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Floating Solar: An Emerging
Opportunity at the Energy-Water Nexus

Carlos Gamarral, Jennifer ]J. Ronk?

Abstract: Texas is experiencing tremendous growth, which puts pressure on resources including water and electricity supplies.
Texas leads the nation in renewable energy production and is experiencing tremendous growth in the solar energy sector, with the
Solar Energy Industries Association reporting that Texas is on track to become the fastest growing utility-scale solar market in the
United States within the next five years. In this market, a new photovoltaic (PV) technology, floating solar, is gaining attention.
Floating solar PV systems use the same types of PV panels as land-based systems, but the panels are either floating in the water
(tethered to the land or substrate) or are suspended over a water body. Floating solar panels typically produce more energy than
similarly-sized terrestrial systems (because of the cooling effect and reflectivity of the water). The shading provided by the solar
panels can also significantly reduce evaporation and can improve water quality by inhibiting the growth of some types of algae
and inhibiting bromide converting to bromate. In a climate where much of the state is arid or semi-arid and the entire state is
subject to drought, a technology such as floating solar can be part of the solution. Texas reservoirs, water and wastewater treat-
ment facilities, power plant cooling ponds, and irrigation ponds all have the opportunity to realize multiple benefits from floating
solar that could not be achieved with a standard ground-mounted PV installation.
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Acronyms Descriptive name

AMTA American Membrane Technology Association
AWEA American Wind Energy Association

CHP combined heat and power

DOE U.S. Department of Energy

EPA U.S. Environmental Protection Agency
Gal/kWh gallons per kilowatt hour

GTM generative topographic mapping

GW gigawatts

LAPW Los Angeles Department of Water and Power
MGD million gallons per day

MW megawatt

NREL National Renewable Energy Laboratory

PV photovoltaics

SAWS San Antonio Water System

SEIA Solar Energy Industries Association

TDA Texas Desalination Association

TWDB Texas Water Development Board

WEF water-energy-food

USCB U.S. Census Bureau

INTRODUCTION

Texas is experiencing tremendous growth. According to the
U.S. Census Bureau, Texas has five of the 11 fastest-growing
cities and five of the eight cities that added the most people
(USCB 2016). This growth will place additional pressure on
many of the state’s electric supply and water systems. This
paper describes the challenges that Texas is facing at the ener-
gy-water nexus, explains how renewable energy can be a part of
the solution, and provides details on one innovative use of solar
PV technology, called floating solar, which can have a wide
variety of applications and benefits for both power production
and water quality and quantity.

ENERGY-WATER NEXUS

The phrase “energy-water nexus” refers to the fact that it
takes energy to treat, store, and move water, and it takes water
to produce energy. This is particularly noteworthy in Texas,
which has the highest production and energy use of the 50
states, both because of its size and because of the prevalence
of energy intensive industries. This is an active area of research

in Texas, including the University of Texas at Austin’s Web-
ber Energy Group’s research’, University of Texas San Anto-
nio* Energy-Water Nexus Research Group, the Texas A&M
Water-Energy-Food (WEF) research group’, several non-profit
organizations, and others. The approaches to these issues are
complex and wide ranging, from improving efficiency, to iden-
tifying new supply, and changing policy.

Water use related to power production in Texas

In 2008, the Texas Water Development Board (TWDB) pub-
lished the report “Water Demand Projections for Power Gen-
eration in Texas” (King and Duncan 2008). The report noted
that in 2006, “The typical water consumption rate in gallons
per kilowatt hour (gal/kWh) for the Texas power generation
fleet is 0.2-0.7 for coal and natural gas using steam turbines,

3 For more information see: http://www.webberenergygroup.com/

research/energy-water-nexus-research/

4 For more information see: http://texasenergy.utsa.edu/research/ener-
gy-water-nexus/

5 For more information see: http://wefnexus.tamu.edu/
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0.6 for nuclear, 0.23 for natural gas combined cycle units using
cooling towers, and 0.0 for wind turbines. The water consump-
tion rates are a factor of both the type of power generation unit
and the cooling system employed.” Technologies like wind (as
cited in the TWDB report) or floating solar do not require
water withdrawals, and thus there is no water consumed for
floating solar-based power generation.

Energy use related to water supply in Texas

Drinking water and wastewater systems account for approxi-
mately 1% of the total energy use in the United States (Pabi etal.
2013). The U.S. Environmental Protection Agency (EPA) has
noted that for many municipalities, drinking water and waste-
water plants are the largest energy consumers, often 30-40%
of the total energy consumed by the municipality (EPA 2016).
As growth increases and demand for water supply increases,
desalination will likely play an increasing role in meeting Texas’
water supply needs. Desalination is significantly more energy
intensive, and thus more costly, than more traditional fresh
water supply. In 2012, TWDB found the average cost to pro-
duce 1 acre-foot (about 326,000 gallons) of desalinated water
from brackish groundwater ranged from approximately $357
t0 $782, or $1.25 to $2.60 for 1,000 gallons, including capital,
operational, and maintenance costs. One specific example is
the El Paso Water Utilities, which says the cost to produce its
desalinated water is 210% more than the cost for fresh ground-
water and 70% more than surface water. Up to half of the cost
is tied to the energy required for treatment.®

About 95% of the desalination plants in Texas use a reverse
osmosis for desalination, where the brackish water is pushed
at high pressure through a semi-permeable membrane, caus-
ing freshwater to diffuse through the membrane and leaving
behind the more saline water. This is a highly energy-intensive
process, although progress is being made to improve the energy
intensity and cost efficacy (Wythe 2014).

Other notable facts about desalination in Texas:

* Nearly 100 inland desalination facilities across Texas
produce 138 million gallons per day (MGD) of water
from the 2.7 billion acre-feet of brackish water from
aquifers (DA 2014).

¢ The Kay Bailey Hutchison Desalination Plant in El Paso
is the world’s largest inland desalination plant, with a
capacity of 27.5 MGD (EL Paso Water 2014).

* The Southmost Regional Water Authority Brackish
Groundwater Treatment Facility in Brownsville has a
capacity of 10 MGD (Brownsville Public Utilities Board
2015).

* The San Antonio Water System (SAWS) operates a 12

6 Farly desalination plants required 7.0 to 9.0 kilowatt-hours per cubic
meter of water. Newer technologies are reporting 2.5 to 3.5 kilowatt-hours
per cubic meter of water (AMTA 2016).
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MGD facility. Plans are already under way to expand
the capacity to 30 MGD by 2026 (San Antonio Water
System 2017).

Aside from the three major plants, most of the others are
small and used intermittently. However, in the long term,
brackish water from local aquifers and the Gulf of Mexico will
likely be necessary to meet the growing water needs in Texas.

RENEWABLE ENERGY IN TEXAS

As energy efficiency programs are spreading, and water-saving
methods are being implemented at power generation facilities,
challenges remain. One of the ways that Texas is approaching
the challenges of the energy-water nexus is to integrate renew-
able energy technologies. As evident from the TWDB report,
renewable energy technologies such as wind and solar are less
water-intensive methods of producing electricity. Both wind
and solar technologies have been deployed in Texas in the last
20 years with different intensities and results.

It was in 1999 when Governor George W. Bush signed leg-
islation that deregulated the electric utilities across much of
Texas, which is credited with spurring Texas’ leadership in
renewable energy. Before deregulation, utilities typically con-
trolled the generation, transmission, and retail sales of elec-
tricity. Since deregulation, generated electricity is sold on the
wholesale market to regulated transmission and distribution
utilities, and customers can choose retail electric providers.
This initial legislation also included a requirement to have at
least 2,000 megawatts (MW) of renewable generating capac-
ity by 2009. That goal was exceeded in 2005. The goal was
then raised to 10,000 MW by 2025. That goal was exceeded in
2011. By April 2016, Texas had over 19,000 MW of renewable
energy generating capacity, most of that from wind turbines.
Texas leads the nation in production of electricity using wind
turbines (Spindle and Smith 2016). For the 12-month peri-
od ending in July 2016, 12.14% of the energy production in
Texas was from wind turbines (AWEA 2019). On the other
hand, solar production is a significantly smaller percentage but
is growing rapidly in the state.

