
 
A	
  Feasibility	
  Analysis	
  of	
  Installing	
  Solar	
  
Photovoltaic	
  Panels	
  Over	
  California	
  Water	
  
Canals	
  	
  
 
 
Prepared by: 
 
Taylor Briglio 
Jessica Galvan 
Kelsey Ivan 
David Mun 
Brandon Pullen 
Elizabeth Schneider 
Ashley Verhines 
 
Professor Matthew Kahn | Faculty Advisor 
mkahn@ioes.ucla.edu 
 
Dr. Travis Longcore | Course Coordinator 
longcore@ucla.edu 
 
UCLA Institute of the Environment and Sustainability  
La Kretz Hall, Suite 300, Box 951496  
Los Angeles, CA 90095-1496 
 
 
Prepared for: 
The ADEPT Group 
1401 Westwood Blvd. Ste. 200; 
Los Angeles, CA 90024  
Alex Spataru  
(310) 478-3456 
aspataru@adeptgroup.net 
 
 
 
 
 

 



Feasibility Analysis of Installing Solar Panels over California Waterways 
 

   June 2014 | 2 
 

Table of Contents 
 

EXECUTIVE	
  SUMMARY	
   5	
  

ABSTRACT	
   6	
  

1|	
  INTRODUCTION	
   6	
  

2|	
  LITERATURE	
  REVIEW	
   8	
  
2.1	
  PROJECT	
  PRECEDENTS	
  –	
  GUJARAT	
   8	
  
2.2	
  IMPLEMENTATION	
   8	
  
2.2.1.	
  SOLAR	
  PHOTOVOLTAIC	
  (PV)	
  PANEL	
  TECHNOLOGY	
   8	
  
2.2.2	
  INITIAL	
  COSTS	
   9	
  
2.2.3	
  OPERATION	
  AND	
  MAINTENANCE	
  (O&M)	
  COST	
   9	
  
2.2.4	
  OVERALL	
  LIFETIME	
  COSTS	
   9	
  
2.2.4	
  ECONOMIES	
  OF	
  SCALE	
   10	
  
2.3	
  EVAPORATIVE	
  LOSS	
  IN	
  WATER	
  CANALS	
   10	
  
2.4	
  EXTERNALITIES	
   10	
  

3|	
  METHODS	
   11	
  
3.1	
  DETERMINING	
  PROJECT	
  LOCATION	
  SUITABILITY	
   11	
  
3.2	
  CHOOSING	
  SOLAR	
  PANEL	
  TECHNOLOGY	
   13	
  
3.3	
  EVAPORATIVE	
  LOSS	
   13	
  
3.4	
  LIFE	
  CYCLE	
  ANALYSIS	
  (LCA)	
   14	
  
3.5	
  JOB	
  CREATION	
  ANALYSIS	
   14	
  
3.6	
  ANALYSIS	
  OF	
  THE	
  INVESTMENT’S	
  COSTS	
  AND	
  BENEFITS	
   15	
  
3.6.1	
  LEVELIZED	
  COST	
  OF	
  ENERGY	
   15	
  
3.6.2	
  NET	
  PRESENT	
  VALUE	
   15	
  
3.6.3	
  ASSUMPTIONS	
   16	
  

4|	
  RESULTS	
   17	
  
4.1	
  ECONOMIC	
  CALCULATION	
  RESULTS	
   17	
  
4.2	
  IDEAL	
  SITE	
  LOCATIONS	
   19	
  
4.3	
  IDEAL	
  TECHNOLOGY	
  AND	
  MOUNTING	
   20	
  
4.3.1	
  SOLAR	
  PANEL	
  TECHNOLOGY	
   20	
  
4.3.2	
  INSTALLER	
  TECHNOLOGY	
   21	
  
4.3.3	
  MOUNTING	
   21	
  
4.4	
  RISKS,	
  UNCERTAINTIES	
  AND	
  INSURANCE	
   21	
  
4.5	
  LCA	
  ANALYSIS	
   22	
  
4.5.1	
  POSITIVE	
  EXTERNALITIES	
   22	
  
4.5.2	
  NEGATIVE	
  EXTERNALITIES	
   23	
  

5|	
  IMPLEMENTATION	
  PLAN	
   24	
  
5.1	
  FINANCING	
   24	
  
5.1.1	
  THIRD-­‐PARTY	
  FINANCING	
   24	
  
5.1.2	
  CALIFORNIA	
  SOLAR	
  INITIATIVE	
  (CSI)	
   24	
  
5.1.3	
  "CROWD-­‐FUNDING	
  CAMPAIGNS"	
   25	
  
5.1.4	
  INDIVIDUAL	
  COMPANY	
  INVESTMENTS	
   25	
  
5.1.5	
  COMMUNITY	
  SOLAR	
   25	
  



Feasibility Analysis of Installing Solar Panels over California Waterways 
 

   June 2014 | 3 
 

5.2	
  PERMITTING	
   26	
  
5.2.1	
  AGENCIES	
   26	
  
5.2.2	
  PERMITS	
  AND	
  DOCUMENTS	
   26	
  
5.2.3	
  ESTIMATED	
  TIME	
  AND	
  FAST-­‐TRACKING	
  POTENTIAL	
   26	
  
5.2.4	
  COST,	
  RISKS,	
  AND	
  UNCERTAINTIES	
   28	
  
5.3	
  PILOT	
  PROJECT	
  IMPLEMENTATION	
  STRATEGIES	
   29	
  
5.4	
  LARGE	
  PROJECT	
  IMPLEMENTATION	
  STRATEGIES	
   29	
  

6|	
  DISCUSSION	
   30	
  
6.1	
  REVISITING	
  CONVENTIONAL	
  WISDOM	
   30	
  
6.2	
  POLICY	
  RECOMMENDATIONS	
   30	
  

7|	
  CONCLUSION	
   30	
  

APPENDIX	
  A	
   32	
  

APPENDIX	
  B	
   40	
  

REFERENCES	
   41	
  
 
 
List of Figures

	
  
Figure 1  State Water Project Facilities        7 
Figure 4.2 Combined Suitability Layers                 20 
Figure A-1  Physical Suitability Layer                  32 
Figure A-2 Average water use by county                 33 
Figure A-3 Median income by county                  34 
Figure A-4 Percentage of population aged 20-54 by county               35 
Figure A-5 Percentage of population registered as liberal                36 
Figure A-6 Percentage of population that are homeowners               37 
Figure A-7 Percentage of population that graduated from college              38 
Figure A-8  Top five counties in California according to suitability index             39 
 
 
List of Tables 

	
  
Table 3.1-a  Summary of Physical Variables                 12 
Table 3.1-b  Summary of Demographic Variables                 12 
Table 3.2  Solar panel technology type and percent efficiency              13 
Table 3.3  Assumptions used in evaporative loss calculations              13 
Table 3.5  Assumptions used in NREL JEDI PV tool                15 
Table 3.6  Variables used in Levelized Cost of Energy and Net Present Value equations           16 
Table 4.1-a  Calculated NPVs                    18 
Table 4.1-b  Highest and lowest calculated NPVs                 18 
Table 4.1-c  Calculated LCOEs                    19 
Table 4.3  Solar panel installers/manufacturers and their years of establishment             21 
Table 4.5-a   Assumptions used in evaporative loss calculations               22 



Feasibility Analysis of Installing Solar Panels over California Waterways 
 

   June 2014 | 4 
 

Table 4.5-b  Potential water savings from a 1-MW project in Lancaster, CA             22 
Table 4.5-c  Environmental Benefits from a variety of project sizes in Lancaster, CA           23 
Table 4.5-d   Job creation for a 500-kW, 1-MW and 10-MW project              23 
Table 4.5-e  Negative Externalities for various sized solar projects               24 
Table 5.2  Summary of the permits and approvals needed for construction of a utility-scale  

solar canal                     28 
Table B  Comparison Chart for Community Solar Models               40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Feasibility Analysis of Installing Solar Panels over California Waterways 
 

   June 2014 | 5 
 

UNIVERSITY OF CALIFORNIA, LOS ANGELES  
 
 

 
UCLA INSTITUTE OF THE ENVIRONMENT AND SUSTAINABILITY 

LA KRETZ HALL, SUITE 300 
619 CHARLES E. YOUNG DR. EAST  

BOX 951496 
LOS ANGELES, CA 90095-1496 

PHONE: 310-825-5008 
FAX: 310-825-9663 

http://www.environment.ucla.edu 
Executive Summary 
 
The Problem 

 

Climate change and the extreme drought in California will lead to increases in the price of water and an 
overall deficit in water supply in the state. Both of these developments will compromise the state’s robust 
economy, which make the development of novel water policies, infrastructure projects, and business 
models necessary. This leads to our core research question:  

Could solar panels be installed over California waterways in a cost-effective way? 
 

Who Are We? 
 

