is shown for 

the four non-hydropower renewable technologies in goal years of 2015, 2025 and 2030. 

For withdrawals, only thermoelectric producers geothermal and biomass are represented 

because wind and solar have negligible withdrawals. Consumption, on the other hand, in 

some cases includes solar photovoltaic water use. 
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Figure 3.7:  Water withdrawals for the four scenarios with the total water withdrawals for comparison 
(top) and then scenario by scenario (bottom), in billion gallons for RPS goal years 2015, 
2020, and 2030. 
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Figure 3.8:  Water consumption for the four scenarios with the total water consumption for comparison 

(top) and then scenario by scenario (bottom), all in billion gallons for RPS goal years 2015, 
2020, and 2030. 
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According to the graphs above, there are not many options that are both low in 

withdrawals and low in consumption, and both high in withdrawals and high in 

consumption. Instead, for the renewable technologies on Hawaii, the trend seems to be 

high withdrawal rates with low consumption or high consumption and low withdrawal.  

Scenario 1 is a good example of this tradeoff. The four renewable technologies 

are set to produce an equal share of the total generation by 2030, but the generation from 

biomass requires high water withdrawals and the geothermal power requires high water 

consumption. This trend is further revealed in the geothermally-dominated Scenarios 2 

and 3 which show median withdrawal needs, but elevated consumption rates that 

correspond to higher water consumption factors associated with the geothermal binary 

cooling technology. Scenario 4 was dwarfed by wind and solar production so it consumes 

the least amount of water, but still requires a significant amount of withdrawals, almost 

on the same level as Scenario 2. 

Scale is important here. The values reported are billions of gallons a year, but the 

water withdrawals in Figure 3.9 are at least twice the levels of consumption. In every 

scenario the water consumption from the four non-hydropower renewable technologies 

increases, taking over the water use previously demanded by the petroleum 

thermoelectric producers. This dramatic change in water use is mostly due to the increase 

in geothermal energy by 2030, with some variations in scale and growth rate due to the 

different electricity mixes in each of the scenarios.  

With the exception of Scenario 3, the estimated water withdrawals in 2015, 2020 

and 2030 for all scenarios increase or maintain approximately the same level. However, 
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since Scenario 3 calls for the decommissioning of about 40 MW of biomass power 

capacity, the water withdrawals significantly drop, but the consumption spikes as 

geothermal expands its power production. 

 

 
Figure 3.9:  Water withdrawals and consumption for the total non-hydropower renewable technologies 

for each scenario in billion gallons for RPS goal years 2015, 2020, and 2030. 
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 When the levels of water withdrawals and consumption are shown together, the 

true scale of water withdrawals is revealed (Figure 3.10). At almost ten times the scale, 

water withdrawals dominate the overall water use. Table 3.7 shows that the differences in 

total water use between scenarios is very small, but from a water resource efficiency 

standpoint, Scenarios 3 and 4 are the best options for future renewable electricity mixes 

on Hawaii. 

 

Figure 3.10:  Total water use for each scenario shown by withdrawals in red and consumption in blue, in 
billion gallons, by fuel type. 
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Scenario 1 
Equal Parts 

Scenario 2 
Geothermal-
Dominated 

Scenario 3 
½ Geothermal 

¼ Wind 

Scenario 4 
Wind and 

Solar 

Withdrawals 127.00 115.00 106.00 112.00 

Consumption 4.70 8.60 7.20 3.20 

Table 3.7: Total water use for each scenario shown by withdrawals and consumption in billion gallons. 
 

The other type of resource intensity measured in this scenario analysis was 

capacity. Achieving these electricity mixes by 2030 would involve a great deal of 

building, installing, decommissioning or repurposing power plants in addition to the 

construction of an interisland grid with undersea cables. Scenario 1 would require about 

100 new wind turbines and two thousand 250 W PV panels in addition to two new 

biomass power plants and two new geothermal power plants. The geothermal and 

biomass power plants would be roughly 40 MW each, the same size as the currently 

installed geothermal power plant on the Big Island and the smallest biomass power plant 

in the state on the island of Maui.  