There remains a perception that producing electricity using
photovoltaics (PV) is a relatively new and untested technol-
ogy. However, Albert Einstein first published a paper on the
PV effect in 1905 (DOE 2001). In 1953, scientists at Bell
Laboratories made PV cells from silicon (Perlin 2016), greatly
increasing their efficiency, and this is the technology used in
the majority of PV panels in use globally. By 1959, PV cells
were commercially available. In the 1970s the price of PV pan-
els dropped from $100 per watt to $20 per watt and began
being used in remote locations where it was challenging to con-
nect to the grid.
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In 2016, PV panels can be purchased for less than $1.00
per watt, and panel prices continue to drop.” Generative
Topographic Mapping (GTM) Research and the Solar Ener-
gy Industries Association (SEIA) report, “U.S. Solar Market
Insight, Q2 2016” noted that Texas is on track to become the
fastest-growing utility-scale solar market in the United States
within the next five years (SEIA 2016). The report also notes
that:

e In 2015, over $375 million was invested in solar in Tex-
as, a 48% increase over 2014.

o Texas is currently 102" in the nation in solar installations
and is expected to rise to second in just five years.

* Installed prices have dropped 66% from 2010.

FLOATING SOLAR

The concept of floating solar is simple: PV panels (like those
used for traditional terrestrial systems) that float on water bod-
ies. Solar PV plants use the same technologies as traditional
ground-mounted PV plants. But floating solar is creating new
opportunities to scale up solar energy around the world, par-
ticularly in countries with high population density, competing
uses for available land, or where natural or artificial water bod-
ies are available for different reasons or uses. The deployment
of PV panels on surface water bodies has grown considerably
in the last four years, going from a worldwide installed capacity
of 10 MW at the end of 2014 to 1.1 gigawatts (GW) by Sep-
tember 2018, according to the market report presented by the
World Bank Group and the Solar Energy Research Institute of
Singapore. According to this study, the most conservative esti-
mate of floating solar’s overall global potential based on avail-
able man-made water surfaces exceeds 400 GW, which is equal
to the 2017 cumulative installed PV capacity globally (World
Bank Group; ESMAP; SERIS 2018).

Floating solar is a relatively new application of PV technol-
ogies, with markets growing in Asia, Australia, and Europe.
Over 250 floating solar plants have been documented around
the world from 5 kW (Ciel & Terre 2019) to 40 MW (Daley
2017). The market in the United States is expected to grow
along with the global market at still undetermined rates. In
general and according to the Solar Energy Industries Associa-
tion (SEIA 2018) PV capacity installed in the United States is
expected to more than double over the next five years, and by
2023, over 14 GW of PV capacity will be installed annually.
According to a recent paper published by the National Renew-
able Energy Laboratory (NREL), a total of 24,419 man-made
water bodies were identified as being suitable for floating PV
generation in the United States. Floating PV systems covering

7 Note: these prices are for the PV panels, not PV installation nor permit-
ting. For estimates on installed rooftop PV costs in Texas, see, for example:
https://solarpowerrocks.com/texas/
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just 27% of the identified suitable water bodies could produce
almost 10% of current national generation. Many of these eli-
gible bodies of water are in water-stressed areas with high land
acquisition costs and high electricity prices, suggesting multi-
ple benefits of floating PV technologies (Spencer et al. 2019).

Given the tremendous population growth that Texas is expe-
riencing, innovative approaches to water and energy are need-
ed. Wind and PV require significantly less water to generate
electricity when compared to more traditional methods of elec-
tricity generation (IEA 2012). Texas has shown leadership in
renewable energy technologies and is expected to experience
rapid growth in the PV market. Floating solar is currently a
niche PV application, but it offers a number of water and ener-
gy benefits for many different applications in Texas.

State-of-the-art of floating solar

Although floating solar is not a new topic in research jour-
nal and conferences, the number of publications is limited.
For instance, 53 documents appear in Scopus searching by
the words floating and solar as of July 2018. Only 16 of these
papers are based on floating solar power plants. Six of these
papers have been published in 2018, four in 2017, three in
2016, two in 2014, and one in 2011.

The most-cited paper is a review defining the state-of-the-art
of floating PV technology, in which technology status and var-
ious design options are presented with potential applications,
pros, and cons (Sahu et al. 2016). Other papers discuss pilot
projects or study the application of floating solar in countries
including Bosnia and Herzegovina (Pasalic et al. 2018), the
United Kingdom and Japan (Patel 2014), India (Patel 2014;
Mittal et al. 2017a; Mittal et al. 2017b), Bangladesh (Rahman
et al. 2017), the United Arab Emirates (Safarini et al. 2017),
Portugal (Proctor and Patel 2017), and Indonesia (Handara et
al. 2016). Regarding applications, just one paper describes a
use other than power generation, which is water desalination
(Nietal. 2018).

Regarding technology, most of the papers are focused on PV
but two papers study the use of concentrated solar (Diendorfer
etal. 2014; Ni et al. 2016). Ni et al. studied in 2016 the feasi-
bility of an innovative, low-cost, scalable, floating solar receiver
able to generate 100 °C steam under ambient air conditions
without optical concentration, while Diendorfer et al. studied
in 2013 the applications of different floating concentrated solar
technologies under the geospatial conditions of the Mediterra-
nean Sea. The feasibility of developing floating structures made
of varying materials such as coconuts (Fauzan et al. 2017) or
plastics like and high-density polyethylene (Sahu and Sudhakar
2017) are discussed in the existing literature too.
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Figure 1. Floating solar scheme (World Bank, ESMAP; SERIS 2018).

While the solar industry currently has ongoing research
attention, research is needed on the unique aspects of float-
ing solar, such as floating structures and adapted technology
development addressing different installation, maintenance,
operation, and ownership challenges in different locations and
under different conditions. For instance, it is expected that tra-
ditional business models applied to solar energy will be appli-
cable to floating solar, but more research is required on this
new approach.

System design

As mentioned before, floating solar consists of regular PV
panels that are installed over a body of water. Typical systems
are designed to float on water and can adjust to variations in
water levels (Pickerel 2015). Other installations are designed
in a fixed position over a water body but are still sometimes
referred to as floating solar (e.g. an installation in Gujarat,
India where the panels are on a racking system over a canal
(Jenna 2015)).

Because of the challenges of wave action in open-water,
floating solar is more common in inland applications. These
can include lakes, reservoirs, retention ponds, water treatment
ponds, or canals. The systems have anchoring systems in place,
tethering the racking systems to land or the bed of the body
of water, as shown in Figure 1. The structural design of the
racking and tethering systems needs to be tailored to the spe-
cific location of the proposed installation, making the structur-
al engineering slightly more complicated than typical ground
mount or rooftop systems.

Other than the components that float, are anchored to the
bed of the water body, or are suspended over the water body,
a floating system is similar to typical land-based systems. Like

traditional PV, floating solar can be designed with a fixed tilt
or the PV can be installed on tracking systems that change
the angle of the panels to follow the sun throughout the day.
The systems are typically modular, so that once the system is
designed it is easily deployed and scalable.