We are seven environmental science seniors at UCLA researching the installment of solar photovoltaic 
panels over California's waterways. To perform this research, we are partnering with the ADEPT Group, 
Inc., an energy engineering consulting corporation, and Professor Matthew E. Kahn of UCLA's Institute 
of the Environment and Sustainability. 

 
Our Proposed Solution 
   
Our research on solar canals indicates that its effects include many benefits. Solar canals are similar to 
rooftop solar in that they are installed over existing infrastructure and do not require additional land 
development. Like other renewable energy sources, they reduce both greenhouse gas emissions and 
dependence on fossil fuels. They have the additional benefits of reducing evaporative losses and can help 
provide the energy needed to pump water throughout the state. This solution still has its challenges. Solar 
canals have a large upfront cost and we must acknowledge the uncertainty in a project with limited 
precedents. Still, these installments could be invaluable to the state of California by saving millions of 
dollars in pumping costs and potentially millions of gallons of water each year. 
 
Why California? 

 

California is no stranger to solar energy. With over 68 individual solar projects, averaging 310 MW per 
installation, and 29 more projects in development, the state’s solar portfolio is growing quickly. The 
installment of solar power on existing water canals would be the first project of its kind in the United 
States. After gathering data on a number of suitability indicators (e.g. solar irradiance, proximity to water 
demand, accessibility to open canals, likelihood of public approval, etc.) for such an installment, we 
determined that California is an ideal host. Our feasibility analysis is only the beginning in the 
development of this project. This type of innovation is needed now more than ever and can set the 
example for future advances in the water-energy nexus. 
 

SANTA BARBARA  •  SANTA CRUZ 

 

BERKELEY • DAVIS • IRVINE • LOS ANGELES • MERCED • RIVERSIDE • SAN DIEGO • SAN FRANCISCO 

 
 
 

UCLA 
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Abstract 
 
Extreme drought has heavily influenced California’s water supply, necessitating rationing techniques. In 
light of this, the implementation of solar panels over existing water canals would be instrumental in the 
conservation of California’s water supply and in the reduction of fossil fuel use, which could help 
alleviate future climate change. Reviewed in this report are the many factors that go into the planning and 
implementation of the proposed project. This includes a suitability index used to determine the best 
locations for this project, a life cycle analysis, and calculations of levelized cost of energy and net present 
value that support the implementation of this project. We further investigate the potential technology and 
financing sources for this project, as well as its risks, uncertainties, and insurance. An implementation 
plan is also included in the report. 

Keywords: solar canal, solar technology, and renewable energy 
 
1| Introduction 
 
On both a local and a global scale, global warming promises to be one of the most significant challenges 
of the coming centuries. The Intergovernmental Panel on Climate Change (IPCC) has concluded with 
90% confidence that recent warming in global climate is due to human activity, primarily due to the 
burning of fossil fuels (Barker, 2007). Although it is impossible to foretell the exact effects of climate 
change, the development of sustainable energy sources is a vital component of climate change mitigation 
and adaption.  
 
With its dramatic transformation over the last few centuries — from desert and chaparral to one of the 
nation’s largest urban areas — Southern California finds itself falling behind in the conservation of energy 
and natural resources. Given the state’s ongoing drought, water is arguably one of the most valuable of 
those resources. The modern-day Southern California area provides only 30-40% of its own water through 
groundwater collection, with the rest coming from sources as far away as Northern California and the 
Colorado River. Moving this water over such significant distance requires a significant amount of energy, 
particularly because the water must be carried over large elevation changes (Figure 1). The State Water 
Project (SWP), for example, lifts water 2000 feet over the Tehachapi Mountains before distributing it 
throughout Southern California — the highest lift of any water system in the world (Cohen et al., 2004) 
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Figure 2 State Water Project Facilities. The California State Water Project pumps water over significant topographic obstacles 
in its route to Southern California. Source: sustainca.org/content/state_water_project_facilities_map 

 
Partially because of these topographic hurdles, the State Water Project is the single largest energy user in 
the State of California. The 5 billion kWh it uses per year comprises 2-3% of California’s total energy use 
(U. EPA, 2012). At present, the water utilities involved with pumping this water have contracts to receive 
power from nearby conventional power plants at rates that fall far below market value. This leads to 
significant greenhouse gas emissions. By its own estimation, the California Department for Water 
Resources places its annual greenhouse gas emissions between 3.5 million and 4.1 million metric tons per 
year (Schwarz, 2012). 
 
With a drought of increasing severity and the crisis of global warming looming large, California is in need 
of a solution that can reduce this exorbitant energy use while also reducing water loss. Following the 
example of a project installed in Gujarat, India, mounting solar systems over canals represents a unique 
approach to energy and water savings. Before a similar project can be attempted in California, though, 
two vital questions must be answered. Would a solar canal system in the state make a measurable 
environmental impact? Can it do so in an economically feasible way? Should the answer to both of these 
questions be positive, solar canals could be a meaningful solution to California’s water and energy crises. 
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Over time, the success of such a project could inspire other states and countries to follow suit, setting the 
stage for a more sustainable, energy-secure future. 
 
2| Literature Review 
 
This literature review will synthesize various research topics to provide relevant background information 
for answering our research questions. This review will first discuss the world’s only existing solar canal, 
the Gujarat solar canal. It will then compare current photovoltaic (PV) technologies to determine the best 
suitable panel technology for a solar canal. To understand the potential costs of a solar canal, this review 
will examine the most up-to-date research regarding large-scale solar project costs and economies of 
scale. Lastly, this review will analyze the environmental benefits and costs of a solar canal.  

2.1 Project Precedents – Gujarat 
 
When Gujarat’s 1-MW Canal Solar Power Project was completed in 2012, it became the first large-scale 
solar-covered canal system in the world ("Producing Solar Energy While Saving Water," 2012). This 
project is estimated to provide renewable energy to the rural area, and stop the evaporation of up to seven 
million liters of potable water per year ("Producing Solar Energy While Saving Water," 2012). Due to the 
unique nature of the solar panel installation, which covers approximately 1 km of canal, the project had 
significant cost beyond that of an ordinary solar project. According to Gujarat State Energy Secretary D.J. 
Pandian, the project cost approximately 17 crore Rupees (about $2.75 million USD), 70% more than the 
typical per MW cost for land-mounted PV in the region (Mahurkar, 2012). The increased costs were 
present in several phases of the installation, including design, manufacture, and support system 
construction for the panels ("Producing Solar Energy While Saving Water," 2012). Future systems, 
however, are likely to see significantly reduced cost. Pandian expects the cost of future solar canal 
projects to cost only about 20% more than land-based systems (Mahurkar, 2012).  

2.2 Implementation 

2.2.1. Solar Photovoltaic (PV) Panel Technology 

 
In determining the best type of solar panel technology to place over a canal, a few factors come into play. 
First, the efficiency, or the amount of sunlight converted into energy, of the panel must be relatively high 
compared to the other technologies. Currently, the most efficient panel is monocrystalline technology, 
reported at 24.7% efficiency, followed by polycrystalline technology, reported at 19.8% (Shah et al., 
2004). Second, the cost associated with each technology must be considered. Monocrystalline 
technology’s cost is inflated by the necessary tracking system that allows the panel to move with the sun’s 
path (Quaschning, 2004). Polycrystalline modules do not require this tracking system, as the module is 
made up of shards of crystal and does not need to be repositioned to maintain alignment with the sun 
(Quaschning, 2004). Third, availability must be addressed. Monocrystalline and polycrystalline 
technologies are both readily available as they are already widely used by solar technology manufacturers 
and installers due to their cost effectiveness (Shah et al., 1999). Lastly, polycrystalline is already in use in 
a large majority of grid-tied systems (Aguillon, 2014). 
 
The other technologies not yet discussed — including Copper Indium Gallium Selenide (CIGS) at 19.2% 
efficiency, dye sensitized at 7-11% efficiency, and polymer and heterojunction at 1-3.3% efficiency — are 
all relatively young technologies and less efficient (Aguillon, 2014; Grätzel, 2005; Liska et al., 2006; 
Wada et al., 2001).  These were not considered due to their inefficiencies, and because polycrystalline is a 
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proven and widely established technology. With CIGS, dye sensitized, and polymer and heterojunction 
technologies not heavily considered, the focus of research was placed on the implications of 
monocrystalline and polycrystalline technologies being the primary technology used in this project.  

2.2.2 Initial Costs 

 
Large-scale solar PV installations are primarily limited by their high upfront costs. A 1985 analysis of a 1-
MW project in Hesperia, California concluded that the dominant limiting factor of solar PV for the rest of 
the 20th century would not be technical or operational, but economic (Patapoff & Mattijetz, 1985). 
Installation costs for major projects are usually in the millions of dollars. With the recent expansion of 
solar PV capacity and the growth of government support programs, there have been significant reductions 
in solar PV costs. This trend of decreasing costs is expected to continue into the future (IEA, 2012). It has 
been estimated that by 2020, or even sooner, solar PV could become a fully cost-competitive energy 
source (Bagnall & Boreland, 2008). 