Scenario 2 calls for the addition of almost 7 new 40 MW geothermal power 

plants, or 3 new 90 MW geothermal power plants, in addition to 884 new PV panels. 

Scenario 2 also decreases the amount of installed wind by 32.5 MW which is equivalent 

to that many turbines. The increase in biomass power capacity is only 5 MW: not enough 

to justify building a new biomass power plant near the scale of already those already 

installed which are 46, 60 and 113 MW. 
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∆ Geothermal Wind Solar PV Biomass Net Total 
Change 

 Capacity 
(MW) 

# 43 MW 
Geothermal 

Power 
Plants 

Capacity 
(MW) 

# 1 MW 
Wind 

Turbines 

Capacity 
(MW) 

# 250 W 
Solar PV 
Panels 

Capacity 
(MW) 

# 46 MW 
Biomass 
Power 
Plants 

Capacity  
(MW)  

2012 to 2030 

Scenario 1 85.3 1.9 116.5 116.5 444.7 1,778,800 79.7 1.7  -28.5 

Scenario 2 277.0 6.5 -32.5 -32.5 221.0 884,000 5.1 0.1 -284.1 

Scenario 3 213.1 5.0 116.5 116.5 355.0 1,421,000 -39.6 -0.9 -109.4 

Scenario 4 21.4 0.5 265.6 265.5 668.4 2,673,500 5.1 0.1 +205.9 

Table 3.8:  Change in geothermal, solar photovoltaic, wind and biomass capacity from 2012 to 2030 in megawatts, and the number of equivalent 
power plants needing decommissioning (cells highlighted in red) or new construction based off typical power plant, turbine or PV panel 
sizes. Net Total Change is the total capacity in 2012 compared to 2030 with a decrease in overall capacity from 2012 to 2030 displayed 
in red and an increase in overall capacity in green.. 
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Scenario 3 proposes the decommissioning of roughly a 46 MW biomass power 

plant, the addition of 5 geothermal power plants, 116.5 MW of wind turbines and 355 

MW of solar panels. Finally, Scenario 4 calls for vast amounts of added solar and wind 

capacity, 670 and 270 MW, respectively, and only 5 MW of capacity in geothermal and 

biomass power. The latter two amounts are not high enough to justify building a power 

plant as they are only one half and one tenth of the smallest currently installed power 

plants in both categories.  

Discussion 
The goal of an integrated energy-water system is to be as reliable and resource-

efficient as possible. Scenario analyses highlight tradeoffs between electricity and water 

resources where the best option for water resources might not be the optimal solution for 

reliability and resource efficiency. Impacts or costs for changes in certain scenarios are 

unreasonable. For example, Scenario 4 would produce the greatest water savings of the 

four scenarios, yet to the addition of 670 MW of utility-scale solar and 265 wind turbines 

would have an unnecessarily large land impact. In addition, these two power technologies 

are famously intermittent and would require immense advancing success in energy 

storage technologies or the construction of natural gas combustion turbines that could 

balance or match the overall power output to the demand. 

The goal of the future electricity system on Hawaii and elsewhere is to achieve an 

effective solution that satisfies multiple – and often competing – criteria. In other words, 

the electricity on Hawaii must be reliable while also being resource efficient. On a 
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conceptual map of both reliability and intensity, optimal solutions would exist at 

maximum electricity reliability and minimum water resource intensity. When comparing 

the four scenarios on values of electricity reliability and water resource intensity, the 

water-saving but slightly intermittent renewable electricity mix in Scenario 3 is of the 

lowest water resource intensity but intermediate reliability. The ‘Equal Parts’ Scenario 1 

is comparatively less reliable, brought down with wind and solar, but it is highly water 

resource intense with respect to withdrawals, but not consumption. Scenarios 2 and 4 

were intermediate solutions for water resource intensity, but they also represented the 

highest levels of water consumption. While Scenario 2 provided the most reliable 

electricity in the future with a majority of geothermal baseload power, it was also water 

resource-intense. Scenario 4, the wind and solar study, resulted in the most intermittent 

electricity resources and therefore the lowest levels of electricity reliability. 