Estimated costs

The cost of floating solar has not yet been analyzed intense-
ly in the technical literature. Some papers have proposed and
studied cost structure for floating energy plants (Castro-Santos
et al. 2016), including wave energy and wind energy, but not
floating solar. Some internet sources provide cost references
for the Asian market comparing traditional and floating solar,
which go from almost equal to a 25% more expensive in the
case of floating solar, but more research on this topic for the
American market is required. Only the World Bank Group’s
floating solar market report provide references for costs and
installed capacity in different countries in the world. This
report defines total capital expenditures for turnkey floating
PV installations in 2018 between $0.8—$1.2 per installed Watt
depending on the location of the project, the depth of the
water body, and variations in that depth for facilities in the 0.2
to 150 MW range. For instance, in 2018 a 150 MW floating
solar plant built on top of an abandoned coal mine located in
Anhui, China has come online with a budget around $148
million dollars. But the costs of smaller systems in different
regions could vary significantly (World Bank Group; ESMAP;
SERIS 2018).

In the United States, the University of Arizona evaluated the
feasibility of using floating solar to produce power and reduce
evaporation in Arizona. The study found that a utility-scale
floating solar project would have similar costs to a land-based
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Figure 2. Evaporation loss (Johns 2014).

PV installation in the United States, and power production
would be higher for the floating system than for a land-based
system due to the lower temperatures that the panels reach.
Based on the results of the review of the technology and appli-
cations, the researcher recommended a pilot-scale study to
confirm the results of the research. The proposed pilot study
would be located on the Lake Pleasant Reservoir, part of the
Central Arizona Project. The researcher modeled production
and costs and noted that while the lifetime costs per unit ener-
gy were higher than the current Central Arizona Project rates,
the estimated costs did not include projected electricity price
increases, savings from water conservation, or other benefits
(Hartzell 2016). In addition, The U.S. Bureau of Reclamation
completed a study in October 2015, “Fundamental Consider-
ations Associated with Placing Solar Generation Structures at
Central Arizona Project Canal,” and concluded that placing
panels over the canal would be approximately 24% more expen-
sive than traditional land-mounted systems (U.S. Department
of Interior 2015). The report further recommended addition-
al research for “improved structural cost estimates, improved
operating and maintenance cost estimates, improved impacts
to operating and maintenance, impacts to the canal and canal
lining, evaporation studies including evaporation with shad-
ing, viability of solar power over small canals (Pickerel 2016),
and a robust design for solar panels to be installed in remote
locations,” (U.S. Department of Interior 2015).

Benefits and applications of floating solar

PV has benefits compared to other methods of electricity
generation, and floating PV has several benefits over traditional

terrestrial PV. Both PV systems are silent and do not consume
water for the power generation process, a boon to the ener-
gy-water nexus. PV can also be easily deployed as a local power
system, especially in locations where:

* the costs of extending transmission lines might be
prohibitive;

* power quality is not good, or an additional layer of
security is required for the power supply (i.e., extra
resilience);

* current electricity prices are high; and

* there is a desire to minimize or offset emissions associated
with power consumption.

Obstacles are easier to avoid in medium and large water bod-
ies, thus floating solar has the potential added benefits of suf-
fering fewer shading issues than traditional PV systems, while
reducing water evaporation. Water quality can be improved
too. Algae formation in the water bodies can be reduced by
floating solar as the amount of sunlight in the water would
decrease, reducing the photosynthesis process to produce less
algae in water (Sharma et al. 2015).

Most of the annual rainfall in Texas occurs during rain
storms, when a large amount of precipitation falls over a short
period of time. Except for the subtropical humid climate of
the eastern quarter of the state, evaporation exceeds precipita-
tion—yielding a semiarid or steppe climate that becomes arid
in far west Texas (I'WDB 2012). Figure 2 presents evaporation
losses for different areas in Texas. In most of these regions evap-
oration during a drought year might be twice the evaporation
during a regular year.

The shading provided by floating solar panels can reduce

evaporation in lakes, reservoirs, canals, and other surface water
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bodies, helping to increase the efficiency of water supply sys-
tems. Also, the proximity of the water has an evaporative cooling
effect on the panels that increases their efficiency, resulting in a
higher electricity production per panel. For example, a project
in South Australia at a wastewater treatment basin is currently
underway. In that hot, dry climate, the project developer is
estimating that a floating PV system would be 50% more efhi-
cient than a land-based system and would reduce evaporation
in the covered area by 90% (Doran 2014). That estimation
seems high to these authors since typical power losses due to
high temperature are around 16%, so saying a 50% efhiciency
increase might mean reducing temperature-based power loss-
es by half. However, while this is the anticipated result, there
is a need to conduct additional research to quantify the real-
world effects on evaporation from this and other projects. This
South Australian project may provide valuable data to evaluate
whether this technology could benefit the regions of Texas that
have a similar climate.

Like traditional PV, floating solar can provide electricity to
where it is needed in remote areas. It may be integrated with
equipment such as pumps, data loggers, sensors, and analyzers.
For example, the City of Houston’s Lake Houston SolarBee
project uses solar-powered water circulators to improve water
quality. The City of Houston uses the 11,000-acre water body
as one of three sources of drinking water. Although the water
quality is generally good, seasonal blue-green algae blooms and
depleted oxygen levels at depth were resulting in odor and taste
issues. Installed as a pilot program in 2006, the solar-powered
circulators help oxygenate the lake, helping maintain a healthy
ecosystem and reducing the need for chemical treatment. The
three-year pilot program was successful and continues today
(City of Houston; Green Houston Texas 2006; Bleth 2007;
C40 Cities 2011).

Shading can also provide water quality benefits. When sun-
light reacts with naturally-occurring bromide in the water, it
creates bromate, which is a carcinogenic compound. The sun-
light also promotes algae growth. Because floating solar also
provides shading, it has the potential to offer similar benefits
while concurrently producing power. Bacterial issues have been
detected on some projects that tried to minimize water evapo-
ration through shading, so more research on the materials to be
used as standing structures for floating solar in water reservoirs
for drinking water is needed (De Graaf 2015).

Floating solar projects can also provide shelter for fish from
feeding birds, especially in water bodies used for aquaculture.
Although these are consistent advantages, when developed in
natural ecosystems such as natural lakes or the sea, the environ-
mental impact of floating solar plants must be carefully studied
in advanced.

Floating Solar: An Emerging Opportunity at the Energy-Water Nexus

Since floating solar is best suited to inland applications such
as lakes, reservoirs, retention ponds, water treatment ponds,
and canals, the ideal location has power needs suited to the
size of the system and would benefit from reduced evapora-
tion and shading. Therefore, wastewater treatment plants and
surface water supply and transport systems, particularly those
in hot, dry climates, can be well suited to the application of
floating solar technology. Irrigation ponds, such as those used
for agriculture, may also benefit. The authors provide examples
of floating solar installations in the United States below.

Potential in Texas

Texas is well-positioned to take advantage of the benefits
of floating solar. According to the Texas Water Development
Board (2012), “Except for the wetter, eastern portion of the
state, evaporation exceeds precipitation for most of Texas,
yielding a semiarid climate that becomes arid in far west Texas.
The El Nifio Southern Oscillation affects Pacific moisture pat-
terns and is responsible for long-term impacts on Texas precipi-
tation, often leading to periods of moderate to severe drought.”
Because floating solar systems can prevent water evaporation,
this helps to conserve water.

Texas has approximately 191,000 miles of streams and 196
major reservoirs, with a combined reservoir capacity of over 30
million acre-feet (TWDB 2016). These reservoirs along with
wastewater treatment plants, power plant cooling water ponds,
and irrigation ponds may all potentially benefit from not only
the power production provided by floating solar but also the
reduction in evaporation resulting from the shading. Irrigation
ponds with floating solar can use the power to operate irriga-
tion pumps, making it easier to maintain ponds that require
aeration pumps in remote locations. O, if the user prefers to
irrigate at night when the sun is not shining, solar pumps could
be used to pump the water into an elevated tank that could
then be used to irrigate when the sun is not shining, or the
energy could be stored in batteries and used at night.

