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Executive Summary

Solar energy technologies continue to be deployed at unprecedented levels, aided significantly
by the advent of large-scale projects that sell their power directly to electric utilities. Such utility-
scale systems can deploy solar technologies far faster than traditional “behind-the-meter”
projects designed to offset retail load. These systems achieve significant economies of scale
during construction and operation, and in attracting financial capital, which can in turn reduce
the delivered cost of power.

This is the first in a series of three reports on utility-scale solar installation in the United States.
This report serves as: (1) a primer on utility-scale solar technologies and (2) a summary of the
current state of the U.S. utility-scale solar market. The second report overviews policies and
financing of utility-scale solar systems; the third report assesses the impact of financial structures
on the cost of energy from utility-scale systems.

Utility-scale solar projects are generally categorized in one of two basic groups: concentrating
solar power (CSP) and photovoltaic (PV). CSP systems generally include four commercially
available technologies: CSP trough, CSP tower, parabolic dish, and linear Fresnel reflector,
although only CSP trough and CSP tower projects are currently being deployed. CSP systems
can also be categorized as hybrid systems, which combine a solar-based system and a fossil fuel
energy system to produce electricity or steam.

PV systems usually include either crystalline silicon (c-Si) or thin-film technologies. Thin film
includes an array of advanced materials, but only one—cadmium telluride (CdTe)—has had
significant success in utility-scale solar development. Additionally, this report covers
concentrating photovoltaic (CPV) systems,' which only recently have gained traction in the
utility-scale market with several signed contracts.

According to a database maintained by the National Renewable Energy Laboratory (NREL),”
there are approximately 16,043 megawatts (MW) of utility-scale solar resources under
development® in the United States as of January 2012 (see Figure ES-1). PV projects make up
the overwhelming majority (about 72%) of facilities under development. While many developers
have specified that their projects will use PV (e.g., c-Si or CdTe), in some cases the technology
will be selected just prior to construction. This selection will likely depend on module pricing at
the time of order placement once all necessary permits have been obtained and pre-construction
activities completed. It is not uncommon, especially given the recent drop in ¢-Si module prices,
for developers to switch technologies in the planning phase.

According to NREL’s internal database, CdTe thin-film technology represents about one-fifth of
the total inventory of planned utility-scale solar projects and nearly one-third of total planned PV

! This report categorizes CPV as a PV technology, though some analysts group it under CSP.

* This database was corroborated by similar databases maintained by the Solar Energy Industries Association (SEIA
2011a) and SNL Financial.

? For this paper, “utility-scale” is defined as projects 5 MW or larger. These projects were either publicly announced
and hold a long-term power purchase agreement or were announced directly by a utility. Public announcements are
made via press releases.



projects®. First Solar was once considered the sole or joint developer of all utility-scale CdTe
projects under development in the United States, though this is changing with the entrance of
General Electric into the CdTe market. GE is currently contracted to supply panels to the 20 MW
[llinois Solar plant being developed by Invenergy.

Approximately 8,224 MW of developing projects are utilizing c-Si modules or have not
indicated final technology selection. The majority of these projects are expected to select c-Si-
based modules. Per NREL’s criteria—5 MW or larger and holding a long-term contract—
approximately 11,500 MW of total PV capacity is under development in the United States,
including c-Si, CdTe, copper-indium-selenide (CIS) > modules, and CPV technologies.

Among CSP projects, tower systems have a slight market penetration edge over parabolic
troughs (about 16% versus 9% of all utility-scale solar systems under development). NREL’s
project announcements database indicates that the tower market is dominated by one developer,
BrightSource Energy, who holds over 2.2 GW of PPAs with California utilities. Solar
Millennium was the principal developer in the trough space, but the company’s announced
switch to PV and subsequent sale of all proposed projects® to solarhybrid has left only six trough
developers and no clear market front-runners.

Figure ES-1 provides an overview of the U.S. utility-scale solar market. Two cutting-edge solar
technologies, Enviromission’s solar chimney and Solaren’s space solar project, are indicated as
“Other” because they hold PPAs and constitute significant additions to the total capacity under
development, but they are not categorized as traditional CSP or PV technologies. Two
solar/fossil hybrid plants representing a combined 100 MW of solar capacity are included as a
separate category to note their distinct approach; both plants will use solar power to supplement
natural gas-fired generation. Finally, CIS is included because of the recent announcement that
Solar Frontier, the Japanese CIS manufacturer, will supply up to 150 MW of panels to energy
developer enXco for use in their PPA contracts with San Diego Gas and Electric (SDG&E).