2.2.3 Operation and Maintenance (O&M) Cost 
 
The O&M cost of solar PV installations is relatively small compared to the initial cost. Current data 
suggests that the O&M cost of utility-scale (> 2 MW) PV systems is between $20-$40 per kilowatt (kW) 
per year (Bolinger & Weaver, 2013). The primary O&M cost for solar PV is inverter replacement, which 
is usually necessary every ten years (Branker et al., 2011). Another often-overlooked variable regarding 
the maintenance of solar PV panels is soiling. As solar panels accumulate dirt and dust, they begin to lose 
efficiency, which can reduce the power output of the system by up to 40% (Mejia & Kleissl, 2013). In 
areas with high frequency of rainfall, the rain can act as a natural washing system. In California, however, 
rainfall is far too infrequent to reliably function as a washing mechanism (Mejia & Kleissl, 2013). 
Because of this lack of natural cleaning, calculating the total O&M cost for any system requires 
consideration of manual or automated cleaning processes (Mejia & Kleissl, 2013). Improvements in 
fabrication, installation, and operation are expected to reduce these costs by up to 30% in the future 
(Bagnall & Boreland, 2008). 

2.2.4 Overall Lifetime Costs 
 
Without many historical precedents for solar panel-covered canal systems, there will not be 
comprehensive experience upon which to base future projects. From a general solar PV perspective, the 
most important challenge will be choosing a site to guarantee the best solar resource. Newer, more reliable 
technologies with high efficiencies should be used to produce optimal power. Cost will depend on levels 
of government support, but operation and maintenance costs are decreasing. 
 
One element that will play a large role in the profitability of the system is its operational lifespan, which is 
often hard to predict for new technologies. Even with older technology, panels have been shown to 
maintain functionality for decades. For example, in 1982, ARCO Solar offered a 5-year warranty on its 
solar panels (Green, 2005). These ARCO Solar PV panels were installed in a 10-kW grid-connected PV 
system in May of 1982. After 20 years of operation, this system had only decreased about 3% in power 
output and is still fully functional (Chianese et al., 2011). Another ARCO mirror-enhanced PV 
experienced extensive browning, causing those arrays to have severe degradation. A study from 1988 
noted that this degradation was cause for concern, but that the design of that project was uneconomical 
regardless (Sumner et al., 1988). In 1990, the National Renewable Energy Laboratory (NREL) researched 
this issue, and within a few years the technical problem was solved (Pern, 1997). Studies on outdoor solar 
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PV performance do show aging systems resulting in loss of output, but the estimated output loss and the 
mechanisms behind aging are still being studied (Sharma & Chandel, 2013). 

2.2.4 Economies of Scale 

 
The effect of economies of scale on the cost of solar PV systems per unit energy is significant. Nowhere is 
this more evident than in the pricing of small residential PV systems (Feldman et al., 2012). The median 
installed price for a system of ≤ 2 kW in the first half of 2012 was $7.69 per watt, whereas the median 
installed price for all systems of ≤ 10 kW was $5.94 per watt (Feldman et al., 2012). This is 
approximately a 25% difference. If we look at the change in price per unit energy from systems of ≤ 10 
kW to systems of 10 - 100 kW, we see a nearly 9% difference (Feldman et al., 2012). There is about a 7% 
difference between the per unit energy costs of systems of 10 – 100 kW and systems of > 100 kW 
(Feldman et al., 2012). The declining percent difference with increasing capacity suggests that there is a 
point of diminishing returns for this economy of scale. One study found that this point occurs at a capacity 
of between 5 MW and 10 MW (Bolinger & Weaver, 2013). 

2.3 Evaporative Loss in Water Canals 

 
As has been previously mentioned, conserving water is a vital issue for drought-stricken California. Thus, 
one of the major benefits of solar canals is their ability to shade the water and, in turn, reduce evaporative 
loss. Open, gravity-fed irrigation canals transport water because they do not require much energy (Pardo 
et al., 2013). Given the open design of these canals, as much as 40% of the water can be lost during 
conveyance, due to evaporation or seepage into the soil (Rocamora et al., 2012).  
 
Evaporative loss can be easily quantified with the following mass balance equation:  
 
                    ) 

 
where E is the evaporative discharge per unit free surface area in m/s,      is the wind velocity 2 meters 
above the water surface in m/s,     is the water surface temperature in °C,      is the air temperature in °C, 
and      is the relative humidity expressed as a fraction (Swamee et al., 2002). Evaporative losses tend to 
be smaller than seepage losses, but they are still large enough to be considered. Most methods to decrease 
seepage losses, such as converting from an open canal to a closed pipe, will also eliminate evaporative 
losses since the water is no longer exposed to the atmosphere. Some studies have shown evidence that air 
temperature has the largest effect on water temperature (Thompson et al., 2005). There is a growing body 
of evidence, however, that direct solar radiation plays a larger role on water temperature than air 
temperature (Johnson, 2004). Shading an irrigation canal would therefore reduce evaporative loss because 
it would reduce the incoming solar radiation and thus lower the water temperature.  

2.4 Externalities 

 
Though solar photovoltaics produce some carbon emissions during their life cycles from raw materials 
extraction, manufacturing, transportation, and disposal, they are still much less environmentally harmful 
than traditional energy sources like coal. Replacing grid electricity with central PV systems could reduce 
greenhouse gas emissions, heavy metals, radioactive species and other criteria pollutants by an estimated 
89-98% for some cadmium and silicon modules (Fthenakis et al., 2008). As demand increases and 
technology continues to improve, solar photovoltaics will gain efficiency at a fraction of the price. In fact, 
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2013 experienced the greatest boom of solar energy in the United States, and this trend will likely 
continue (SEIA, 2013). The solar technology industry has recently garnered significant public approval in 
the United States. A recent poll found that 92% of U.S. citizens support the development of solar 
technology (Cheyney, 2009). 
 
Solar energy can also have significant social benefits such as job creation and increased energy security. 
According to one U.S. Department of Energy research and development laboratory, solar creates more 
direct jobs per million dollars invested than any other conventional energy source ("Solar Electric Power," 
2009). Furthermore, each megawatt power of solar panels installed creates an estimated 20 manufacturing 
job-years and 13 installation job-years (Ban-Weiss, 2010). These jobs include highly skilled engineering, 
assembly, sales, and installation positions. An additional 1.8 to 2.8 indirect jobs are created in other 
industries for every job created by the solar PV industry (Stalix). Solar energy can also reduce American 
dependence on foreign oil. Furthermore, a redistribution of the currently concentrated network of power 
plants, pipelines and other energy infrastructure will make the country less vulnerable to energy shortages 
resulting from natural disasters or terrorist attacks.  
 
In this literature review, we have summarized the research topics that are applicable to a solar canal 
project. However, current literature addressing solar canals specifically is lacking. In this report, we aim 
to build on this solar literature and fill the solar canal literature gaps. 
 
3| Methods  
 
In this section, we will discuss all of our methods and assumptions used in determining the feasibility of a 
prospective solar project over California canals. These include: project location suitability, solar panel 
technology selection, evaporative water loss calculations, analyses of investment costs and benefits, cost 
calculations and life cycle analysis parameters. Subsequent results will be discussed in the Results section. 

3.1 Determining Project Location Suitability 

 
We employed Estoque’s Multi-Criteria Decision Analysis framework to decide the most suitable location 
for an eventual large-scale solar canal project (Estoque, 2011). We first broke the factors into two groups: 
physical and demographic. The physical variables summarized in Table 3.1-a were the solar insolation 
and the proximity to water pumping plants, as one of the goals of a large-scale project would be to offset 
the significant energy used to pump water. We chose to include the demographic variables summarized in 
Table 3.1-b based on research that suggests they are significant in determining support for alternative 
energy installations (Cragg et al., 2013; Dastrup et al., 2012; Krause, 2011). Although the subjective 
nature of this analysis required us to make assumptions regarding relevant factors and their weights, the 
method is easily adaptable to changes in criteria. To determine geographic suitability for locations 
throughout California, a map was created for each group of variables (Appendix A), as well as for the 
combined score (refer to Section 4.2).  
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Table 3.1-a Summary of Physical Variables. 
Type of 
variable 

Name of 
variable 

Weighting Source 

Physical Canal location N/A USGS National Hydrography Dataset for California 

Physical Solar intensity 70% National Renewable Energy Laboratory Solar Data - Southwest 
US, Slope <5%, 10km Resolution, 1998 to 2009 

Physical Proximity to 
pumping 
stations 

30% Coordinates of pumping plants gathered from California Data 
Exchange Center, Center for Land Use Interpretation, Mindat, 

Wikimapia, and Wikipedia. Coordinates Confirmed via Google 
Maps. 

 
Table 3.1-b Summary of Demographic Variables. 