Floating solar can also help places in Texas with persistent
blue-green algae. Blue-green algae can cause taste and odor
problems and produce toxins that are poisonous to fish and
wildlife. According to the Texas Parks and Wildlife Depart-
ment, “Fish kills have occurred in private stock ponds as a
result of blue-green algal blooms and there have been a few
reports of livestock dying from drinking water contaminated
with blue-green toxins” (TPWD 2016). Blue-green algae can
also compromise human health through both external exposure
and ingestion (UNL 2019). Solar-powered floating mixing sys-
tems such as those used on Lake Houston might be helpful for
these water bodies with persistent blue-green algae, blocking
the sunlight that hits the water and the reducing the photosyn-
thesis process to produce less algae (Sharma et al. 2015).
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Figure 3. Ground-mounted and floating solar plants in Far Niente Winery, Oakville, California. Source: Google maps.

EXISTING FLOATING SOLAR EXAMPLES IN
THE UNITED STATES

So far, no energy agency or government-related entity has
published a database of the existing floating solar plants in the
world. In January 2018, a list of the 70 top floating solar plants
was published by the website Solarplaza (Mesbahi and Min-
amino 2018). Although it is not clear which is the criteria used
to consider a plant as “top,” the list presents some of the facts
of the floating solar market, such as:

* Asia is the continent with the highest number of facilities
deployed: Japan is probably the country in the world
with the highest number of plants while China is the
country with the biggest plants (by capacity).

* Floating solar plants have already been developed in
almost every climatic area of the world where water
bodies exist.

* Sizes range from less than 2 MW for commercial and
small industrial facilities, to hundreds of MW for larger
power plants.

* Owners and developers vary from commercial or
industrial clients to public entities such as municipalities,
water authorities, or electric companies.

There is no information about the business models adopt-
ed by these 70 plants in the cited website. Most of these 70
plants began operating from 2014 to 2016, reflecting how the
global market has grown rapidly over the last five years, based
on technological advances that enabled the deployment of PV
technologies and the other components of floating platforms.

The foundations of the present floating solar technologies
were established in the early 2000s, beginning in 2007, the
year in which the annual number of patents on floating solar
began ramping up. In February 2008, a winery in Oakville,
California installed what was perhaps is the first commer-
cial-scale floating solar plant in the United States: Far Niente
Winery (Business Wire 2008). Other facilities have followed in
the United States in different sectors, developed with different
drivers and goals by different entities.

Far Niente Winery, Oakville, California

In 2008, Far Niente Winery installed a 175-kW floating
solar plant in their irrigation pond. After looking at several
configurations for the expansion of their existing solar array, all
the alternatives involved taking out a significant amount of its
vineyard. The idea of installing the panels in its irrigation pond
came up during a meeting and the winery found a company
with the right technology to develop the project. The floating
array’s positioning on the pond saved 3/4 of an acre of valuable
Cabernet vines that would have been ripped out for a total
land-mounted system, as seen in Figure 3. This is equivalent
to about $150,000 dollars’ worth of bottled Far Niente Caber-
net annually. This expansion of the existing solar arrays helps
the company with its goals to be annual net zero (to sell more
electricity back into the grid than the energy purchased from
the grid) and to reduce its electricity bills considerably (cost
savings).
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Figure 4. Panels at the Bordentown Avenue Water Treatment Facility. Source: www.wateronline.com.

Bordentown Avenue Water Treatment Plant Reservoir,
Sayreville, New Jersey

Another large project that began construction in 2016 is the
4.1 MW floating solar array in Sayreville, New Jersey. The $12
million project is located on a reservoir for the Bordentown
Avenue Water Treatment Plant. The array, shown in Figure 4,
produces all the electricity required to operate the plant over
the course of a year. While the plant is connected to the electri-
cal grid, the expectation is that the plant will result in net zero
annual energy consumption from the grid (Pickerel 2016).

Olivenhain Reservoir, San Diego County Water
Authority, San Diego, California

San Diego County Water Authority is installing floating
solar panels on a portion of the 200-acre Olivenhain Reser-
voir according to the layout presented in Figure 5, producing
around 6 MW of peak capacity. Exploiting the additional
potential of these facilities to generate power and to minimize
water evaporation are some of the drivers of this project.

Figure 5. Olivenhain Reservoir and Dam in San Diego, California and floating solar plant

layout in initial design. Source: Google Maps and San Diego County Water Authority.
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Figure 6. Installation process of the Walden, Colorado Plant. Source: NREL.

Walden Municipality, Walden, Colorado

In 2018, the Colorado Energy Office supported the develop-
ment of a 75-kW floating solar array in the town of Walden,
as a part of an energy performance contract with the company
Johnson Controls. NREL documented the installation process
(Figure 6). The project is expected to generate approximately
$10,000 in annual savings and to offset part of the municipal
environmental emissions (Runyon 2018).

Salad Cosmo, Dixon, California

In Dixon, California, Salad Cosmo, a family-owned bean
sprout producer, installed a 600-kW floating solar system as
part of its environmental commitment. Placing a traditional

solar system on its farm land would have harmed productivity.
Floating solar enabled this company to utilize the surface area
of the pond, as seen in Figure 7, saving money and reducing
environmental emissions (Ciel & Terre 2018).

CONSIDERATIONS

Floating solar systems are finding new opportunities in the
U.S. market. Depending mostly on geospatial factors such as
location, size (economies of scale), and other factors such as
how easy or complex the access to the body water is, floating
solar may range from equal to more expensive per watt installa-
tion costs than ground-mounted systems. Among these factors,
the extra engineering and design for the racking and tethering
systems must be included, since floating solar is not yet as stan-

Figure 7. Aerial view of Salad Cosmo’s pond and floating solar plant. Source: Google maps and Ciel & Terre.
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dardized as ground-mounted PV. But these costs may be offset
because the reflectivity of the water surface and the slight cool-
ing effects on the panels can result in higher power production.

Additional research and case studies on existing installations
will help quantify these potential benefits in different climate
areas of the United States, such as the paper recently published
by the company Solener and the University at Albany (Perez et
al. 2018). In this paper, they analyze the potential of floating
solar in the United States with some interesting findings such
as:

* Deploying floating PV on the 128 largest U.S. reservoirs
could supply firm, 24/7 electricity equivalent to 100%
of U.S. electrical demand. Deployed on all the lakes con-
sidered for their study, floating PV would produce 10
times that amount.

* Floating solar requires a smaller footprint than a hydro-
electric facility to produce an equivalent amount of ener-
gy. Perez et al. affirm that covering 1.2% of their surface
with PV would generate as much electrical energy as
hydropower currently generates. Although the value of
the percentage might fluctuate a little, the idea can be
easily validated. In 2006, out of a database of 245 hydro
plants in operation in the world with at least 30 MW of
installed capacity, the average power density was 2.95
W/m2 (UNFCCC 2006). On the other hand, in 2019,
power density for solar panels in the market is around
180 W/m2. According to these numbers, a floating solar
plant with a 180 W/m2 power density would require
just 1.6% of the area required by a hydropower plant to
generate the same power.

* Floating PV panels can generate water savings not only
reducing evaporation in the water bodies they float on,
but also replacing other water-intensive power genera-
tion technologies.

* While PV deployment may have a vast potential on
reservoirs and lakes, it is far from the only deployment
option for this technology.

These authors also mention among their conclusions that
hydroelectric production via turbines could be reduced or
eliminated as a reservoir management objective, especially at
the end of the life cycle of the most critical technological com-
ponents. An alternative would be to deploy floating PV on a
small fraction of reservoir area, focusing the management on
other goals, such as flood control and water supply.