 
Water Resource Intensity     Electricity Reliability 

 

Withdrawal 
(bgal) Normalized 

Consumption 
(bgal) Normalized 

CF x % Total 
Capacity Normalized  

Scenario 1 127 1.359 4.7 -0.504 -28.5 -0.213 

Scenario 2 115 0.000 8.6 1.101 -284.1 1.219 

Scenario 3 106 -1.019 7.2 0.525 -109.4 0.192 

Scenario 4 112 -0.340 3.2 -1.122 205.9 -1.197 

Table 3.9:  Calculated indexes of water resource intensity and electricity reliability for Scenarios 1-4. 
Values for Withdrawal and Consumption are from Table 3.7. Electricity Reliability is 
calculated by in a multiple-step process. First, the percent of total 2030 capacity is 
calculated for each fuel type in each scenario, dividing the 2030 capacity of each fuel type 
(e.g., geothermal) in each scenario by the scenario’s total 2030 capacity. Secondly, the 
capacity factors of each fuel type are multiplied to the new matrix of percent total capacity 
to yield a new product. These ‘Capacity Factor x % Total Capacity’ products are totaled for 
each scenario, which gives the index for electricity reliability. All values are normalized for 
plotting in Figure 3.11  
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Figure 3.11:  Scenarios 1-4 plotted on the conceptual graph of electricity reliability and water resource 
intensity. Preferred solutions maximize electricity reliability and minimize water resource 
intensity. Normalized values from Table 3.7 for water consumption determine size of 
scenario markers, normalized values for water withdrawals serve as the water intensity on 
the x-axis. Electricity reliability is represented by normalized values of the sum of the 
product of capacity factors and percent total capacity for each fuel type in each scenario  
 

A better option from a water use, reliability, and power plant construction 

standpoint would be Scenario 1: equal parts geothermal, biomass, wind and solar energy 

as part of the 40% renewable electricity. It is assumed water withdrawals are saline, and 

the majority is returned to the water environment after use; therefore, increasing 

withdrawals have very little impact on local freshwater resources, the limiting resource.  

It calls for the smallest net change in capacity: the change in capacity from 
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decommissions and new construction would be less than 30 MW total. Also, there would 

be a better overall balance in intermittent resources (solar, wind) and thermoelectric, base 

load producers (geothermal, biomass, petroleum, and coal). However, this option still 

requires a great deal of solar PV panels. About two million PV panels—a total of 450 

MW—of utility-scale solar would need to be installed to meet the annual generation 

requirements. 

The scenario with the least number of solar installations is Scenario 2, which still 

requires 221 MW or 884 thousand photovoltaic panels. Solar is an attractive technology 

for water-efficient renewable energy mixes because it requires so little water to produce 

power. However, utility-scale solar power plants have reliability and land use concerns. 

Megawatt-scale solar arrays cover large expanses of land that is not generally used for 

other purposes, and their intermittent output needs pairing with energy storage or power 

smoothing technology. One example is additional natural gas power plants that easily 

ramp up and ramp down production to increase reliability of the electricity on the grid. 

However, natural gas on Hawaii is an imported fossil fuel; therefore, the addition of any 

natural gas capacity would count against the renewable portfolio standard goals. 

Utility scale solar capacity should perhaps be limited in future planning and 

strategies to achieve 40% renewable electricity with reasonable construction, water use 

and land use costs. However, solar may yet be part of the solution to renewable electricity 

production. As mentioned before, these analyses only considered utility-scale production, 

which are usually large systems of rows upon rows of PV panels installed in an open 

field. However, distributed solar or rooftop solar can produce a great deal of power 
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without consuming land. There are hundreds of rooftop PV installations already in place 

on the islands. However, these rooftop arrays and distributed generation present 

reliability and power management concerns for the utilities, who have to balance the 

output of the distributed generation with the utility-scale power plant production. The 

role of Hawaiian electrical companies might shift more toward power management rather 

than power production if they rely on distributed generation to support the electrical 

needs of the whole island.  
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Conclusion 

The purpose of this study was to explore a number of scenarios of renewable 

growth over the next 15-20 years against the backdrop of water resource management 

needs. Scenario analysis integrates the best available public information about Hawaii’s 

power sector—its power plants’ electricity output, fuel sources, and cooling technology 

types—and associated water use.  Scenarios identified changing power and water needs 

related to achieving renewable portfolio standards and efficiency goals in the state. These 

goals specifically target conventional petroleum production in the hopes of decreasing 

electricity prices, boosting the local economy, and securing the reliability of the power on 

the islands. However, the scenario analyses identify possible resource-intense 

externalities of water use changes as well as power plant construction and decommission 

needs.  