Type of 
variable 

Name of 
variable 

Weighting Source 

Demographic County water use 10% USGS Water Use Data for California 2005 

Demographic Percent college 
graduates 

30% 2008-2012 American Community Survey, Educational 
Attainment for the Population Aged 25 Years and Older 

(Accessed via American Census Factfinder) 

Demographic Median income 15% 2008-2012 American Community Survey, Median Household 
Income in the Past 12 Months (Accessed via American Census 

Factfinder) 

Demographic Percent liberal 20% California Secretary of State - 2013 Registration by County 
 

Demographic Percent county 
homeowners 

10% 2010 Census Demographic Profile joined to TIGER Shapefiles 
(Accessed via US Census website) 

Demographic Percent target age 
range (18-55) 

15% 2010 Census Demographic Profile joined to TIGER Shapefiles 
(Accessed via US Census website) 

 
First, we extracted the canals and aqueducts from the hydrology dataset, created a new layer, and overlaid 
a set of point data representing all the water pumping stations in California. We then clipped the solar 
intensity dataset to the extent of the canals and divided each value by the maximum value to get a 
suitability index. We then used the “Near” tool in ArcGIS to calculate distance from the canals to the 
nearest pumping plant and got another index. Finally, we combined the two variables according to their 
weights to determine overall suitability. The overall rankings were sorted 1-5, with 1 being the lowest and 
5 being the highest. 
 
The demographic map was created by downloading each set of data on a county scale. All the files were 
then joined to a shapefile of counties in California to produce a single layer where each county had a 
value for each variable. Dividing each county’s score by the maximum score for that category 
standardized the scores for each category. Then, each category was multiplied by the weight assigned in 
the table above. Finally, the weighted values for each county were added together to create a suitability 
index. The scores were grouped into five classes, with one being the lowest and five being the highest. To 
determine the ideal location, the demographic map was superimposed on the physical map to look for 
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areas of optimal overlap. Ultimately, this analysis offered us two benefits. It allowed us to examine the 
feasibility of the project as a whole, on a statewide level, and also allowed us to determine which counties 
have high enough potential to merit future research. 

3.2 Choosing Solar Panel Technology 
 
The optimal solar panel technology for our proposed project was selected based on three factors: 
efficiency, cost-effectiveness and availability. Solar panel efficiency is defined as the amount of sunlight 
that the module can convert to electricity. The technology should be highly efficient over the entire panel 
lifespan, while maintaining a reasonable cost that appeals to potential project investors. Finally, it should 
be widely available and sufficiently proven through use in similar large-scale installations. 
 
Table 3.2 Solar panel technology type and percent efficiency. Data gathered from various literatures. 

Technology Efficiency 

Monocrystalline Silicon 24.7% 

Polycrystalline Silicon 19.8% 

CIGS 19.2% 

Dye Sensitized 7-11% 

Polymer/Heterojunction 1-3.3% 

3.3 Evaporative Loss  
 
To calculate water saved from reduced evaporative loss we used the following equation:  
 
                                                            ) 
          
where E is the evaporative discharge per unit free surface area in m/s,      is the wind velocity 2 m above 
the water surface in m/s,      is the water surface temperature in °C,      is the air temperature in °C, and      
is the relative humidity expressed as a fraction (Swamee et al., 2002). 
 
We calculated the difference in the amount of evaporation before and after shading to determine how 
much water is saved in gallons per year per unit area. To calculate the surface area of the panels needed 
for a 1-MW project, we used the following equation: 
 
 
The last term represents the efficiency of the solar panels.  
 
Table 3.3 Assumptions used in evaporative loss calculations.  Data taken from usa.com and wholesalesolar.com 

Location Air Temperature (°C) Wind Speed (m/s) Humidity (%) Solar insolation (kWh/day) 

Lancaster 15.4 6.95 79.76 6.56 

California 16.2 6.05 80.36 5 
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Estimates for canal width were taken from Google Earth. In Lancaster, the canal width is approximately 
24 meters. For canals in the Central Valley, the average canal width is approximately 40 meters. We 
assumed that the water temperature is equal to the air temperature for un-shaded canals (Stefan and 
Preud'homme, 1993). Shading reduces direct solar radiation to the water, thereby decreasing its 
temperature (Johnson, 2004). For shaded canals, we calculated evaporative loss savings assuming three 
scenarios: water temperature decreases by .5°C, 1°C and 1.5°C. Shading does not significantly affect 
average air temperatures, so we can assume that air temperature remains constant.  

3.4 Life Cycle Analysis (LCA) 
 
We conducted an LCA to quantify the potential environmental impacts of this project. This enabled us to 
develop a more complete understanding of the potential effects. We used the online tool “PVWatts 
Calculator,” provided by the National Renewable Energy Laboratory (NREL, 2014b), which calculates 
how much energy would actually be produced by a solar project at a given location. This tool produces an 
attributional LCA (ALCA), which provides information about the impacts of the processes involved with 
production, consumption and disposal of a product, but does not account for indirect effects associated 
with changes in output. An ALCA provides information on the average unit of product and consequently, 
does not consider time-of-day fluctuations in pricing. We did not have enough resources to factor these 
fluctuations into our calculation; however, our parameters provided sufficiently reasonable estimations of 
impact. Additionally, we did not run end-of-life analyses due to similar limitations. 
 
We also estimated how much water would be saved from being withdrawn from thermoelectric plants. 
Approximately 0.05 gallons of water are consumed per kWh of electricity produced for thermoelectric 
power plants and of all the water withdrawn for cooling about 2.5% is consumed (Torcellini et al., 2004). 
To calculate how much water can be diverted away from thermoelectric power plants we divided 0.05 
gallons by 0.025. This gave us the estimate of a thermoelectric power plant needing 2 gallons of water to 
produce 1 kWh of electricity. We used this water-use rate of 2 gal/kWh to calculate how much water will 
be diverted away from thermoelectric power plants from our solar panels. 
 
The carbon dioxide (CO2) emission rate in California is 610.82 pounds of CO2 per MW produced (U. S. 
EPA, 2010). We calculated our CO2 abatement by multiplying the emission rate by our energy produced. 
For a scaled up scenario, we used a value of 5 kWh/day for solar insolation (Solar, 2014). 
 
Cadmium emissions are a negative externality from manufacturing solar panels that must be calculated as 
well. Cadmium is emitted during the manufacturing at a rate of 0.19g/GWh (Fthenakis et al., 2008). 
 
While water savings, carbon abatement, and cadmium emissions are typical of any solar installation, other 
externalities are either too abstract to quantify at this time or are site-specific. In particular, many toxics 
aside from cadmium vary significantly with location and consequently, calculation of their impacts using 
LCA would risk inaccuracy. 
 
3.5 Job Creation Analysis 
 
To determine the job creation potential of our project we used the Jobs and Economic Development 
Impacts Photovoltaic model (JEDI PV) from the National Renewable Energy Laboratory (NREL, 2014a). 
We ran the model for a 500-kW, 1-MW, and 10-MW utility system. ‘Utility scale’ and ‘crystalline 
silicon’ were selected as inputs for each scenario (Table 3.5).   
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Table 3.5 Assumptions used in NREL JEDI PV tool. 
Model Variable Inputs Inserted in Model for Each Scenario 

Project Location California California California 

Year of construction 2016 2016 2016 

System application Utility Utility Utility 

Solar cell Crystalline Silicon Crystalline Silicon Crystalline Silicon 

System Tracking Fixed Mount Fixed Mount Fixed Mount 

System Size (kW) 500 1000 10000 

Number of systems 1 1 1 

Money value (Dollar Year) 2014 2014 2014 
 
3.6 Analysis of the Investment’s Costs and Benefits 
 
3.6.1 Levelized Cost of Energy 
 
We also calculated the levelized cost of energy (LCOE), which is the average cost at which energy 
generated must be sold over the lifetime of the system in order for the project to break even, (Yaqub et al., 
2012). The LCOE was calculated using the following equation: 
 
 
 
 
The variables in this equation are defined in Table 3.6. Multiple LCOE calculations were done using 
varying assumptions of installed cost and discount rate to display the range of possible outcomes based on 
uncertain real-world conditions. 

3.6.2 Net Present Value 
 
The net present value (NPV) of an investment is the sum of yearly differences between its associated 
benefits and costs, each discounted to their present value. This metric is essential in evaluating the 
economic feasibility of an investment, especially if a project is to be privately funded. Theoretically, any 
investment with a positive NPV is economically beneficial to the investor. In actuality there are a variety 
of other factors that must be considered as well. The NPV was calculated using the following equation: 
 
 
 
The variables in this equation are defined in Table 3.6. Similarly to LCOE calculations, multiple NPV 
calculations were done for each system size using varying assumptions of installed cost and discount rate.  
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Table 3.6 Variables used in Levelized Cost of Energy and Net Present Value equations. 