The combination of both technologies (floating solar and
hydro power) is an opportunity worth exploring since hydro
power plants have all the components of a power plant already
installed onsite. But this statement might not be correct, con-
sidering that sometimes these turbines do not only generate
power but also provide regulation services for the bulk power
system. Providing this kind of service with a renewable (non-dis-
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patchable) energy source such as solar is more challenging from
a technical and economic standpoint. In that regard, energy
storage technologies are gaining traction in power system reg-
ulation markets and could be a practical alternative for that
scenario to occur (floating solar plus battery storage providing
regulation services for the power grid).

Additional factors to consider are the potential infrastructure
savings (if in remote locations), the durability of the systems
(e.g., from biofouling and corrosion), operation and main-
tenance costs, access, the value of surrounding land, and the
economic impact the structure may have on the body of water.
For example, if the structure would interfere with sport fishing,
and/or recreation, it may have negative economic consequenc-
es. In addition, for non-grid connected systems, power pro-
duction and demand loads should be evaluated and the costs
of storage, if necessary, should be included. Finally, non-eco-
nomic factors should be considered as well. For example, if a
project is proposed on a reservoir, the design should take into
consideration the potential effect on aquatic life from both the
structure itself and the shading that will occur from the panels.

CONCLUSION

Texas is experiencing tremendous growth, which brings chal-
lenges at the energy-water nexus. Texas has been a leader in
renewable energy and the PV sector is predicted to grow rap-
idly in the next five years. In a climate where much of the state
is arid or semi-arid and the entire state is subject to drought,
floating solar may be part of the solution. Texas reservoirs,
water and wastewater treatment facilities, power plant cool-
ing ponds, and irrigation ponds all have the opportunity to
realize benefits from floating solar that could not be achieved
with standard land-mounted PV installations. Additional data
on economics, evaporative effects, and environmental effects
would help support planners and designers in evaluating the
potential for this technology in the Texas market. The types
of contributions that would be most valuable at the current
life stage of this technology include: demonstration projects,
laboratory studies, case studies, economic studies, and model-
ing of the energy, water quantity, and water quality benefits of
floating solar.

REFERENCES

[AMTA] American Membrane Technology Association. 2016.
Membrane desalination power usage put in perspective.
Stuart (Florida): American Membrane Technology Associ-
ation. [accessed 2017 January 24]. Available from: htep://

www.amtaorg.com/.


http://www.amtaorg.com/
http://www.amtaorg.com/

Floating Solar: An Emerging Opportunity at the Energy-Water Nexus

[AWEA] American Wind Energy Association. 2019. Texas
wind energy. Washinton (D.C.): American Wind Energy
Association. [accessed 2016 October 31]. Available from:
https://www.awea.org/resources/fact-sheets/state-facts-

43

Daley J. 2017. China turns on the world’s largest floating solar
farm. Smithsonian. [accessed 2019 February 10]. Available

from: http://www.smithsonianmag.com/smart-news/chi-
na-launches-largest-floating-solar-farm-180963587/.

sheets.

Bleth J. 2007. Lake Houston SolarBee project report. North
Carolina General Assembly. [accessed 2019 March 22].
Available from: https://www.ncleg.gov/documentsites/
committees/BCCI-6612/Background%20Informa-
tion%200n%20Development%200f%20]Jordan%20
Lake%20Rules/2009%20-%20%20Public%20Com-

Diendorfer C, Haider M, Lauermann M. 2014. Performance
analysis of offshore solar power plants. Energy Procedia.
49:2462-2471. doi:10.1016/j.egypro.2014.03.261.

DOE. 2001. The history of solar. Washington (D.C.): Office
of Energy Efficiency and Renewable Energy. 12 pag-
es. [accessed 2016 October 31]. Available from: https://

www].eere.energy.gov/solar/pdfs/solar timeline.pdf.

ments%200n%20Jordan%20Nutrient%20Strate-

gv%20(Unabridged)/Lake%20Houston%20Solar%20

Bee%20Project.pdf.
Brownsville Public Utilities Board. 2015. Southmost Regional

Water Authority. Brownsville (Texas): Brownsville Public
Utilities Board. [accessed 2016 October 31]. Available
from: http://www.brownsville-pub.com/departments/
water-wastewater/southmost-regional-water-auth-srwa-.

Business Wire. 2008. SPG Solar and TTT join Far Niente Win-
ery in unveiling the first-ever FLOATOVOLTAICTM
Solar Array. Business Wire: 2. [accessed 2019 February
9]. Available from: https://www.businesswire.com/news/
home/20080529005803/en/SPG-Solar-TTI-Join-Niente-
Winery-Unveiling.

C40 Cities. 2011. Case study: Lake Houston Solar Bee (R)
pilot project. New York (New York): C40 Cities. [accessed
2016 October 31]. Available from: http://www.c40.org/
case_studies/lake-houston-solar-bee-pilot-project.

Castro-Santos L, Martins E, Guedes Soares C. 2016. Method-
ology to calculate the costs of a floating offshore renewable
energy farm. Energies. 9(5):324. doi:10.3390/en9050324.

Ciel & Terre. 2018 November 6. Ciel & Terre completes two
new floating solar projects in California and Colorado
with others under construction and planned in U.S. Globe
Newswire. Available from: https://www.globenewswire.

com/news-release/2018/11/06/1646076/0/en/Ciel-Terre-
Completes-Two-New-Floating-Solar-Projects-in-Califor-

nia-and-Colorado-with-Others-Under-Construction-and-
Planned-in-U-S.heml/.

Ciel & Terre. 2019. Our references: Ciel & Terre floating solar
power plants. [accessed 2019 February 9]. Available from:

https://www.ciel-et-terre.net/our-floating-solar-pow-

er-plants-references/.
City of Houston. L25675 - Solar powered water circulation

machines - ORDINANCE. HTV August 2, 2016 City
Council full agenda. Houston (Texas): City of Houston.
[accessed 2016 October 31]. Available from: http://hous-

ton.novusagenda.com/agendapublic//CoverSheet.aspx-
2ltemID=8177&Meeting] D=169.

Doran M. 2014 June 9. Floating solar power plant would
reduce evaporation, proponent says. ABC News Aus-
tin. [accessed 2016 October 31]. Available from: http://
www.abc.net.au/news/2014-05-12/floating-solar-pow-
er-plant-would-reduce-evaporation/5445912.

El Paso Water. 2014. Desalination. El Paso (Texas): El Paso
Water. [accessed 2016 October 31]. Available from:
https://www.epwater.org/our water/water resources/
desalination.

[EPA] Environmental Protection Agency. 2016. Energy efh-
ciency for water utilities. Sustain Water Infrastruct. Wash-
ington (D.C.): Enviromental Protection Agency. [accessed
2016 October 31]. Available from: https://www.epa.gov/
sustainable-water-infrastructure/energy-efficiency-wa-
ter-utilities.

Fauzan N, Ya'acob ME, Mokhtar MN, Hizam H. 2017.
Development of coconut-based floating structure for
stand-alone solar PV system in the tropics. Acta Horti-
culturae.(1152):95-100. doi.org/10.17660/ActaHor-
tic.2017.1152.13.

De Graaf M. 2015 August 20. How the 100 million “shade
balls” brought in to protect LA’s reservoir from evaporating
are in fact a “bacterial nightmare.” Daily Mail.

Green Houston Texas. 2006. City of Houston Mayor’s
Office-Environmental Programming. Lake Houston
“Solar Bee” Project. Houston (Texas): City of Houston.
[accessed 2016 October 31]. http://www.greenhoustontx.
gov/reports/solarbee.pdf.

Handara VA, Illya G, Tippabhotla SK, Shivakumar R, Budi-
man AS. 2016. Center for Solar Photovoltaics (CPV) at
Surya University: Novel and innovative solar photovolta-
ics system designs for tropical and near-ocean regions (An
overview and research directions). Procedia Engineering.
139:22-31. doi:10.1016/j.proeng.2015.09.211.