* In the energy industry, some, if not many, planned projects will not reach completion. Therefore, we assume this

figure to be greater than what will be delivered by the current pipeline of projects.

> Copper-indium-gallium-selenide (CIGS) is perhaps the more common version of this thin-film technology. Solar
Frontier, the sole supplier of CIS/CIGS thin-film modules to the utility-scale market (as of January 2012), does not
use gallium in their semi-conductor blend.

% Solar Millennium also filed for insolvency in December 2011 (Wesoff and Prior 2011).
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Figure ES-1. Total U.S. utility-scale solar capacity under development (all numbers in MW)

Currently, multiple utility-scale systems are producing power on a consistent basis. The nine
solar trough CSP plants that comprise the solar energy generating system (SEGS) in California’s
Mojave Desert constitute the majority of CSP. The SEGS units commenced commercial
operation from 1984—1991 with several additional utility-scale CSP projects coming online
recently (EIA 2008). In 2007, the 64 MW Nevada Solar One project, a CSP trough plant
developed by Acciona Solar Power, became operational (Acciona 2010). Two 5-MW
demonstration facilities developed by Ausra and eSolar also became operational in 2008 and
2009, respectively (Ausra 2008; eSolar 2009). There are over 40 utility-scale PV facilities
currently operational in the United States, amounting to some 673 MW of capacity. See
Appendix Table A-1 for a full list of operating utility-scale PV plants.
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1 Introduction

Drivers ranging from energy security and cleaner air to global economic competitiveness and
rapidly falling costs are sparking a significant shift in energy generation policy and planning.
Electric utilities in the United States and the regulatory agencies that oversee them are increasing
renewable energy use to meet electric load. Technological advances in materials and components
and heightened experience among market entities are leading the way to more cost-effective
renewable power production. Renewables have also significantly benefitted from a raft of
support policies and incentives at the municipal, state, and federal levels. These include federal
tax credits, cash grants, loan guarantee programs, feed-in tariffs, and state renewable portfolio
standards (RPS),” which are discussed in detail in the second utility-scale solar report. For
example, California’s RPS, the most robust in the United States, with a required 33% of
renewable generation from its investor-owned utilities (IOUs), has touched off a spate of solar
procurement in the last two years. Today, California’s three IOUs hold PPAs with nearly 72% of
the total solar capacity under development in the United States (see Appendix C).

Supportive policies, financial innovations, and plummeting technology costs have spurred utility-
scale® solar market development in the United States. This report introduces that growing
market. It has two objectives: (1) to summarize solar technologies deployed at utility-scale
installations, and (2) to provide a market overview of U.S. deployment activities. The report is
divided by technology type: Section 2 deals with CSP technologies, and Section 3 deals with PV
solar power technologies. Market overviews for each technology are provided at the conclusion
of each subsection. This report only considers projects already contracted to sell power [typically
in the form of a power purchase agreement (PPA)].

1.1 Utility-Scale Market Overview

Approximately 1,176 MW of utility-scale solar power was operational as of January 2012 (see
Figure 1). About 43% (503 MW) of this capacity is furnished by CSP facilities, all but 10 MW of
which utilize trough technology; the remaining 57% of this capacity comes from PV

installations. Crystalline silicon (C-Si) and cadmium telluride (CdTe) comprise the majority of
technologies deployed at these installations with 58.0% and 34.5% representation, respectively.
Amorphous silicon (a-Si), another thin-film technology, represents about 7.0% of total PV
installations, and concentrating photovoltaic (CPV) about 0.5%.

" RPS policies are essentially mandated quotas for renewable energy generation as a proportion of total electricity
production.

¥ For this paper, “utility-scale” is defined as any solar electric system with a capacity of 5 MW and above. Such
utility-scale installations can deploy solar technologies far faster than traditional “behind-the-meter” projects
designed to offset retail load. These systems employ significant economies of scale during construction, operation,
and financial capital attraction, which can reduce the delivered cost of power.

1
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Figure 1. Total U.S. utility-scale solar capacity in operation as of January 2012 (all numbers in MW)

Figure 2 illustrates that PV capacity will continue to outpace CSP in the United States as more
developing projects come online. Nearly all utility-scale CSP plants today use troughs; however,
most planned CSP capacity will not use troughs. Instead, CSP towers have become the preferred
technology, with over 2,655 MW of projects under contract. CSP tower developer BrightSource
holds the majority of the PPAs, with about 2.2 GW of capacity (82% of the total planned CSP
capacity). Recent CSP trough market contraction was largely the result of developer Solar
Millennium’s technology swap for their Blythe, Amargosa, and Palen facilities. At least 2 GW of
CSP troughs were scrapped for PV because of what Solar Millennium described as more
“favorable conditions in the PV and commercial bank markets” (PV Magazine 2011).