In the end, these case studies showed that regardless of the utility-scale renewable 

energy mix in 2030, the overall water intensity of power production in Hawaii will 

decrease due to the decommissioning and displacing of conventional petroleum-fired 

power plants. Since the scale of water withdrawals was ten to twenty times greater than 

consumption levels, the withdrawals had the greater impact on total water use for 

thermoelectric generation. The greatest difference among the cases was the change in 

capacity among fuel types with high utility-scale solar capacity needs as the limiting 

agent. Future planning strategies should include a capacity limit on solar, similar to the 

limits on coal and hydropower plants’ capacities in this analysis. 
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These scenario analyses highlight an increasingly important element of energy 

policy and planning for desired energy futures: water use. By looking at energy 

production in a water context, the scenarios highlight energy-water tradeoffs involved in 

reaching certain future goals. Results of the analysis stress the need for integrated water 

and energy management by showing how even incremental change in electricity 

production over time has the potential to significantly change the scale of water use and 

the impact on local water resources. 

Results indicate that the energy systems on Hawaii can be designed to prevent 

more water withdrawal. By continuing to use saline and brackish water instead of 

freshwater, thermoelectric water use poses little threat to the limited freshwater resources. 

Also, by installing more water-saving generators like gas turbines, wind turbines, or solar 

PV panels, more energy is generated without any increased need for water – saline, 

brackish, or fresh. Increasing the use of water-saving technologies also decreases the 

need for petroleum power plants and steam turbines, the largest water users in the state. 

Since Hawaii is a state of isolated Pacific islands, it serves as a small, closed 

system that reveals the impacts of small decisions even in a complex, interdependent 

system. The state of Hawaii is a potential test bed for alternative energy technology 

solutions such as energy storage and demand-response that can increase the reliability of 

the power and even lower demand. Hawaii’s high electricity prices are appealing and 

inviting to emerging energy technology solutions. Expensive and emerging energy 

technologies are economical on these islands, making it a potential case study for 

microgrids and small-scale systems that are decarbonizing and pursuing resilient energy 
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solutions. Nascent technologies that represent even the smallest savings in the continental 

US or elsewhere can achieve high adoption rates in Hawaii. Even though some 

technology trials (e.g. energy storage) have experienced setbacks, Hawaii remains an 

important case for resource management and system transition.  

Hawaii can achieve its RPS and efficiency goals with island-to-island electrical 

interconnections and incremental energy changes that strive for optimal reliability and 

resource efficiency. The trends also show that Hawaii is already pursuing a water-

efficient power sector as each new utility-scale power plant installation requires less 

water to operate (Figure 2.13, Appendix B). The four scenarios demonstrate that 

significant performance gains can be achieved through technology advances and 

innovative, small-scale clean energy solutions.  
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Appendix A: Hawaiian Power Plants 

The following are maps of the power plants on Hawaii. The power plants are 
represented as points on the islands. These are colored differently on each map according 
to capacity, capacity factor, primary fuel type, annual net generation, and power 
generating technology. Each classification is shown with two different map extents: (1) 
the whole state of Hawaii and (2) Oahu with an inset of the southwest tip of the island, 
including Campbell Industrial Park.  
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Appendix B: EIA Form 860: Utility-Scale Installations in Hawaii 

The following graphs are adapted from the 2012 Plant and Environmental Equipment 
data collected from Hawaii’s utility-scale power plants on EIA Form 860, made publicly 
available by the Energy Information Administration. Only operational power plants are included. 