Hartzell T. 2016. Evaluating potential for floating solar installa-
tions on Arizona water management infrastructure. Tucson

(Arizona): University of Arizona. Available from: https://

repository.arizona.edu/bitstream/handle/10150/608582/

HartzellT.pdf;jsessionid=D843A56E847E94F-
097A60238E6F655642sequence=1.



https://www.awea.org/resources/fact-sheets/state-facts-sheets
https://www.awea.org/resources/fact-sheets/state-facts-sheets
https://www.ncleg.gov/documentsites/committees/BCCI-6612/Background%20Information%20on%20Development%20of%20Jordan%20Lake%20Rules/2009%20-%20%20Public%20Comments%20on%20Jordan%20Nutrient%20Strategy%20(Unabridged)/Lake%20Houston%20Solar%20Bee%20Project.pdf
https://www.ncleg.gov/documentsites/committees/BCCI-6612/Background%20Information%20on%20Development%20of%20Jordan%20Lake%20Rules/2009%20-%20%20Public%20Comments%20on%20Jordan%20Nutrient%20Strategy%20(Unabridged)/Lake%20Houston%20Solar%20Bee%20Project.pdf
https://www.ncleg.gov/documentsites/committees/BCCI-6612/Background%20Information%20on%20Development%20of%20Jordan%20Lake%20Rules/2009%20-%20%20Public%20Comments%20on%20Jordan%20Nutrient%20Strategy%20(Unabridged)/Lake%20Houston%20Solar%20Bee%20Project.pdf
https://www.ncleg.gov/documentsites/committees/BCCI-6612/Background%20Information%20on%20Development%20of%20Jordan%20Lake%20Rules/2009%20-%20%20Public%20Comments%20on%20Jordan%20Nutrient%20Strategy%20(Unabridged)/Lake%20Houston%20Solar%20Bee%20Project.pdf
https://www.ncleg.gov/documentsites/committees/BCCI-6612/Background%20Information%20on%20Development%20of%20Jordan%20Lake%20Rules/2009%20-%20%20Public%20Comments%20on%20Jordan%20Nutrient%20Strategy%20(Unabridged)/Lake%20Houston%20Solar%20Bee%20Project.pdf
https://www.ncleg.gov/documentsites/committees/BCCI-6612/Background%20Information%20on%20Development%20of%20Jordan%20Lake%20Rules/2009%20-%20%20Public%20Comments%20on%20Jordan%20Nutrient%20Strategy%20(Unabridged)/Lake%20Houston%20Solar%20Bee%20Project.pdf
https://www.ncleg.gov/documentsites/committees/BCCI-6612/Background%20Information%20on%20Development%20of%20Jordan%20Lake%20Rules/2009%20-%20%20Public%20Comments%20on%20Jordan%20Nutrient%20Strategy%20(Unabridged)/Lake%20Houston%20Solar%20Bee%20Project.pdf
http://www.brownsville-pub.com/departments/water-wastewater/southmost-regional-water-auth-srwa-
http://www.brownsville-pub.com/departments/water-wastewater/southmost-regional-water-auth-srwa-
https://www.businesswire.com/news/home/20080529005803/en/SPG-Solar-TTI-Join-Niente-Winery-Unveiling
https://www.businesswire.com/news/home/20080529005803/en/SPG-Solar-TTI-Join-Niente-Winery-Unveiling
https://www.businesswire.com/news/home/20080529005803/en/SPG-Solar-TTI-Join-Niente-Winery-Unveiling
http://www.c40.org/case_studies/lake-houston-solar-bee-pilot-project
http://www.c40.org/case_studies/lake-houston-solar-bee-pilot-project
https://www.globenewswire.com/news-release/2018/11/06/1646076/0/en/Ciel-Terre-Completes-Two-New-Floating-Solar-Projects-in-California-and-Colorado-with-Others-Under-Construction-and-Planned-in-U-S.html/
https://www.globenewswire.com/news-release/2018/11/06/1646076/0/en/Ciel-Terre-Completes-Two-New-Floating-Solar-Projects-in-California-and-Colorado-with-Others-Under-Construction-and-Planned-in-U-S.html/
https://www.globenewswire.com/news-release/2018/11/06/1646076/0/en/Ciel-Terre-Completes-Two-New-Floating-Solar-Projects-in-California-and-Colorado-with-Others-Under-Construction-and-Planned-in-U-S.html/
https://www.globenewswire.com/news-release/2018/11/06/1646076/0/en/Ciel-Terre-Completes-Two-New-Floating-Solar-Projects-in-California-and-Colorado-with-Others-Under-Construction-and-Planned-in-U-S.html/
https://www.globenewswire.com/news-release/2018/11/06/1646076/0/en/Ciel-Terre-Completes-Two-New-Floating-Solar-Projects-in-California-and-Colorado-with-Others-Under-Construction-and-Planned-in-U-S.html/
https://www.ciel-et-terre.net/our-floating-solar-power-plants-references/
https://www.ciel-et-terre.net/our-floating-solar-power-plants-references/
http://houston.novusagenda.com/agendapublic//CoverSheet.aspx?ItemID=8177&MeetingID=169
http://houston.novusagenda.com/agendapublic//CoverSheet.aspx?ItemID=8177&MeetingID=169
http://houston.novusagenda.com/agendapublic//CoverSheet.aspx?ItemID=8177&MeetingID=169
http://www.smithsonianmag.com/smart-news/china-launches-largest-floating-solar-farm-180963587/
http://www.smithsonianmag.com/smart-news/china-launches-largest-floating-solar-farm-180963587/
https://www1.eere.energy.gov/solar/pdfs/solar_timeline.pdf
https://www1.eere.energy.gov/solar/pdfs/solar_timeline.pdf
http://www.abc.net.au/news/2014-05-12/floating-solar-power-plant-would-reduce-evaporation/5445912
http://www.abc.net.au/news/2014-05-12/floating-solar-power-plant-would-reduce-evaporation/5445912
http://www.abc.net.au/news/2014-05-12/floating-solar-power-plant-would-reduce-evaporation/5445912
https://www.epwater.org/our_water/water_resources/desalination
https://www.epwater.org/our_water/water_resources/desalination
https://www.epa.gov/sustainable-water-infrastructure/energy-efficiency-water-utilities
https://www.epa.gov/sustainable-water-infrastructure/energy-efficiency-water-utilities
https://www.epa.gov/sustainable-water-infrastructure/energy-efficiency-water-utilities
http://www.greenhoustontx.gov/reports/solarbee.pdf
http://www.greenhoustontx.gov/reports/solarbee.pdf
https://repository.arizona.edu/bitstream/handle/10150/608582/HartzellT.pdf;jsessionid=D843A56E847E94
https://repository.arizona.edu/bitstream/handle/10150/608582/HartzellT.pdf;jsessionid=D843A56E847E94
https://repository.arizona.edu/bitstream/handle/10150/608582/HartzellT.pdf;jsessionid=D843A56E847E94
https://repository.arizona.edu/bitstream/handle/10150/608582/HartzellT.pdf;jsessionid=D843A56E847E94

44

[IEA] International Energy Agency. 2012. Water for Energy.
World Energy Outlook 2012. Paris (France): Interna-
tional Energy Agency. [accessed 2016 October 31]. Avail-
able from: http://www.worldenergyoutlook.org/media/
weowebsite/2012/WEO 2012 Water Excerpt.pdf.

Jenna M. 2015. India builds solar plants atop canals to save
land, water. Reuters India Money News. [accessed 2019
February 10]. Available from: https://www.scientificamer-
ican.com/article/india-builds-solar-plants-atop-canals-to-
save-on-land-water/.

Johns N. 2014. Evaporation - a loss for humans and wild-
life in Texas. Austin (Texas): Texas Living Waters Project.
[accessed 2019 February 9]. Available from: http://texas-
livingwaters.org/evaporation-loss-humans-wildlife-texas/.