PV:CPV, 471
PV:CIS, 150

Other, 400

CSP Trough,
1,375
Total Solar Capacity in

Development:
16,043 MW

\_Hybrid, 100

Figure 2. Total U.S. utility-scale solar capacity under development (all numbers in MW)
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2 Concentrating Solar Power

CSP systems produce electricity by focusing sunlight to heat a fluid. The fluid then boils water to
create steam that spins a conventional turbine and generates electricity or it powers an engine
that produces electricity (Richter et al. 2009). CSP plants consist of three major subsystems: one
that collects solar energy and converts it to thermal energy; a second that converts the thermal
energy to electricity; and a third that stores thermal energy collected from the solar field and
subsequently dispatches the energy to the power block.

There are currently 503 MW of utility-scale CSP facilities operating domestically.

Table 1. Operating Utility-Scale CSP Projects in the United States

Plant Capacity (MW) Developer Technology Location PPA With
. , Pacific Gas &
Kimberlina 5 Areva I-l_rIg::él ngﬁ;g:ﬁf’ Electric
(PG&E)
Martin Next . . Florida Power
Generation 75 Flor'dﬁi Pf:)twer & CSP Trough Margvoﬁg:nty, and Light
Solar 9 (FPL)
Nevada Solar . Boulder City,
One 64 Acciona CSP Trough Nevada PG&E
Sierra Lancaster Southern
SunTower 5 eSolar CSP Tower CaIifornia’ California
Edison (SCE)
Luz CSP Mojave Desert,
SEGS 1-9 354 International Trough California SCE
Total 503

The first large-scale, commercial CSP stations were the solar energy generating systems (SEGS)
built by Luz International, Ltd. from 1984-1991 (DOE 2010c¢). Nine plants were built in three
separate locations for a total of 354 MW. Figure 3 shows SEGS 4, located in Kramer Junction,
California, which has a peak output of 150 MW. SEGS 1 and 2 have a combined maximum
output of 44 MW and are located in Daggett, California. SEGS 8 and 9 have a combined
maximum output of 160 MW and are located in Harper Lake, California. NextEra operates and
partially owns SEGS 3-9, with a combined maximum output of 310 MW (NextEra 2010).

The latest CSP plant to be developed was the 75 MW Martin Next Generation Solar Energy
Center developed by and for NextEra subsidiary Florida Power and Light (FPL). The plant was
completed in 2010 (FPL 2010). This facility uses CSP trough technology to supplement the
3,705 MW gas- and oil-fired Martin Generation facility and is considered in this report to be a
solar/fossil hybrid plant.
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Figure 3. SEGS 4, Kramer Junction, California
Source: PIX 14955

CSP systems are unique in the renewable energy sector in that they can integrate large-scale
thermal energy storage (TES). The first utility-scale plants with storage are now operating in
Spain (Andasol 1-3) and were developed by Solar Millennium (Solar Millennium 2010). At least
six plants with TES are currently in development in the United States—the 250 MW Solana
Solar plant by Abengoa Solar (6 hours of dispatchable storage), the 110 MW Crescent Dunes
plant by Solar Reserve (10 hours of dispatchable storage), the 5 MW Bell Solar Thermal by Bell
Energy (storage capacity unknown), and three BrightSource projects whose locations and storage
capacities are yet undisclosed (Wesoff 2010; Wesoff 2011; Environmental Leader 2010;
BrightSource Energy 2011a). Solana and Crescent Dunes finalized loan guarantees from the U.S.
Department of Energy (DOE) for $1.45 billion and $737 million, respectively, to support project
development (DOE 2011c).

CSP plants can be functionally integrated with fossil fuel plants to create hybrid CSP-fossil
power plants that can offer peak and base-load power capability. Fossil hybrid plants, also
known as integrated solar combined cycle, are under construction in the United States (Florida)
and North Africa, including Egypt, Algeria, and Morocco (Richter et al. 2009).

Solar thermal power requires approximately 3—8 acres/MW, depending on the technology and
amount of TES. For example, SEGS 3-9 (with a combined capacity of 310 MW) cover more
than 1,500 acres, averaging 4.84 acres/MW of gross maximum output (NextEra 2010). In
contrast, the Solana station with 6 hours of dispatchable storage will cover approximately

3 square miles, or 6.86 acres/MW of gross maximum output (Solana Solar 2009).