 

Utility-Scale Power Plant Installations by Fuel Type, in MW, 1906-2012 

 
Hydro 

Petro 
-leum 

Bio- 
mass 

 
Hydro 

Petro 
-leum 

Bio- 
mass Coal 

Geo- 
thermal 

PV 
Solar Wind Battery 

1906 1.8     1977   29.4             

1910 1.8     1978   5.6             

1918 0.7     1979   12.5             

1921 0.7     1980   12.5             

1925 4.5     1981   134.9             

1928 1.4     1982 1.2 22.5 20           

1947   50   1984   5             

1948   5   1985   5.1         2.2   

1949   5   1987   5.2             

1950   50   1988   30.5             

1954   61.4   1989   149.3 63.7           

1955   7.5   1990   32.2             

1957   54.4   1991   198.3             

1958   7.5   1992   47.2   203 35       

1959   54.4   1993 10.4 41.6             

1961   54.4   1995     4           

1962   13.5   1996   11             

1963   81.6   1998   25             

1964   85.6   2000   91 16.1           

1965   14.1   2002   39.1             

1966   94.1   2004   46             

1968   89.7   2005 2.4 14.4             

1969   10   2006   30.8         40.6   

1970   88.3   2007   4.8         21   

1971   2.6   2008           1.2     

1972   106.5 10 2010           1     

1973   135.5   2011             30 15 

1974   157.9   2012           5 135   

1975   11.2                     
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Utility-Scale Power Plant Installations by Prime Mover, in MW, 1906-2012 
 

  HY ST GT IC CA CT   HY ST GT IC CA CT WT BA PV 

1906 1.8           1977       5.6   23.8       

1910 1.8           1978       5.6           

1918 0.7           1979       12.5           

1921 0.7           1980       12.5           

1925 4.5           1981   134.9               

1928 1.4           1982 1.2 20 22.5             

1947   50         1984       5           

1948   5         1985       5.1     2.2     

1949   5         1987       5.2           

1950   50         1988   15.5   15           

1954   61.5         1989   63.7 17.6 12.5   119.2       

1955   7.5         1990     9 23.2           

1957   54.4         1991       18.1 61 119.2       

1958   7.5         1992   238 23.6     23.6       

1959   54.4         1993 10.4       18 23.6       

1961   54.4         1995   4               

1962     11.5 2     1996       11           

1963   81.6         1998           25       

1964   81.6   4     2000   16.1     20 71       

1965   14.1         2002     39.1             

1966   94.1         2004           46       

1968   81.6   8.1     2005 2.4     14.4           

1969         10   2006       12.8 18   40.6     

1970   85.8   2.5     2007       4.8     21     

1971       2.6     2008                 1.2 

1972   100.9   15.6     2010                 1 

1973   51.3 51.3 13.7   19.2 2011             30 15   

1974   157.9         2012             135   5 

1975       11.2                         
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Utility-Scale Power Plant Installations by Cooling Water Source, in MW, 1906-2012 
 

 

N
one 

Seaw
ater 

W
ells 

Deep W
ells 

Ditch 

 

N
one 

Seaw
ater 

W
ells 

Deep W
ells 

Caprock 
W

ells 

Puna w
ell 

Ditch 

M
unicipality 

1906 1.8     1977 5.6 23.8       
1910 1.8     1978 5.6        
1918 0.7     1979 12.5        
1921 0.7     1980 12.5        
1925 4.5     1981  134.9       
1928 1.4     1982 21.2   20    2.5 

1947  50    1984 5        
1948  5    1985 2.2       5.1 

1949  5    1987 5.2        
1950  50    1988 15     15.5   
1954  61.5    1989 30.1  119.2  63.7    
1955  7.5    1990  17.2      15 

1957  54.4    1991  17.2 180.2     0.9 

1958  7.5    1992 23.6  238   23.6   
1959  54.4    1993 52        
1961  54.4    1995       4  
1962 13.5     1996        11 

1963  81.6    1998 25        
1964  85.6    2000 25  66 16.1     
1965   14.1   2002 39.1        
1966  94.1    2004 46        
1968  89.7    2005 16.8        
1969  10    2006 71.4        
1970 2.5 85.8    2007 25.8        
1971 2.6     2008 1.2        
1972 15.2 90.9  10 0.4 2010 1        
1973 13.7 121.8    2011 45        
1974  134.9 23   2012 140        
1975 11.2              
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Appendix C: Variables and Equations for the Scenario Analysis 