Variable Definition 

I Total installed cost of the system 

OM Annual operation and maintenance cost 

r Discount rate 

E Energy produced in year t = 0 

d Annual solar panel energy degradation rate 

T Total lifetime of the system in years 

S Annual insurance cost 

P Price of electricity in year t = 0 

i Annual rate of energy price inflation 

3.6.3 Assumptions 
 
The first step in generating the range of initial costs used in the calculation of LCOE and NPV was 
establishing the cost of traditional land-based systems of the same sizes. For a 500-kW system, we 
received a quote of $3.25 - $3.50 per watt from solar panel installers LA Solar Group and SolarCity 
(Sales-Representative, 2014; SolarCity:Sales-Representative, 2014). For a 1-MW system, we received a 
quote of $2.70 – $3.00 per watt from SunEdison (SunEdison:Sales-Representative, 2014) For a 10-MW 
system we received a quote of $2.00 per watt from Sun Edison (SunEdison:Sales-Representative, 2014). 
The highest per watt price was used in all cases to calculate a cost of $1,750,000 for a 500-kW land-based 
system, $3,000,000 for a similar 1-MW system, and $20,000,000 for a similar 10-MW system. We 
multiplied these numbers by a factor of 1.2 for our low-end cost estimate, 1.5 for our mid-level cost 
estimate, and 1.7 for our high-end cost estimate. The factors of 1.2 and 1.7 are based on an interview with 
Gujarat state energy secretary, D.J. Pandian. In this interview, he said that the solar-canal project he 
oversaw ended up costing 70% more than a land-based system, but that the original budget for the project 
was 20% more than a land-based system (Mahurkar, 2012). As an intermediate factor, our team chose 1.5 
as a value between the other two factors. Due to the varying prices of different solar panel technologies, 
the spreadsheets created will only be representative of systems using polycrystalline panels like those we 
received quotes for. Panel types of a higher cost per installed watt would negatively affect our economic 
calculations, while those of a lower cost per installed watt would positively affect them. 
 
To offset some of the high initial cost of installing renewable energy systems the federal government has 
put into place a program that allows businesses or individuals to receive tax credit equal to 30% of the 
total system cost (DSIRE, 2014). This would effectively reduce the initial cost by 30%, since that 
percentage of the money will offset an equal value of federal tax owed. We evaluated the LCOE and 
NPV, taking into account the effective 30% discount of initial cost. 
 
The two ongoing sources of costs for this project that were factored into our analysis are O&M and 
insurance. The annual O&M costs were assumed to be $30 per kW of capacity based on the range of $20 - 
$40 per kW reported by existing utility-scale solar projects (Bolinger & Weaver, 2013). The annual 
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insurance cost was assumed to be $3000 for a 1-MW system based on a quote we received from Solar 
Insure of $3000 to $4000 (refer to Section 4.4). For all system sizes other than 1 MW, annual insurance 
cost was estimated using linear interpolation based on the ratio of assumed land-based system quotes that 
we received. 
 
The values for discount rates were obtained from the White House Office of Management and Budget 
website (OMB, 2013). The 25-year discount rates were linearly interpolated using the average of the 20-
year and 30-year discount rates as per the websites instructions (OMB, 2013). The 25-year real discount 
rate of 1.75% — which has been adjusted for inflation — is our low-end figure. The 25-year nominal 
discount rate of 3.75% — which has not been adjusted for inflation — is our high-end figure. We chose 
the discount rate of 2.75% as an intermediate value. 
 
The energy prices used were the February 2014 California average prices for each sector, obtained from 
the U.S. Energy Information Administration website (EIA, 2014). The yearly inflation rate of energy 
prices was calculated using the average percentage change in the California average energy price for each 
respective sector from the years 1982 through 2010. This data was obtained from the California Energy 
Almanac website, which is run by the California Energy Commission (CEC, 2014). 
 
Amount of energy produced in the first year was calculated using the “PVWatts Calculator” (NREL, 
2014b) (refer to Section 3.4). The first-year energy production for a 1-MW system was calculated to be 
1,677,634 kWh. This number was multiplied by 0.5 to obtain the first-year energy production of a 500-
kW system, and by 10 to find the first-year energy production of a 10-MW system. 
 
Because solar panels experience a decrease in efficiency over time, it is necessary to consider the 
degradation rate of solar panels (Jordan & Kurtz, 2013). A solar panel degradation rate of 0.5% was 
chosen as it was established as the median value in a recent study by the NREL (Jordan & Kurtz, 2013). 
 
In these calculations, all costs and benefits were assumed to be incurred at the beginning of each year. 
Since the typical warranty on a solar PV system is 25 years, we used this as our assumption for system 
lifetime (Singh & Singh, 2010). This means that our calculations run from year 0 to year 24, a total of 25 
years. 
   
4| Results  

4.1 Economic Calculation Results 
 
From the total 162 scenarios we evaluated, 82% had a lifetime positive NPV. Due to the effect of 
economies of scale, the percentage of profitable scenarios increased with system size. While only 67% of 
500-kW systems evaluated using our range of variables were profitable, that percentage rose to 80% when 
the system size was increased to 1 MW. Every scenario evaluated for a 10-MW system came out with a 
positive NPV. 
 
Table 4.1-a shows all calculated NPVs for all considered system sizes, installed costs, tax incentives, 
energy prices, and discount rates. The most profitable solar canal systems would be those that are larger in 
scale with the power sold at residential rates, although other configurations may be profitable as well.  
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Table 4.1-a Calculated NPVs for all considered system sizes, installed costs, tax incentives, energy prices, and discount rates. 
Green indicates net profit; red indicates net loss. 

 
 
Table 4.1-b shows highest and lowest calculated NPVs for each system size and subset as a percentage of 
installed cost. While there is some level of financial risk associated in the implementation of a project 
such as this, there is also significant potential for reward. It should be noted that some risk would be 
mitigated, however, as a specific installation price quote would need to be obtained before beginning 
construction on the project. A more definite cost would provide a starting point to establish the conditions 
under which a project would be profitable. 
 
Table 4.1-b Highest and lowest calculated NPVs for each system size and subset as percentage of installed cost. Green 
indicates net profit; red indicates net loss. 
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Table 4.1-c shows all calculated LCOEs for all considered system sizes, installed costs, tax incentives, 
and discount rates. Many scenarios yield competitive energy costs given the current California energy 
prices and historical price inflation trends. Similar to the NPV, we can see that the LCOE benefits greatly 
from the economy of scale effect. Although we are unsure of the current pricing structures between the 
State Water Project and their energy providers, it is possible that they could cut costs by purchasing 
electricity generated by solar canal systems to help power their pumps. 
 
Table 4.1-c Calculated LCOEs for all considered system sizes, installed costs, tax incentives, and discount rates. 

 

4.2 Ideal Site Locations 
 
After calculating the physical variables for the canals and the demographic variables for the counties 
through which they pass, the two types of scores were combined into a final map (Figure 4.2). The five 
counties with the highest scores, in order of highest to lowest, were: Los Angeles, Contra Costa, Yolo, 
Riverside and Fresno (Figure A-8).  
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Figure 4.2 Combined Suitability Layers. Overlaying the results of the physical analysis on the county demographic scores 
allowed us to assign each county an overall suitability score. 

4.3 Ideal Technology and Mounting 

4.3.1 Solar Panel Technology 
 
Although monocrystalline silicon technology is the most efficient, polycrystalline technology is also 
highly efficient and has the added benefit of being cost-effective (Shah et al., 2004). Monocrystalline is 
very expensive, and its cost is further increased by the technology needed to tilt the panels to track 
sunlight throughout the day (Quaschning, 2004). Polycrystalline does not incur this extra cost, as the 
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complex cell structure eliminates the need for sun tracking (Quaschning, 2004). The panels can instead be 
configured in any way.  
 
Polycrystalline panels are widely used in various existing projects across California, and have already 
been implemented over multiple reservoir projects (Aguillon, 2014). Compared to monocrystalline 
technology, polycrystalline panels are a superior choice for this project, given their cost-to-efficiency 
ratio, and their already widespread use (Aguillon, 2014; Shah et al., 1999). Other technologies such as 
CIGS and dye-sensitized cells have the potential for improvement, but are years away from becoming 
serious competitors in the solar technology market (Grätzel, 2005; Liska et al., 2006; Wada et al., 2001).  

4.3.2 Installer Technology 
 
Domestic solar panel manufacturers and installers are the most ideal for this project, and local, California-
based companies are preferred. Close proximity would diminish both transportation costs (associated with 
panel installation and maintenance) and harmful greenhouse gas emissions. Furthermore, reputable solar 
panel installers with many years of experience in the industry will minimize project risk.  
 
Table 4.3 Solar panel installers/manufacturers and their years of establishment. Data gathered from information provided by 
each installer/manufacturer. 

 

4.3.3 Mounting 
 
The solar panel mounting system can be designed specifically for this system. For example, the design can 
feature the panels sitting over rails, as recommended by our client The ADEPT Group Inc. The mounting 
would be able to slide out from over the canal onto land to allow for proper maintenance. The exact 
technology and cost for the system is difficult to determine, as such a system has not yet been designed 
and manufactured. We expect the cost to mirror a traditional PV mounting system but with altered 
engineering, as identical materials can be used.  