Like other steam-based technologies, CSP (other than parabolic dish) utilizes steam to spin a
turbine. Water consumption is a primary consideration for these facilities and can vary from

4



700-900 gal/MWh, although alternative cooling methods, such as air cooling, can drastically
reduce this value at the expense of some efficiency loss and increased cost (Stoddard 2008).

CSP systems are generally classified by the process in which each device collects solar energy.
Sections 2.1-2.4 illustrate and compare four primary technologies—CSP trough, CSP tower,
parabolic dish, and linear Fresnel reflector. Although only the first two are currently in utility-
scale development in the United States, information on CSP-related thermal storage and cooling
technologies is also provided.

2.1 CSP Trough

2.1.1 Technology Overview

CSP trough (also referred to as parabolic trough) systems use curved mirrors and single-axis
tracking to follow the sun throughout the day, concentrating sunlight on thermally efficient
receiver tubes or heat collection elements. A heat transfer fluid (HTF)—typically synthetic oil,
molten salt, or steam—circulates in the tubes absorbing the sun’s heat before passing through
multiple heat exchangers to produce steam. The steam spins a conventional steam cycle turbine
to generate electricity or it is integrated into a combined steam and gas turbine cycle when used
in hybrid configurations. Utility-scale collector fields are made up of many parallel rows of
troughs connected by receiver tubes in series. Rows are typically aligned on a north-south
formation axis to track the sun from east to west. Site requirements for a solar trough system
include relatively level land, although the solar fields can be divided into two or more terraces.
Figure 4 provides a schematic of a CSP trough plant.

. Steam condenser

"y
Genera'g ﬁ I‘.”

Turbine

¢ Recelver

Parabolic Troughs

Figure 4. CSP trough schematic
Source: Department of Energy 2011b

Solar troughs are considered the most mature and commercially proven of the CSP technologies.
In utility settings, solar trough power plants have shown consistent performance when connected
to the electric grid.” Improved operating flexibility and dispatchability has been achieved

through integration with hybrid fossil systems as well as through demonstrated TES capabilities.

? Beyond SEGS and Nevada Solar One, applications exist in Israel, Algeria, and Spain.
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There are advantages and disadvantages of different HTFs. Synthetic fuels remain viscous at
lower temperatures during the night and on cloudy days but lose efficiency in the heat transfer
process (Herrmann et al. 2002). Molten salt, on the other hand, is a highly efficient heat transfer
medium that solidifies at lower temperatures. Neither synthetic fuels nor molten salts can directly
drive a turbine and therefore must use heat exchangers to boil water and spin a steam turbine.
Using steam directly as an HTF is advantageous because it does not require heat exchange
equipment; however, it is not very efficient relative to other transfer fluids because it cannot
reach high enough temperatures. Further discussion of TES is provided in Section 2.6.

"f,".’;;}-r J L .. = W
Figure 5. The Nevada Solar One CSP trough system came online in 2007
Source: PIX 16603

2.1.2 CSP Trough Market Overview

At present, roughly 1,375 MW of utility-scale CSP trough plants are in development with
PPAs'® in place (Table 2). This figure excludes the 100 MW of solar/fossil hybrid plants
currently in development. Pacific Gas and Electric (PG&E) holds the majority of trough PPAs,
totaling 530 MW.

" PPAs are contracts between power producers and power purchasers for the long-term sale of electricity. See
Appendix B for more information.



Table 2. U.S. Utility-Scale CSP Trough Plants in Development

Plant MW Developer Location PPA With
Bell Solar Thermal 5 Bell Energy Tucson, Arizona T“"SS” Electric
ower
Bethel Energy, Imperial Valley, San Diego Gas &
Bethel Energy 50 LLC California Electric
Ft. I_rvvln Solar Power 500 Acciona Solar Ft. Irwin, California U.S. Army
Project Power
Gel’.leSIS Solar Energy 250 NextEra Rlversmje Cgunty, PG&E
Project California
Mojave Solar Power San Bernardino
Project 280 Abengoa County, California PG&E
Solana Generating 280 Abengoa Gila Bend, Arizona Arizona 'Publlc
Plant Service
Westside Solar Project 10 Pacific Light & Kaua’l, Hawaii Kaua'l Island Utility
Power Coop.
Total | 1,375

Sources: Solar Thermal Magazine 2010; NASDAQ QMS 2006; NREL 2009; CEC 2010b; Solana Solar 2009;
Bloomberg 2009; CEC 2010b

Solar Millennium made headlines in 2011 when it decided to change its Blythe (1 GW),
Amargosa (500 MW), and Palen (500 MW) projects from CSP troughs to PV (PV Magazine
2011; Wesoff and Prior 2011). In doing so, Solar Millennium forfeited a DOE loan guarantee
that was acquired to assist development of the Blythe project. Solar Millennium’s technology
switch was reportedly due to shifting economics as PV modules and other costs have come down
in price significantly over the past several years (Clean Energy Authority 2011a). Solar
Millennium is currently in insolvency proceedings and has sold its U.S. project pipeline to
German developer solarhybrid."'