VARIABLES 

Drivers 
Efficiency2007-2030 = 0.3 = 30% 
Renewable2007-2030 = 0.4 = 40% 
%Renewable2015 = 0.15 = 15% 
%Renewable2020 = 0.25 = 25% 
%Renewable2030 = 0.4 = 40% 

Constants 
Gen2007 
Gen2012 
Hours/year = 8766 = 365.25 days/year *24 
hours/day 

Generation (MWh) 
GenRenewables 

GenHydropower 
GenNon-hydropower 

GenGeothermal 
GenBiopower 
GenSolarPV 
GenOnshoreWind 

GenFossilFuels 
GenCoal 
GenPetroleum 

TotalGen 

Capacity (MW) 
CapacityRenewables 

CapacityHydropower 
CapacityNon-hydropower 

CapacityGeothermal 
CapacityBiopower 
CapacitySolarPV 
CapacityOnshoreWind 

CapacityFossilFuels 
CapacityCoal = constant = 1,578,931 MWh 
CapacityPetroleum 

TotalCapacity 

Capacity Factors (%) 
CFGeothermal = 0.7 
CFBiopower = 0.6 
CFSolarPV = 0.2 
CFOnshoreWind = 0.3 
CFPetroleum = 0.7 

Other 
Gen2030 
EfficiencyannualMWh 
%Renewable = linear between interim goal years 

Water Withdrawal Factor (gal/MWh) 
WWFactorGeothermal = 2000 
WWFactorBiopower = 0 
WWFactorSolarPV = 0 
WWFactorOnshoreWind = 35000 
WWFactorHydropower = 0 
WWFactorCoal = 17200 
WWFactorPetroleum = 22200 

Water Consumption Factor (gal/MWh) 
WCFactorGeothermal = 3430 
WCFactorBiopower = 0 
WCFactorSolarPV = 30 
WCFactorOnshoreWind = 300  
WWFactorHydropower = 0 
WCFactorCoal = 500 
WCFactorPetroleum =300  

Water Withdrawals (mgal) 
WWGeothermal  
WWBiopower  
WWSolarPV  
WWOnshoreWind  
WWCoal  
WWPetroleum  

Water Consumption (mgal) 
WCGeothermal  
WCBiopower  
WCSolarPV  
WCOnshoreWind  
WCCoal  
WCPetroleum  
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EQUATIONS AND CALCULATIONS FOR SCENARIOS & BASE 
CASE, 2008-2030 

BASE CASE 
𝐺𝑒𝑛2030 = 𝐺𝑒𝑛2007 × (1 − 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦2007−2030) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑎𝑛𝑛𝑢𝑎𝑙𝑀𝑊 =
𝐺𝑒𝑛2030 − 𝐺𝑒𝑛2007

2030 − 2007
 

𝑇𝑜𝑡𝑎𝑙𝐺𝑒𝑛𝑡 = 𝐺𝑒𝑛𝑡−1 + 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑎𝑛𝑛𝑢𝑎𝑙𝑀𝑊 

𝑇𝑜𝑡𝑎𝑙𝐺𝑒𝑛2008 = 𝐺𝑒𝑛2007 + 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑎𝑛𝑛𝑢𝑎𝑙𝑀𝑊 

𝑇𝑜𝑡𝑎𝑙𝐺𝑒𝑛2009 = 𝐺𝑒𝑛2008 + 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑎𝑛𝑛𝑢𝑎𝑙𝑀𝑊 

 

SCENARIOS 1, 2, 3, & 4 
Generation (MWh) = Capacity (MW) * CF (%) * 8766 (hours/year) 

𝑇𝑜𝑡𝑎𝑙𝐺𝑒𝑛𝑡 = 𝐺𝑒𝑛𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 + 𝐺𝑒𝑛𝐹𝑜𝑠𝑠𝑖𝑙𝐹𝑢𝑒𝑙𝑠 

𝐺𝑒𝑛𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 = 𝑇𝑜𝑡𝑎𝑙𝐺𝑒𝑛 × %𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 