4.4 Risks, Uncertainties and Insurance 
           
Like any other solar photovoltaic installation, solar canals are subject to risks. These include physical 
damage from earthquakes, fires, other extreme weather events, and criminal activity. Other risks affect the 
economic feasibility of solar canals and include technology failure, overestimation of output, variable 
insurance costs, and any other causes of business interruptions. With the exception of variable insurance 
costs and overestimation of output, these risks can be accounted for with proper commercial insurance. 
      
A representative of SolarInsure, a commercial insurance brokerage firm, estimated that the cost of 
insuring a 1-MW solar photovoltaic installation would range from $3,000 - $4,000 per year 
(SolarInsure:Sales-Representative, 2014). This covers the following, as quoted by SolarInsure: a) All Risk 
Property Coverage: All risk coverage for protecting the equipment against loss from theft, fire, wind and 
earthquake; b) General Liability: General liability starting at $1 million per occurrence / $2 million 
aggregate with limits available up to $50 million; c) Equipment Breakdown: Pays for the loss that results 
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when solar equipment is damaged by mechanical breakdown, power surges, electrical short circuits, 
overloads and electrical arcing; 4) Business Interruption: Insures against loss or damage to the income or 
profit of a business due to an interruption in the down time of the solar array. 
 
Coverage of a 1-MW installation over water canals, however, would likely be more expensive as 
additional risks are involved. To account for the variable cost of insurance, potential overestimation of 
output, and the possible added expense of a non-standard solar canal installation, we increased our project 
costs by up to 50% for conservative estimates. 

4.5 LCA Analysis 

4.5.1 Positive Externalities 
 
For our LCA analysis and evaporative loss calculations, we used Lancaster for our project site because it 
is located in LA County, our highest ranked county, and it contains part of the State Water Project. We 
believe that the State Water Project is an ideal site because if a pilot project is successful, there is a large 
opportunity for it to expand. We input the following parameters into the PV watts tool: 1,000 kW, an open 
fixed rack, a tilt of 34.7 degrees, an azimuth of 180 degrees, a commercial system type and a cost of 
$4.50/watt. We used California averages in calculations for potential scaled up scenarios (Table 4.5-a). It 
is difficult to determine exactly how much the water may cool from the shading effect of the panels, so we 
did a sensitivity analysis to see how much water could be saved from evaporation if the water cooled by 
.5°C, 1°C, or 1.5 °C (Table 4.5-b).  
 
Table 4.5-a  Assumptions used in evaporative loss calculations.  Data taken from usa.com and wholesalesolar.com 

Location Air Temperature (°C) Wind Speed (m/s) Humidity (%) Solar insolation (kWh/day) 

Lancaster 15.4 6.95 79.76 6.56 

California 16.2 6.05 80.36 5 

 
Table 4.5-b Potential water savings from a 1-MW project in Lancaster, CA.  

Temperature Decrease (° C) Water Saved from Evaporative Loss (gal/yr) 

.5 900369 

1 1775658 

1.5 2623463 
 
Using the online PV Watts tool, we were able to calculate how much fossil fuel energy and how much 
CO2 would be abated by installing a 1-MW solar PV system in Lancaster over the State Water 
Project (NREL 2014). A 1-MW system can produce up to 1,677,634 kWh/year, which translates to 465 
metric tons of CO2 abated per year (Table 4.5-c). Over the 25-year lifetime of this project, it would abate 
11,625 metric tons of CO2. 
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Table 4.5-c Environmental Benefits from a variety of project sizes in Lancaster, CA. 

Size of 
system 

Energy Saved 
per Year 
(kWh/yr) 

CO2 Abated 
(metric 
tons/yr) 

Water Saved from Evaporative 
Loss Assuming 1° C decrease 

(gal/yr) 

Water Not 
Withdrawn 

(gal/yr) 

Total Water 
Savings 
(gal/yr) 

500 kW 838817 232 887829 1677634 2565463 

1 MW 1677634 465 1775658 3355268 5130926 

10 MW 16776337 4648 17756580 33552674 51309254 
 
There are water savings from two different aspects of this project: preventing evaporative loss and 
offsetting water withdrawals for thermoelectric power plants. We can expect a 1-MW project to save up to 
1,775,658 gallons of water per year of water from preventing evaporative loss, as well as prevent 
3,355,268 gallons of water from being withdrawn into thermoelectric power plants. In total 5,130,926 
gallons of water can be saved per year (Table 4.5-c). 
 
There are economic benefits to this project in addition to environmental benefits. Using the NREL JEDI 
PV tool we can expect a 1-MW project to create 46.8 direct jobs over the lifetime of the panels (Table 
4.5-d). Most of the jobs are created during the installation of the project, which would limit their 
longevity. There are also some long-term jobs that would be created for continuous operation and 
maintenance work. 
 
Table 4.5-d Job creation for a 500-kW, 1-MW and 10-MW project. 

Variable NREL JEDI PV Model Outputs According to System Size 
System Size 500 kW 1 MW 10 MW 

Jobs Created during Installation 19.9 37.4 373.8 

Jobs Created during O&M (annual) .1 .3 3.0 

Total Jobs from O&M 2.5 7.5 75.0 

Total Jobs from Project 22.4 46.8 448.8 

 
There are approximately 400 miles of open canals throughout California. This leaves huge potential for 
expansion. For example, we can cover up to 300 miles of the State Water Project in solar panels. Using an 
average solar insolation of 5 kWh/m2/day and an average canal width of 40 meters up to 764 MW of solar 
panels could be installed. This is slightly over 2.5 MW per mile of canal. The panels would produce up to 
1,281,712 MWh/year. Solar panels over the State Water Project in the Central Valley would prevent 
2,236,704 gallons of water from evaporating per MW installed. In total, up to 1,708,841,856 gallons of 
water would be saved per year just from preventing evaporative loss and 355,107 metric tons of CO2 
would be abated per year.  

4.5.2 Negative Externalities  
 
There are a few negative externalities for this solar project, including greenhouse gas emissions associated 
with manufacturing the solar panels. Producing 47.5 g CO2/kWh for a 25-year lifetime, a 1-MW project in 
Lancaster would indirectly emit about 80 metric tons of CO2-equivalent greenhouse gases. Cadmium is 
similarly emitted during the manufacturing at a rate of 0.19g/GWh (Fthenakis et al., 2008). A 1-MW 
project would emit 0.32 g of cadmium.   
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Table 4.5-e Negative Externalities for various sized solar projects.   

Size of system Manufacturing GHG emissions (metric 
tons CO2/lifetime) 

Cadmium emissions (g/GWh) 

500 kW 39.8 0.159 

1 MW 79.7 0.319 

10 MW 796.9 3.188 

 
5| Implementation Plan  
 
The previous sections demonstrate that a solar canal project in California can be profitable in theory, but 
the project must be implemented to be truly successful. This section will cover the financial options, 
permitting process, and implementation strategies for a pilot and large projects. 

5.1 Financing 

5.1.1 Third-Party Financing 
 
There are several independent financing programs in California for commercial entities and municipalities 
(Kollins et al., 2010; SEIA, 2014b). Depending on the jurisdiction of the land where the panels are 
located, these programs may be applied. Many offer flexible terms and can serve as valuable options if an 
initial investor is not found or does not finance the total costs. Exact estimates on rates must be consulted 
on an individual basis once a location has been determined. 

5.1.2 California Solar Initiative (CSI) 
 
The CSI is a solar rebate program for individual projects. The program received a total budget of $2.167 
billon to be used between 2007 and 2016 for the installment of approximately 1,940 MW of new solar 
projects (CEC&CPUC, 2013a). Within the program there are different campaigns available including the 
following: solar hot water rebate program (CSI-Thermal), Single-family Affordable Solar Homes (SASH) 
program, Multifamily Affordable Solar Housing (MASH) program, and a grant program for "research, 
development, demonstration and deployment of solar technologies (RD&D)" (CEC&CPUC, 2013b). The 
latter is the best option for a solar canal project. 
 
The RD&D campaign was created with a budget of $50 million but only runs through 2016 
(CEC&CPUC, 2013c). The primary goal for this section of the program was to stimulate "a sustainable 
and self-supporting industry for customer-sited solar in California…that [can] reduce technology costs, 
increase system performance, focus on issues that directly benefit [the state], and fill knowledge gaps to 
enable wide-scale deployment of distributed solar" (CEC&CPUC, 2013c).  Projects that have received 
grants thus far have all brought in matching funds from outside sources (CEC&CPUC, 2014); this is 
important to keep in mind when applying for any grant resource. The program places emphasis on 
granting funds to projects that serve as demonstrations of new and innovative technology (CEC&CPUC, 
2014). This is particularly good news for a project such as ours, but the grant timeline should be kept in 
strong consideration. If these funds are extended past 2016, there is a higher likelihood of being able to 
access them for solar canals.  
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5.1.3 "Crowd-funding Campaigns" 
 
"Crowd-funding campaigns" are becoming increasingly popular as secure investments for investors and as 
easy financing options for solar project owners and designers. Companies connect investors to solar 
projects in need of financing (Gilpin, 2014). As a project produces energy, it generates revenue by selling 
power to solar customers and pays investors back with interest (Gilpin, 2014). Companies that organize 
crowd-funding can charge an annual platform fee but these fees vary according to each company's model 
(Gilpin, 2014). There are other platforms now emerging that connect investors to individual projects 
(Gilpin, 2014). These platforms continue to flourish as new and transparent opportunities for investors. 
Most of these companies work through online-based systems that allow investors to provide as little as 
$25 to a project (Gilpin, 2014). For a project such as ours that targets a public domain, crowd-funding can 
provide an immediate source of capital because the project ultimately benefits the greater California 
population. 