2.2 CSP Tower

2.2.1 Technology Overview

CSP tower systems, often referred to as power towers or central receivers, use a field of mirrors
called heliostats that individually track the sun on two axes and redirect sunlight to a receiver at
the top of a tower. Sunlight is concentrated 600—1,000 times, making it possible to achieve
working fluid temperatures of 500°-800°C (930°-1,470°F) (Australian National University
2010).

"In March, 2012, solarhybrid began its own insolvency proceeding due to concerns of illiquidity (i.e., not enough
cash to pay bills) (PV Magazine 2012).
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Figure 6. CSP tower schematic
Source: U.S. Department of Energy 2011c

Pilot CSP tower plants have proven the technical feasibility of using various HTFs including
steam, air, and molten nitrate salts. Early CSP tower systems generated steam directly in the
receiver; however, current designs use both steam and molten salt as HTFs. When integrating
storage, CSP tower systems have an advantage over CSP troughs since they are able to obtain
higher operating temperatures, resulting in a lower required salt inventory for the storage system
(Richter et al. 2009).

Figure 7. The Solar One facility in California employed CSP tower technology
Source: PIX 00036



The largest CSP tower system currently in operation is the PS20 station, designed by Abengoa
Solar in Seville, Spain (LaMonica 2009). The 20 MW facility, which began operation in April
2009, features a 531 foot (ft) solar tower and 1,255 heliostats. The PS20 is adjacent to the
world’s first commercial CSP tower, the PS10, also designed by Abengoa Solar.

In Israel, BrightSource is operating the 4-6 MW Solar Energy Development Center
(BrightSource Energy 2011b). According to BrightSource, the facility generates the highest
quality steam of any operational solar thermal plant at a temperature of 550°C (1,022°F) and 140
bar (b) pressure.

Also worth noting, the 23 MW Coalinga solar project in central California, recently
commissioned in the San Joaquin Valley, utilizes a 327 ft tower system to produce steam (but no
electricity) and improve output from an aging nearby oil field. Chevron owns the Coalinga field
and the development company that installed the system, Chevron Technology Ventures (IBM
2011).

2.2.2 CSP Tower Market Overview

Some 2,655 MW of proposed CSP tower systems are currently under contract with U.S. utilities.
BrightSource Energy has the most megawatts under contract. In April 2011, BrightSource closed
on a $1.6 billion DOE loan guarantee for its Ivanpah, California, facility (DOE 2011c). Of
BrightSource’s 2.2 GW portfolio under contract, Ivanpah represents 392 MW, which allocated
about evenly between PG&E and SCE. Many of BrightSource’s other projects are at undisclosed
locations. In October 2010, BrightSource broke ground on the Ivanpah project and received a
$300 million investment from NRG Energy. With this investment, NRG Energy will hold a
majority equity stake in the project (Murray 2010).

One small utility-scale CSP tower system operates in the United States—eSolar’s 5 MW Sierra
Suntower. The facility became operational in 2009 and sells power to SCE (NREL 2010b). In
co-development with NRG Energy, eSolar has two proposed facilities, the Gaskell Sun Tower
phases 1 and 2, under long-term contracts with IOUs for a total of 245 MW. To help lower costs,
eSolar deploys a modular design surrounding a conventional turbine (eSolar 2010).

SolarReserve has two CSP tower facilities under development—Crescent Dunes and Rice Solar
Energy Project—totaling 260 MW and 25-year contracts with PG&E and NV Energy (Reuters
2009). SolarReserve was founded by United Technologies Corp., whose Rocketdyne subsidiary
demonstrated the solar tower technology at the Solar One and Solar Two power plants in
southern California. However, both facilities were demonstration projects and are no longer
operating (Solar Reserve 2010). U.S. Renewables Group, a large private equity firm exclusively
focused on clean fuel projects, supports SolarReserve (SolarReserve 2011).