King C, Duncan I, Webber M. 2008. Water demand projec-
tions for power generation in Texas. Austin (Texas): Texas
Water Development Board. [accessed 2019 February 10].

Available from: http://www.twdb.texas.gov/publications/
reports/contracted reports/doc/0704830756Thermoelec-

tricWaterProjection.pdf.
Mesbahi M, Minamino S. 2018 January 3. Top 70 floating

solar PV plants. Solarplaza. [accessed 2019 February 10].

Available from: https://www.solarplaza.com/channels/top-

10s/11761/top-70-floating-solar-pv-plants/.
Mittal D, Saxena BK, Rao KVS. 2017a. Potential of floating

photovoltaic system for energy generation and reduction
of water evaporation at four different lakes in Rajasthan.
In: 2017 International Conference on Smart Technologies
for Smart Nation. 2017 August 17-19. Bangalore (India):
Institute of Electrical and Electronics Engineers. p. 238—
243.

Mittal D, Saxena BK, Rao KVS. 2017b. Floating solar photo-
voltaic systems: An overview and their feasibility at Kota in
Rajasthan. In: 2017 International Conference on Circuit,
Power and Computing Technologies. 2017 April 20-21.
Kollam (India): Institute of Electrical and Electronics
Engineers. p. 1-7.

Ni G, Li G, Boriskina S V., Li H, Yang W, Zhang T, Chen G.
2016. Steam generation under one sun enabled by a float-
ing structure with thermal concentration. Nature Energy.
1(9):16126. doi:10.1038/nenergy.2016.126.

Ni G, Zandavi SH, Javid SM, Boriskina S V., Cooper TA,
Chen G. 2018. A salt-rejecting floating solar still for low-
cost desalination. Energy and Environmental Science.
11(6):1510-1519. doi:10.1039/C8EE00220G.

Pabi S, Goldstein R, Amarnath A, Reekie L. 2013. Electric-
ity use and management in the municipal water supply
and wastewater industries. Palo Alto (California): Electirc
Power Research Institute. [accessed 2019 February 9].

Available from: http://www.waterrf.org/PublicReportLi-
brary/4454.pdf.

Floating Solar: An Emerging Opportunity at the Energy-Water Nexus

Pasalic S, Aksamovic A, Avdakovic S. 2018. Floating photo-
voltaic plants on artificial accumulations — Example of
Jablanica Lake. In: 2018 Institute of Electrical and Elec-
tronics Engineers International Energy Conference. 2018
June 3-7. Limassol (Cyprus): Institute of Electrical and
Electronics Engineers. p. 1-6.

Patel S. 2014. Floating solar arrays take shape in the UK, Japan,
and India. Power. 158(12):11.

Perez M, Perez R, Ferguson CR, Schlemmer J. 2018. Deploy-
ing effectively dispatchable PV on reservoirs: Comparing
floating PV to other renewable technologies. Solar Energy.
174:837-847. doi:10.1016/j.s0lener.2018.08.088.

Perlin J. 2016. Photovoltaics. California Solar Center. Lon-
don (England): Harvard University Press. [accessed 2019
March 22]. Available from: https://archive.org/details/
FromSpaceToEarth-TheStoryOfSolarFElectricity/page/n1.

Pickerel K. 2015 August 31. Riding the new wave of float-
ovoltaic installations. Solar Power World. [accessed 2017
January 24]. Available from: http://www.solarpowerworl-
donline.com/2015/08/riding-the-new-wave-of-floatovol-
taic-installations/.

Pickerel K. 2016 June 13. What to consider when installing
a floating solar array. Solar Power World. [accessed 2016
October 31]. Available from: http://www.solarpowerworl-

donline.com/2016/06/consider-installing-floating-so-

lar-array/.
Proctor D, Patel S. 2017. Integrated solar-hydro project takes

float. Power Magazine. 161(9). [accessed 2019 February

10]. Available from: https://www.powermag.com/integrat-

ed-solar-hydro-project-takes-float/.
Rahman MW, Mahmud MS, Ahmed R, Rahman MS, Arif

MZ. 2017. Solar lanes and floating solar PV: New pos-
sibilities for source of energy generation in Bangladesh.
2107 April 21-22. Vellore (India): Innovations in Power
and Advanced Computing Technologies. Institute of Elec-
trical and Electronics Engineers. p. 1-06.

Runyon J. 2018 November 7. Floating solar no longer ‘an
exotic niche’ in the U.S. Renewable Energy World. Avail-
able from: https://www.renewableenergyworld.com/arti-
cles/2018/11/floating-solar-no-longer-an-exotic-niche-in-

Safarini N Al, Akash O, Mohsen M, Igbal Z. 2017. Perfor-
mance evaluation of solar tracking systems for power gen-
eration based on simulation analysis: Solar island concept.
In: 2017 International Conference on Electrical and Com-
puting Technologies and Applications (ICECTA). Vol.
155. Institute of Electrical and Electronics Engineers. p.
1-4.

Sahu A, Yadav N, Sudhakar K. 2016. Floating photovoltaic
power plant: A review. Renewable and Sustainable Energy
Reviews. 66:815-824. doi:10.1016/j.rser.2016.08.051.



http://www.worldenergyoutlook.org/media/weowebsite/2012/WEO_2012_Water_Excerpt.pdf
http://www.worldenergyoutlook.org/media/weowebsite/2012/WEO_2012_Water_Excerpt.pdf
https://www.scientificamerican.com/article/india-builds-solar-plants-atop-canals-to-save-on-land-water/
https://www.scientificamerican.com/article/india-builds-solar-plants-atop-canals-to-save-on-land-water/
https://www.scientificamerican.com/article/india-builds-solar-plants-atop-canals-to-save-on-land-water/
http://texaslivingwaters.org/evaporation-loss-humans-wildlife-texas/
http://texaslivingwaters.org/evaporation-loss-humans-wildlife-texas/
http://www.twdb.texas.gov/publications/reports/contracted_reports/doc/0704830756ThermoelectricWaterProjection.pdf
http://www.twdb.texas.gov/publications/reports/contracted_reports/doc/0704830756ThermoelectricWaterProjection.pdf
http://www.twdb.texas.gov/publications/reports/contracted_reports/doc/0704830756ThermoelectricWaterProjection.pdf
https://www.solarplaza.com/channels/top-10s/11761/top-70-floating-solar-pv-plants/
https://www.solarplaza.com/channels/top-10s/11761/top-70-floating-solar-pv-plants/
http://www.waterrf.org/PublicReportLibrary/4454.pdf
http://www.waterrf.org/PublicReportLibrary/4454.pdf
https://archive.org/details/FromSpaceToEarth-TheStoryOfSolarElectricity/page/n1
https://archive.org/details/FromSpaceToEarth-TheStoryOfSolarElectricity/page/n1
http://www.solarpowerworldonline.com/2015/08/riding-the-new-wave-of-floatovoltaic-installations/
http://www.solarpowerworldonline.com/2015/08/riding-the-new-wave-of-floatovoltaic-installations/
http://www.solarpowerworldonline.com/2015/08/riding-the-new-wave-of-floatovoltaic-installations/
http://www.solarpowerworldonline.com/2016/06/consider-installing-floating-solar-array/
http://www.solarpowerworldonline.com/2016/06/consider-installing-floating-solar-array/
http://www.solarpowerworldonline.com/2016/06/consider-installing-floating-solar-array/
https://www.powermag.com/integrated-solar-hydro-project-takes-float/
https://www.powermag.com/integrated-solar-hydro-project-takes-float/
https://www.renewableenergyworld.com/articles/2018/11/floating-solar-no-longer-an-exotic-niche-in-th
https://www.renewableenergyworld.com/articles/2018/11/floating-solar-no-longer-an-exotic-niche-in-th
https://www.renewableenergyworld.com/articles/2018/11/floating-solar-no-longer-an-exotic-niche-in-th

Floating Solar: An Emerging Opportunity at the Energy-Water Nexus

Sahu AK, Sudhakar K. Forthcoming 2017. Effect of UV expo-
sure on bimodal HDPE floats for floating solar appli-
cation. Journal of Materials Research and Technology.
d0i:10.1016/j.jmrt.2017.10.002.