5.1.4 Individual Company Investments 
 
Seeking funds through individual companies or entities can serve as a great source for initial capital. 
Companies like Google have already invested over $1 billion in wind and solar projects (Google, 2014). 
Accessing individual funds such as these is common due to the growth in the popularity of clean energy. 
Many companies see these investments as another way to appeal to their consumers (Larson, 2013). As 
consumers become more aware of issues such as climate change, these same consumer-driven companies 
address the increase in public awareness by partaking in "feel-good" investments. In California, investor-
owned utilities will need to make power-purchase agreements for individual renewable energy projects 
regardless, as Assembly Bill 32 requires them to incorporate at least 33% renewable energy by the year 
2020 (CARB). This affects these utilities but increasing renewable energy portfolios are very common for 
non-utility companies as well. 

5.1.5 Community Solar 
 
Community solar is a "solar-electric system that, through a voluntary program, provides power and/or 
financial benefit to, or is owned by, multiple community members" (Jason Coughlin et al., 2010). 
Community solar projects also have the potential to see improved economies of scale, increased public 
understanding of solar energy, and increased opportunities to test new models of marketing, project 
financing, and service delivery (Jason Coughlin et al., 2010). Community solar also retains its ability to 
sell and gain revenue from renewable energy credits, sold at the discretion of the system owners (Jason 
Coughlin et al., 2010). 
 
There are a few primary models that community solar could follow, as summarized in “A Guide to 
Community Solar: Utility, Private, and Non-profit Project Development” (Jason Coughlin et al., 2010): 

• Utility-Sponsored Model: a utility owns or operates a project that is open to voluntary ratepayer 
participation 

• Special Purpose Entity (SPE) Model: individual investors join in a business enterprise to develop a 
community solar project 

• Non-Profit "Buy a Brick" Model: donors contribute to a community installation owned by a 
charitable non-profit corporation 

The guide put together by the NREL provides a chart that outlines basic roles and expectations of 
participating parties (Appendix B). 
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5.2 Permitting 
 
Any developments require the appropriate permits to proceed. For solar installations, the permitting 
process is complex and time-consuming. As there have been no solar canals installed in the U.S., there is 
no specific permitting process for solar canals. We will use the permitting process of utility-scale solar 
projects on land to understand the likely permitting process for solar canals. 

5.2.1 Agencies 
 
Utility-scale solar installations require approvals and permits from a collection of federal, state, and local 
agencies. In California, the California Energy Commission (CEC), California Department of Fish and 
Wildlife, U.S. Department of Fish and Wildlife, and the Bureau of Land Management (BLM) are 
responsible for utility-scale solar permits. These four agencies are often referred to as the Renewable 
Action Team (REAT) (Devine, 2010). The California Public Utilities Commission (CPUC) within the 
CEC is responsible for regulating the activities of the investor-owned utilities in California. To connect 
the project to the electric grid, the local electric utility company (e.g. PG&E, SCE, SDG&E) must be 
involved. The local land-use authority, such as the city or county building department, will also be 
involved in the permitting process. The project may also require approval from other local community 
groups, such as a homeowner’s association or architectural committee. 

5.2.2 Permits and Documents 
 
There are a number of permits and agreements required for solar projects on California land. Depending 
on the characteristics of the project, certain permits may or may not be needed. The most likely permits 
necessary for a solar canal are discussed here. 
 
On federal land, the BLM must approve a Right-of-Way (ROW) permit. The BLM has this permitting 
authority under Title V of the Federal and Land Policy Management Act of 1976 (SEIA, 2012). 
Endangered Species Act (ESA) permitting will also need to be performed by the U.S. Department of Fish 
and Wildlife if there are endangered species in the site area. This process involves completing a Habitat 
Conservation Plan (HCP) to obtain an Incidental Take Permit for listed endangered species in the project 
site area. CEC must approve solar thermal projects larger than 50 MW, however, other solar energy 
projects do not have to be approved by the CEC. If the project is owned by a utility, or if a utility must 
construct transmission lines for the project, then the CPUC will be involved in the process. The utility 
would have to apply for a Permit to Construct, and a Certificate of Public Convenience and Necessity 
(Tim Snellings & Barrett, 2012). If the project is connecting to the electric grid, then an interconnection 
agreement will need to be completed by the local electric utility. To ensure that there are no significant 
environmental impacts, a CEQA (California Environmental Quality Act) assessment may need to be 
performed by the city or county. The local land-use authority will need to approve a building permit, an 
electrical permit, or both. After the solar installation is completed, a building or electrical inspector from 
the local permitting agency, along with the utility, may need to inspect and sign-off on the system (CEC, 
2001). 

5.2.3 Estimated Time and Fast-Tracking Potential 
 
Utility-scale solar permitting is a very slow process. There are efforts by REAT to streamline this process, 
but three to five years is the current estimated time to complete the permitting process for utility-scale 
solar projects on land in California (SEIA, 2014a).  
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Since there are no solar canals in California, there is potential for solar canal permitting to take even 
longer than the estimated three to five years. This longer permitting time would be due to securing the 
necessary approvals for a novel PV-system design and construction. Also, more approvals may be 
required from agencies that use or have jurisdiction over the canal. There are some mechanisms to fast-
track the permitting process, though.  
 
ROW permits are required for development on federal land, and can take three to five years to complete 
(SEIA, 2012). But if the solar canal is not developed on federal land, an ROW permit will not be needed. 
For example, a solar canal on a privately owned canal would not require a ROW permit. The BLM does 
allow ROW permits to be fast-tracked for projects that will likely pass the environmental impact 
assessment. Secretary of the Interior Ken Salazar announced this “Fast-Track” initiative for solar projects 
in 2009. Fast-tracked projects receive priority processing, but must still complete the necessary 
environmental reviews for the ROW permit (SEIA, 2012).  
 
ESA permitting is only required when endangered species are present in the project site area. If there are 
no endangered species in the area, then ESA permitting can be bypassed. If there are endangered species 
in the area, then there is another fast-tracking mechanism provided by Section 7 of the ESA. This federal 
agency-to-agency consultation procedure can speed up the permitting process to less than one year 
(USFWS, 1973). 
 
CPUC permitting is required when a public electric utility will own part, or all, of the project. This 
includes the construction of utility transmission lines, or if the project is owned or partially owned by the 
utility, as in a public-private partnership with the utility. If the project can be developed without a utility, 
then permits from the CPUC will not be needed. This would save a great deal of time because CPUC 
permitting can take three to four years to complete (TEPT, 2009). 
 
Since a solar canal project is of a large scale, it will most likely need California Environmental Quality 
Act (CEQA) approval. This process can take a long time if an Environmental Impact Report needs to be 
completed. This process may be easier for a solar canal project since the construction will occur on an 
already developed canal. Additionally, the CEQA process has certain exemptions, and a solar canal could 
potentially fall within one of these exemption categories (OHP, 2013). If this is the case, then the CEQA 
process could be expedited further. 
 
Interconnection agreements with utilities are needed when a project will connect to the electric grid. These 
contracts can take more than two years for utility-scale solar projects (Eddy). If the solar canal is only 
connected to the pumping station and will not feed electricity into the electric grid, then an 
interconnection agreement will not be necessary. 
 
There are no known, formal mechanisms for fast-tracking land-use authority permits, including building 
and electrical permits. In addition, there are no known, formal mechanisms for fast-tracking approval 
from local community groups. Working with community groups during the planning and construction 
process will likely make approval from those groups easier. Also, support from an influential government 
official or community leader is also likely to fast-track approval and potentially the permitting process, as 
well. 
 
With all of these different mechanisms for fast-tracking the permitting and approval process, the process 
could be shortened to six months to one year. This time frame is much shorter than the projected three to 



Feasibility Analysis of Installing Solar Panels over California Waterways 
 

   June 2014 | 28 
 

five years. Not connecting to the electric grid and building on private land that does not have endangered 
species could save a lot of time in the permitting process. 

5.2.4 Cost, Risks, and Uncertainties 
 
There will be costs associated with the solar canal permitting process. Certain permits do have their own 
fees, which may vary according to location. However, most of the cost will result from the time spent 
paying for employees to obtain these documents. An estimated three to five years spent in the permitting 
process is a long time to delay project construction. There is opportunity cost and risk in waiting years to 
obtain the correct permits. 
 