Table 3. U.S. Utility-Scale Central Receiver Projects in Development

Plant Mw Developer Location PPA With

BrightSource, . . .

PG&E PPA 108 BrightSource California PG&E

Coyote Springs 1 & 400 BrightSource Coyote Springs, PG&E

2 Nevada

Crescent Dunes 110 SolarReserve Nye County, Nevada NV Energy

Gaskell Sun Tower Kern County,

(Phases 1 & 2) 245 NRG/eSolar California SCE

Hidden Hills 1 & 2 500 BrightSource Inyo County, PG&E
California

Ivanpah . . .

Phases 1-3 392 BrightSource Ivanpah, California PG&E

R|c_e Solar Energy 150 SolarReserve Blythe, California PG&E

Project

Rio Mesa 1-3 750 BrightSource Riverside County, SCE
California

Total 2,655

2.3 Parabolic Dish

2.3.1 Technology Overview

Parabolic dish, or dish engine, systems are individual units comprised of a solar concentrator, a
receiver, and an engine or generator. The concentrator typically consists of multiple mirror facets
that form a parabolic dish, which tracks the sun on two axes and redirects solar radiation to a
receiver (Richter et al. 2009). The receiver is mounted on an arm at the focal point of the
reflectors and contains a motor-generator combination that operates using either a Stirling engine
or a small gas turbine. Dish systems are generally between 10 kilowatts (kW) and 25 kW in size.
Compared with other CSP technologies, parabolic dish conversion efficiencies are the highest,
reaching over 30% (SolarPACES 2010).
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Figure 8. Schematic of a parabolic dish system
Source: DOE 2011d
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Parabolic dish systems are considered highly modular, allowing individual deployment for
remote applications or groupings for small-grid or large-scale utility applications (SolarPACES
2010). Individual placement also enables greater flexibility than other CSP systems since dish
systems can be placed on varied terrain with grades up to 5% (TEEIC 2010). In addition,
parabolic dish technology only uses small quantities of water, mostly for washing concentrators
free of dust. However, due to current economies of scale, dish systems are generally only
proposed in utility-scale projects.

2.3.2 Parabolic Dish Market Overview

At present, there are no utility-scale parabolic dish projects in development.'* Through 2010, one
company—Tessera Solar—held at least three contracts with western U.S. utilities, representing
more than 1,600 MW. Tessera was the development affiliate to Stirling Energy Systems, which
was a manufacturer of parabolic dishes and Stirling solar engines before filing for Chapter 7
bankruptcy in 2011 (Wesoff 2011).

In May 2011, Tessera lost its last contract when the developer that bought the project, AES,
decided to replace the parabolic dish technology with PV. Greentech Media reported that Tessera
could not secure a DOE loan guarantee and was thus unable to fulfill the contract (Wesoff 2011).

2.4 Linear Fresnel Reflector

2.4.1 Technology Overview

Linear Fresnel reflector, also referred to as compact or concentrating linear Fresnel reflector,
systems are made up of flat or nearly flat mirror arrays that reflect solar radiation onto elevated
linear absorbers or receiver tubes. Water, the typical thermal fluid, flows through the tubes and is
converted into steam. Steam can also be generated directly in the solar field, eliminating the need
for costly heat exchangers (DOE 2010b). The system is similar to a CSP trough in that the
sunlight is concentrated in a linear fashion. However, instead of a single curved mirror, linear
Fresnel systems concentrate the insolation of many slightly curved mirrors onto a receiver. The
receiver is stationary and does not move with the mirrors as in the CSP trough systems, so it does
not require rotating couplings between the receivers and the field header piping, thus providing
additional design flexibility.

'2 In March 2011, the Export-Import Bank of the United States supplied a direct loan of $30 million to develop a
10 MW solar dish project in Rajasthan, India. U.S.-based dish manufacturer Infina Corporation will supply the
modules for this project (Export-Import Bank 2011).
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Figure 9. Linear Fresnel reflector schematic
Source: DOE 2011c

2.4.2 Linear Fresnel Reflector Market Overview

In 2010, Ausra—the sole developer of linear Fresnel projects in the United States—sold its
technology and development pipeline to the French company Areva (Baker 2010). To date,
Areva’s 5 MW Kimberlina project in Bakerstield, California (previously developed and owned
by Ausra), is the only utility-scale linear Fresnel reflector project in the United States. Prior to
the Areva sale, Ausra was developing the Carrizo Energy Solar Farm, a 177 MW project, but
that project was suspended.