[SAWS] San Antonio Water System. 2017. Brackish ground-
water desalination. Current Water Supply Projects. San
Antonio (Texas): San Antonio Water System.

[SEIA] Solar Energy Industries Association. 2016 June 28.
Texas on track to become the fastest-growing utility-scale
solar market in the U.S. Washington (D.C.): Solar Energy
Industries Association. [accessed 2016 October 31]. Avail-
able from: http://www.seia.org/news/texas-track-become-
fastest-growing-utility-scale-solar-market-us.

[SEIA] Solar Energy Industries Association. 2018. U.S. solar
market insights. Washington (D.C.): Solar Energy Indus-
tries Association. [accessed 2019 February 9]. Available
from: https://www.seia.org/us-solar-market-insight.

Sharma P, Muni B., Sen D. 2015. Design parameters of 10
KW floating solar power plant. International Advanced
Research Journal in Science, Engineering and Technology
National Conference on Renewable Energy and Environ-
ment. 2(1):85-89. doi:10.17148/IARJSET.

Spencer RS, Macknick ], Aznar A, Warren A, Reese MO.
2019. Floating photovoltaic systems: Assessing the techni-
cal potential of photovoltaic systems on man-made water
bodies in the continental United States. Environmental
Science and Technology. 53(3):1680-1689. doi:10.1021/
acs.est.8b04735.

Spindle B, Smith R. 2016 August 29. Which state is a big
renewable energy pioneer? Texas. Wall Street Journal.
[accessed 2019 February 10]. Available from: http://www.
wsj.com/articles/which-state-is-a-big-renewable-energy-
pioneer-texas-1472414098.

[TDA] Texas Desalination Association. 2016. Enhancing
Texas’ water supplies. Austin (Texas): Texas Desalination
Association. [accessed 2016 October 31]. Available from:
http://www.texasdesal.com/.

[TPWD] Texas Parks and Wildlife Department. 2016. Oth-
er harmful algae. Texas Park Wildlife Harmful Algale
Blooms. Austin (Texas): Texas Parks and Wildlife Depart-
ment. [accessed 2016 October 31]. Available from: heep://
tpwd.texas.gov/landwater/water/environconcerns/hab/
otherhab/.

[TWDB] Texas Water Development Board. 2012. Climate of
Texas. 2012 State Water Plan. Austin (Texas): Texas Water
Development Board. [accessed 2016 October 31]. Avail-

able from: http://www.twdb.texas.gov/publications/state
water plan/2012/04.pdf.

45

[TWDB] Texas Water Development Board. 2016. Texas res-
ervoirs: Water data for Texas. Austin (Texas): Texas Water
Development Board. [accessed 2019 February 9]. Available
from: https://waterdatafortexas.org/reservoirs/statewide.

[UNFCCC] United Nations Framework Convention on
Climate Change. 2006. Report of the nineteenth meet-
ing of the methodologies panel. Bonn (Germany): Unit-
ed Nations Framework Convention on Climate Change.
[accessed 2019 March 22] Available from: https://cdm.
unfccc.int/Panels/meth/meeting/06/Meth19 rep ext.pdf

[UNL] University of Nebraska—Lincoln. 2019. Toxic algae fre-
quently asked questions. Lincoln (Nebraska): University
of Nebraska—Lincoln Institute of Agriculture and Natu-
ral Resources. [accessed 2019 February 9]. Available from:
http://water.unl.edu/lakes/toxicalgae-fags.

U.S. Department of Interior. 2015. Fundamental consider-
ations associated with placing solar generation structures
at Central Arizona Project Canal. Glendale (Arizona): U.S.
Department of Interior, Bureau of Reclamation, Phoenix
Arizona Office. [accessed 2019 March 22]. Available from:
https://www.usbr.gov/main/qoi/docs/09.27.2016%20
Placing%?20So0lar%20Generation%20Structures%20
Over%20the%20CAP%20Canal%20final%20.pdf.

[USCB]. U.S. Census Bureau. 2016 May 19. Five of the
nation’s eleven fastest-growing cities are in Texas. U.S.
Census Bureau. [accessed 2019 February 9]. Available
from: http://www.census.gov/newsroom/press-releas-
es/2016/cb16-81.html.

World Bank, ESMAP, SERIS. 2018. Where sun meets water:
floating solar market report, executive summar. Wash-
ington (D.C.): World Bank. Available from: http://www.
esmap.org/sites/default/files/esmap-files/ ESMAP_Float-
ingSolar Web FINAL.PDE

Wythe K. 2014. Everybody is talking about it: Is brackish
groundwater the most promising “new” water. txH2O.
9(1):14-18. [accessed 2019 February 9]. Available from:

http://twri.tamu.edu/media/574130/web_txh20 sum-
mer2014.pdf.



http://www.seia.org/news/texas-track-become-fastest-growing-utility-scale-solar-market-us
http://www.seia.org/news/texas-track-become-fastest-growing-utility-scale-solar-market-us
https://www.seia.org/us-solar-market-insight
http://www.wsj.com/articles/which-state-is-a-big-renewable-energy-pioneer-texas-1472414098
http://www.wsj.com/articles/which-state-is-a-big-renewable-energy-pioneer-texas-1472414098
http://www.wsj.com/articles/which-state-is-a-big-renewable-energy-pioneer-texas-1472414098
http://www.texasdesal.com/
http://tpwd.texas.gov/landwater/water/environconcerns/hab/otherhab/
http://tpwd.texas.gov/landwater/water/environconcerns/hab/otherhab/
http://tpwd.texas.gov/landwater/water/environconcerns/hab/otherhab/
http://www.twdb.texas.gov/publications/state_water_plan/2012/04.pdf
http://www.twdb.texas.gov/publications/state_water_plan/2012/04.pdf
https://waterdatafortexas.org/reservoirs/statewide
https://cdm.unfccc.int/Panels/meth/meeting/06/Meth19_rep_ext.pdf
https://cdm.unfccc.int/Panels/meth/meeting/06/Meth19_rep_ext.pdf
http://water.unl.edu/lakes/toxicalgae-faqs
https://www.usbr.gov/main/qoi/docs/09.27.2016%20Placing%20Solar%20Generation%20Structures%20Over%20the%20CAP%20Canal%20final%20.pdf
https://www.usbr.gov/main/qoi/docs/09.27.2016%20Placing%20Solar%20Generation%20Structures%20Over%20the%20CAP%20Canal%20final%20.pdf
https://www.usbr.gov/main/qoi/docs/09.27.2016%20Placing%20Solar%20Generation%20Structures%20Over%20the%20CAP%20Canal%20final%20.pdf
http://www.census.gov/newsroom/press-releases/2016/cb16-81.html
http://www.census.gov/newsroom/press-releases/2016/cb16-81.html
http://www.esmap.org/sites/default/files/esmap-files/ESMAP_FloatingSolar_Web_FINAL.PDF
http://www.esmap.org/sites/default/files/esmap-files/ESMAP_FloatingSolar_Web_FINAL.PDF
http://www.esmap.org/sites/default/files/esmap-files/ESMAP_FloatingSolar_Web_FINAL.PDF
http://twri.tamu.edu/media/574130/web_txh2o_summer2014.pdf
http://twri.tamu.edu/media/574130/web_txh2o_summer2014.pdf