Firstly, there is risk associated with the uncertainty in the time spent to obtain proper permits. A project 
may be expected to take a certain amount of time, but the permitting process may take much longer, 
which will cost the developers more. Secondly, there is risk in the possibility of not obtaining a necessary 
permit. For example, an endangered species may stop a project from being approved, or the CPUC may 
not deem utility construction a public necessity. Lastly, there is risk of external trends associated with the 
delay. Interest rates may become less favorable, or subsidies or tax credits may change. These risks are 
serious and should be taken into account when deciding to go ahead with a solar canal project. 
 
It is also important to note the uncertainties in the permitting process for a solar canal. The subject of solar 
permitting lacks any comprehensive academic literature. Permitting information was found from agency 
websites and articles, which may be less accurate than researched, peer-reviewed literature. The time and 
costs associated with some of the permits are unknown. There is also uncertainty in applying these land 
permits to a project over a canal. The land permits may not apply to construction over canals, or other 
permits not mentioned here may be required. We acknowledge these uncertainties and have presented the 
most complete permitting process for a solar canal, given our limitations. 
 
Table 5.2 Summary of the permits and approvals needed for construction of a utility-scale solar canal. 

Agency Permit or Approval Time Potential for Fast-tracking 

U.S. Bureau of Land 
Management 

Right-of-Way Permit 3-5 years If project is not on federal land, then an ROW 
permit is not needed. Can be fast-tracked for 
projects that will likely pass the environmental 
impact assessment. 

U.S. Department of 
Fish and Wildlife 

Incidental Take 
Permit 

Varies If no endangered species are present, then ESA 
permitting is not needed. Can be fast-tracked to 
less than one year using Section 7 (agency to 
agency). 

California Public 
Utilities Commission 
(under the California 
Energy Commission) 

Certificate of Public 
Convenience and 
Necessity, 
Permit to Construct 

3-4 years For construction of transmission lines or 
projects owned by utilities. If a utility is not 
involved in the process, then CPUC and CEC 
permitting is not needed.  

California Department 
of Fish and Wildlife 

CEQA Varies CEQA has exemptions, and this project may 
fall under one of these exemption categories. 
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Electric Utility (PG&E, 
SCE, SDG&E) 

Interconnection 
Agreement  

 ≥ 2 years If project is not connected to the grid, then an 
interconnection agreement is not needed. 

City or County Building 
Department 

Building permit, 
Electrical permit 

Varies - 
weeks or 
months 

No opportunities for fast-tracking known. 

Local Community 
Groups and Local 
Agencies 

Approval (if 
necessary) 

Varies Working with community officials and groups 
will make this approval process easier. 

 Estimated Time 3-5 years 6 months to 1 year using these fast-tracking 
mechanisms 

5.3 Pilot Project Implementation Strategies 
 
The purpose of pilot projects is to prove a concept by demonstrating that it is successful on a small-scale. 
A pilot solar canal is a relatively small project compared to a utility-scale project. We have suggested a 
pilot project size of 500 kW. In certain conditions, a pilot project of this size is profitable. However, a 
pilot does not necessarily have to be financially successful since it is meant to be a proof of concept. A 
successful pilot project would encourage the construction of larger solar canal projects. Therefore, it is 
very important to be able to implement a pilot solar canal project in California. 
 
Since a pilot project may not provide a high enough return on investment (ROI) to catch the eye of many 
investors, it will be critical to present this concept to parties with other interests than profit. Companies, 
individuals, groups, or communities that want to have the reputation of being a green first-mover would 
be more interested in a pilot solar canal. These parties would be willing to earn less ROI in exchange for 
the prestige of funding the first solar canal project in North America. For example, a city mayor may try 
to encourage the growth of the city’s green economy and would therefore be seeking projects in his or her 
city that promote renewable energy. In addition, a new or growing solar manufacturing company may be 
interested in proving their panel design in a project that would garner media attention. A solar canal would 
be a great marketing tool, so this company may be willing to sell their panels for less or even give them 
away for free in exchange for the media attention. Lastly, some parties may be encouraged to support a 
solar canal pilot project based on the environmental benefits. Water-scarce areas such as the Southwestern 
U.S. may find the environmental benefits worth the lower ROI and higher risk. 
 
The key to implementing a solar canal pilot project is finding an investor who is motivated by other 
concerns than profit alone. When these other concerns are in line with a solar canal’s mission and 
benefits, then an investor for a pilot project can be found. 

5.4 Large Project Implementation Strategies 
 
Implementing a utility-scale solar canal in California will likely be a difficult task. Investors are likely to 
earn higher ROIs on other investments, so it is necessary to find parties that are interested in having green 
reputations, proving their solar panel design, or reaping environmental benefits. These investors are more 
likely to take on the extra risk and to stay on-board when the road to construction gets difficult or more 
costly. In addition to getting the right investor, another important strategy to implement a large solar canal 
is to have a successful pilot project. Completing a solar canal pilot project would prove to investors that 
the concept works and can work on a large scale.  
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6| Discussion  

6.1 Revisiting Conventional wisdom 
 
Solar panels over the Colorado River Aqueduct have been proposed previously, but the concept was 
rejected. The main argument against the project is the panels would get in the way of performing 
maintenance required to maintain maximum flows and respond to emergencies (MWD). It would also be 
more difficult to clean the panels when they are over the canal (MWD). Extra power lines would need to 
be built to transport the power to either a pump or another facility (MWD). Evaporative losses are small, 
so there is relatively little water to gain by shading the canal (MWD). Furthermore, the remoteness of 
likely locations increases the chances for theft and vandalism (MWD). 
 
Circumstances, however, are changing. The price of solar panels is continuing to decrease, making them 
more economically viable than before. California is also suffering one of the worst droughts in its history, 
which necessitates water conservation now more than ever. A 1-MW project can save over 5 acre-feet per 
year from evaporating. This amount may seem trivial, but in a severe drought, every drop counts. As 
water distributions decrease, major aqueducts will transport less water – making absolute maximum flow 
even more important. An innovative support structure will quell concerns that the panels would be a 
hindrance to canal and panel maintenance. In addition to water pressures, the deadline for Assembly Bill 
32 is coming soon and electric utilities need to meet their Renewable Portfolio Standard goals. Being 
“green” is similarly valued in the private industry and private firms have incentives to increase their own 
renewable energy portfolios.  
 
This project will carry extra expenses to build solar canal infrastructure, but that can be seen as an 
investment in energy security and could even provide imported energy in the case of local blackouts. The 
upcoming deadline for solar tax credits in 2016 urges projects to be installed quickly while the economic 
incentives still exist.  

6.2 Policy Recommendations 
 
Based on our permitting research, we suggest that federal, state, and local agencies integrate and 
streamline their permitting process. Step-by-step guides or all-in-one packaged permits for utility-scale 
solar projects would make the permitting process much easier for developers. A simpler and faster 
permitting process may encourage more solar projects because less time and money would be spent in the 
pre-construction phase of the projects. A faster permitting process will also reduce some of the risks 
associated in delaying construction of a project, including changing interest rates or financial incentives. 
As shown by Assembly Bill 32 and subsequent solar incentives programs, California is committed to 
increasing its share of renewable energy in the state’s energy budget. Reexamining the solar permitting 
process is an important part of this commitment.  
 
7| Conclusion  
 
As students and environmental researchers who are realizing the drastic effects of climate change more 
and more each day, it is our responsibility to analyze the feasibility of sustainable innovations and push 
for the implementation of smart options. In short, solar canals present great potential for a more 
sustainable future of California. Our research indicates that implementation of systems of varying scales 
would have significant environmental and economic benefits. Though new innovations are accompanied 
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by inevitable risks, taking precautions such as accounting for these risks in cost projections and 
purchasing proper insurance can greatly minimize these. Solar canals would increase California's 
renewable energy portfolio and could provide the impetus for adoption of similar technologies across 
other city and statewide municipalities — especially in the midst of the Obama Administration’s recent 
proposal to slash carbon emissions from power plants by 30% by the year 2030. California, as a first green 
mover of this technology, could be a necessary catalyst in the global battle against climate change. 
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Appendix A 

 
Figure A-1 Physical Suitability Layer. Physical suitability showing combined physical variables (solar insolation and 
proximity to water pumping stations). 
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Figure A-2 Average water use by county. 
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Figure A-3 Median income by county. 
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Figure A-4 Percentage of population aged 20-54 by county. 
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Figure A-5 Percentage of population registered as liberal. 
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Figure A-6 Percentage of population that are homeowners. 
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Figure A-7 Percentage of population that graduated from college. 
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Figure A-8 Top five counties in California according to suitability index. 
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Appendix B 
 
Table B Comparison Chart for Community Solar Models. Source: NREL “A Guide to Community Solar: Utility, Private, and 
Non-profit Project Development” http://www.nrel.gov/docs/fy11osti/49930.pdf 
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