2.5 Solar-Fossil Hybrid Power

2.5.1 Technology Overview

Hybrid power plants incorporate both solar collector fields and fossil fuel combustion to generate
power, often relying on a common steam cycle and allowing for power production during
sunlight fluctuations and nighttime hours.'” There are many variations of hybrid plants, including
simple natural gas backup, integrated solar combined cycle plants, and solar plants providing
thermal input to existing or newly designed coal-fired plants. To produce steam in hybrid plants,
CSP trough, CSP tower, and linear Fresnel collector devices may be used. Figure 10 is a
rendering of a solar-fossil (gas turbine/CSP trough) hybrid facility.

1 For purposes of this report, in NREL’s database projects are designated as hybrid if at least 50% of the energy is
expected to be derived from fossil fuels. Many CSP systems utilize a small quantity of fossil fuel but are not
classified as hybrid systems. For example, the BrightSource Ivanpah project will utilize a small auxiliary boiler,
which is expected to provide 2% of its output.
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Figure 10. Rendering of a solar/fossil hybrid facility
Source: Inland Energy 2011

Combining CSP and fossil fuel power is not a new concept. In fact, many CSP plants use natural
gas as a backup energy source. Assuming space requirements are adequate, it is possible to
retrofit existing power plants with solar thermal technology, an option that may be advantageous
for utilities looking to increase the efficiency of their fleets. By combining the components of
technologically proven fossil fuel plants with the environmental benefits of CSP, there could be
an increase in market opportunities and competition with conventional power plants.

2.5.2 Solar/Fossil Hybrid Market Overview

One solar/fossil electric generating plant, as defined by NREL, is currently in operation—the
Martin Next Generation Solar Energy Center. The plant combines 75 MW of CSP trough with a
3,705 MW natural gas- and oil-fired generation facility.

As shown in Table 4, two utility-scale solar/fossil hybrid plants are currently in development, the
Palmdale and Victorville 2 projects. These two plants feature similar hybrid designs including
CSP trough and combined cycle technology designed and constructed as a combined facility
(Inland Energy 2011). In each project, the solar field will provide approximately 10% of the
thermal input. Both projects are also proposed to be constructed and owned by municipalities.
The Victorville 2 project was approved by the California Energy Commission (CEC) in 2008
(City of Victorville 2008). In August 2011, the CEC formally approved development of the
Palmdale project (CEC 2011).

Table 4. U.S. Utility-Scale Solar-Fossil Hybrid Projects Under Development

Solar/ CSP and Fossil .

Plant Total MW Developer Technology PPA With
Palmdale Hybrid 50/570 Contractor not CSP trough/natural City of

Power Project selected yet gas combined cycle Palmdale
Victorville 2 Hybrid Contractor not CSP trough/natural City of
) 50/513 - : :

Power Project selected yet gas combined cycle Victorville

Solar Total | 100/1,083
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A large solar hybrid project, the San Joaquin 1 and 2 facilities, was recently cancelled due to
“issues regarding project economics” and other aspects of the project (Martifer Renewables
2010). Additionally, the 4 MW Cameo hybrid demonstration project in Grand Junction,
Colorado, was recently decommissioned and dismantled. Cameo was the first power plant to
hybridize solar troughs and coal-fired generation.

2.6 Thermal Energy Storage

TES provides the ability of a system to store thermal energy collected by a solar field in a
reservoir for conversion to electricity at another time. For CSP technologies, storage can be used
to balance energy demand between day and night or during times of intermittent sunlight. By
oversizing the solar fields and pulling the excess heat to the thermal storage component, the
turbine can operate at a fairly constant rate. Figure 11 illustrates this process.

A storage system enables CSP plants to (1) negate the variability in system output due to sudden
shifts in the weather and (2) extend the range of operation of a CSP system beyond daylight
hours (Biello 2009). The power produced throughout the day can be more effectively matched
with energy demand, therefore increasing the value of the power as well as the total useful power
output of the plant at a given maximum turbine capacity.

Solar Thermal Storage

— Solar Energy
MW [ Generation
MaxSolar k. oo Thermal Storage

Capacity |

Time of Day

Figure 11. Solar thermal storage extends the power production period

A well-located CSP trough plant with no fossil backup or thermal storage should be able to
achieve a 25% annual capacity factor (NREL 2011a). CSP with storage is theoretically capable
of capacity factors around 75%, although economic application of storage limits the capacity
factor to approximately 50% given current available technology.'* CSP generation facilities
supported through the DOE loan guarantee program have capacity factors that range from 26%—
28% for projects without thermal storage to 43%—52% for projects with thermal storage (DOE
2011c).