𝐺𝑒𝑛𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 = 𝐺𝑒𝑛𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 − 𝐺𝑒𝑛𝑁𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟  

𝐺𝑒𝑛𝑁𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 = 𝐺𝑒𝑛𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝐺𝑒𝑛𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 + 𝐺𝑒𝑛𝑆𝑜𝑙𝑎𝑟𝑃𝑉 + 𝐺𝑒𝑛𝑂𝑛𝑠ℎ𝑜𝑟𝑒𝑊𝑖𝑛𝑑  

𝐺𝑒𝑛𝐹𝑜𝑠𝑠𝑖𝑙𝐹𝑢𝑒𝑙𝑠 = 𝐺𝑒𝑛𝐶𝑜𝑎𝑙 + 𝐺𝑒𝑛𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 

 

Capacity (MW) = Gen (MWh/year) / (CF (%) * 8766 (hours/year)) 

𝑇𝑜𝑡𝑎𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝑜𝑠𝑠𝑖𝑙𝐹𝑢𝑒𝑙𝑠 

𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝐹𝑜𝑠𝑠𝑖𝑙𝐹𝑢𝑒𝑙𝑠 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐶𝑜𝑎𝑙 + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐶𝑜𝑎𝑙 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝑜𝑠𝑠𝑖𝑙𝐹𝑢𝑒𝑙𝑠 − 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐶𝑜𝑎𝑙 = 𝐺𝑒𝑛𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 × 𝐶𝐹𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 

𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑁𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟  

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝑁𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 − 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟
= 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑜𝑙𝑎𝑟𝑃𝑉
+ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑂𝑛𝑠ℎ𝑜𝑟𝑒𝑊𝑖𝑛𝑑  

𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙

(𝐶𝐹𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 × ℎ𝑜𝑢𝑟𝑠/𝑦𝑒𝑎𝑟) 

𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 =
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟

�𝐶𝐹𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 × ℎ𝑜𝑢𝑟𝑠
𝑦𝑒𝑎𝑟 �
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𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝑆𝑜𝑙𝑎𝑟𝑃𝑉 =
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑜𝑙𝑎𝑟𝑃𝑉

�𝐶𝐹𝑆𝑜𝑙𝑎𝑟𝑃𝑉 × ℎ𝑜𝑢𝑟𝑠
𝑦𝑒𝑎𝑟 �

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑦𝑂𝑛𝑠ℎ𝑜𝑟𝑒𝑊𝑖𝑛𝑑 =
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑂𝑛𝑠ℎ𝑜𝑟𝑒𝑊𝑖𝑛𝑑

(𝐶𝐹𝑂𝑛𝑠ℎ𝑜𝑟𝑒𝑊𝑖𝑛𝑑 × ℎ𝑜𝑢𝑟𝑠/𝑦𝑒𝑎𝑟) 

 

Water Withdrawals (mgal) = Water Withdrawal Factor (gal/MWh) * Generation (MWh) / 1,000,000 

𝑊𝑊𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑊𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 × 𝐺𝑒𝑛𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙

1000000
 

𝑊𝑊𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 =
𝑊𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 × 𝐺𝑒𝑛𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟

1000000
 

𝑊𝑊𝑆𝑜𝑙𝑎𝑟𝑃𝑉 =
𝑊𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝑆𝑜𝑙𝑎𝑟𝑃𝑉 × 𝐺𝑒𝑛𝑆𝑜𝑙𝑎𝑟𝑃𝑉

1000000
 

𝑊𝑊𝑂𝑛𝑠ℎ𝑜𝑟𝑒𝑊𝑖𝑛𝑑 =
𝑊𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝑂𝑛𝑠ℎ𝑜𝑟𝑒 × 𝐺𝑒𝑛𝑆𝑜𝑙𝑎𝑟𝑃𝑉

1000000
 

𝑊𝑊𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 =
𝑊𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 × 𝐺𝑒𝑛𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟

1000000
 

𝑊𝑊𝐶𝑜𝑎𝑙 =
𝑊𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝐶𝑜𝑎𝑙 × 𝐺𝑒𝑛𝐶𝑜𝑎𝑙

1000000
 

𝑊𝑊𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 =
𝑊𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 × 𝐺𝑒𝑛𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚

1000000
 

 

Water Consumption (mgal) = Water Consumption Factor (gal/MWh) * Generation (MWh) / 
1,000,000  

𝑊𝐶𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑊𝐶𝐹𝑎𝑐𝑡𝑜𝑟𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 × 𝐺𝑒𝑛𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙

1000000
 

𝑊𝐶𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 =
𝑊𝐶𝐹𝑎𝑐𝑡𝑜𝑟𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟 × 𝐺𝑒𝑛𝐵𝑖𝑜𝑝𝑜𝑤𝑒𝑟

1000000
 

𝑊𝐶𝑆𝑜𝑙𝑎𝑟𝑃𝑉 =
𝑊𝐶𝐹𝑎𝑐𝑡𝑜𝑟𝑆𝑜𝑙𝑎𝑟𝑃𝑉 × 𝐺𝑒𝑛𝑆𝑜𝑙𝑎𝑟𝑃𝑉

1000000
 

𝑊𝐶𝑂𝑛𝑠ℎ𝑜𝑟𝑒𝑊𝑖𝑛𝑑 =
𝑊𝐶𝐹𝑎𝑐𝑡𝑜𝑟𝑂𝑛𝑠ℎ𝑜𝑟𝑒 × 𝐺𝑒𝑛𝑆𝑜𝑙𝑎𝑟𝑃𝑉

1000000
 

𝑊𝐶𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 =
𝑊𝐶𝐹𝑎𝑐𝑡𝑜𝑟𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟 × 𝐺𝑒𝑛𝐻𝑦𝑑𝑟𝑜𝑝𝑜𝑤𝑒𝑟

1000000
 

𝑊𝐶𝐶𝑜𝑎𝑙 =
𝑊𝐶𝐹𝑎𝑐𝑡𝑜𝑟𝐶𝑜𝑎𝑙 × 𝐺𝑒𝑛𝐶𝑜𝑎𝑙

1000000
 

𝑊𝐶𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 =
𝑊𝐶𝐹𝑎𝑐𝑡𝑜𝑟𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚 × 𝐺𝑒𝑛𝑃𝑒𝑡𝑟𝑜𝑙𝑒𝑢𝑚

1000000
 

 

 126 



 127 



CALCULATION OF GENERATION, CAPACITY AND WATER USE 

Step 1: Calculate total annual generation (previous year + efficiency). End product is in 
MWh. 

Step 2: Multiply total annual generation by % renewable to get total annual renewable 
generation. Total annual fossil fuel generation is the remnant of total annual 
generation after subtracting the total annual renewable generation. End product is 
in MWh. 

Step 3: Find annual generation by source. End product is in MWh. 

3.1 Coal annual generation does not change from year to year (there is one coal 
power plant in the state – assume that does not change). Subtract coal 
annual generation from total fossil fuel annual generation to get petroleum 
annual generation. 

3.2 Hydropower annual generation does not change from year to year (there is not 
a significant amount of untapped, utility-scale hydropower – assume no 
more development and no decommissioning). Subtract annual hydropower 
generation from total annual renewable generation to get annual non-
hydropower generation (which is the sum of solar PV, wind, biopower, 
and geothermal generation). 

3.3 Apply scenarios. The scenarios dictate the end percentage or share of the 
annual non-hydropower generation that belongs to onshore wind, solar 
PV, geothermal and biopower. Multiply these percentages to the 2030 
non-hydropower generation and then calculate the growth or decline of 
each of the four non-hydropower generation levels as a linear progression 
from 2012 known generation levels to their desired levels in 2030.  

Step 4: Calculate capacity for each type of fuel source/power plant. Multiply annual 
generation by respective capacity factors and multiply that by the number of hours 
in a year (8766) End product is in MW. 

Step 5: Calculate water withdrawals for each type of fuel source/power plant. Multiply 
annual generation by water withdrawal factors and divide by 1,000,000. End 
product is in million gallons. 

Step 6: Calculate water consumption for each type of fuel source/power plant. Multiply 
annual generation by water consumption factors and divide by 1,000,000. End 
product is in million gallons. 
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