' Capacity factor represents the delivered energy production divided by the theoretic energy production if the plant
operated at full output all the time.
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2.6.1 Technology Overview

Storage mechanisms are classified as either direct or indirect based on how the storage medium
is heated by the solar concentrators. Indirect systems, such as most CSP trough plants, use a
separate HTF, such as synthetic oil, that passes through a heat exchanger to heat the storage
medium. Direct systems use the same fluid, such as steam, for both the HTF and the storage fluid
eliminating the need for expensive heat exchangers.

Figure 12. The Solar Two system in California included a thermal energy storage system
Source: PIX 02185

Molten salt storage systems, which can be used in direct or indirect storage systems, seem to
hold the greatest promise of economic commercialization (Price 2009). Molten salt systems
allow the solar field to operate at higher temperatures relative to other fluids or storage media,
reducing the cost of the system. Because salts melt at very high temperatures (e.g., ordinary table
salt melts at around 1,472°F), they can hold significant quantities of heat without vaporizing
(Biello 2009). A mixture of sodium nitrate and potassium nitrate, the salts can efficiently return
as much as 93% of the energy sent into storage.

However, a technical disadvantage of molten salts is that they freeze at relatively high
temperatures, from 120°-220°C (250°—430°F). Sandia National Laboratories is currently
developing new salt mixtures with the potential for lower freezing points below 100°C (212°F)
to help solve this challenge (Biello 2010).
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2.6.2 Thermal Energy Storage Market Overview

TES offers potential long-term cost advantages for CSP plants by amortizing the fixed cost of the
power block over greater electricity generation. However, a lack of development and operational
experience has limited technology use to date.

The Andasol plant in Spain, developed by Solar Millennium, utilizes 28,500 metric tons of
molten salt to provide 7.5 hours of backup generation at full output (Solar Millennium 2010).
The salt utilized in the plant is 60% sodium nitrate and 40% potassium nitrate, both commonly
found in fertilizers and other materials.

In the United States, no operating CSP plants utilize thermal storage, although several are in
development. Abengoa Solar’s Solana power station is expected to store 6 hours of thermal
energy (NREL 2010a). Located outside Gila Bend, Arizona, the 250 MW (net) " facility is
projected to cost $2.00 billion, $1.45 billion of which will be paid for with debt financing
covered under a DOE loan guarantee (Prior 2010). In late 2011, BrightSource announced that it
will add storage capability to three of its PPAs with SCE (BrightSource Energy 2011a).'¢

Bell Independent Power Corporation (Bell) is also developing a CSP and combined thermal
storage facility. The 5 MW plant will be part of the new Tech Park in Tucson, Arizona
(Environmental Leader 2010), and was the result of Bell’s request for proposal submission to
Tucson Electric Power (TEP). Bell and TEP signed a 20-year contract, which is currently
awaiting approval from the Arizona Corporation Commission (Solar Thermal Magazine 2010).
The facility is expected to begin operating in 2012.

' Because the generator size will be smaller than actual capacity after the application of storage, these 250 MW are
a “net” figure.

'® According to a BrightSource press release, “Under the original power purchase agreements with Southern
California Edison, BrightSource would provide approximately four million megawatt-hours of electricity annually
across seven power plants. Due to higher efficiencies and capacity factors associated with energy storage, the new
set of agreements will provide approximately the same amount of energy annually but with one less plant, reducing
the land impacts of delivering this energy and avoiding transactional costs that ultimately impact California’s
ratepayers” (BrightSource Energy 2011a, p. 2).
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A Discussion on Capacity Factors
Capacity factor is the ratio of actual output of power over a period of time compared to
the output of full nameplate capacity operation. Solar technologies have relatively low
capacity factors because they only produce power when the sun is shining. Other
technologies, such as coal or natural gas, can produce power at a relatively constant rate
or as dictated by demand.
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Figure 13. Comparison of capacity factor by technologies

The capacity factor for PV technologies ranges from 14%—18% for thin-film systems and
20%—24% for crystalline installations. Thermal storage can significantly increase the
capacity factor of eligible CSP plants from 25% without storage to approximately 75%
with storage.

Source: Renewable Energy Research Laboratory 2011

2.7 Cooling Systems

Steam-driven power plants, such as CSP facilities, require a consistent source of fresh water,
which can be difficult to obtain in the desert where the solar resource is plentiful. Water
consumption is primarily connected to the cooling system. There are three primary types of
cooling systems: open loop, closed loop, and dry. Open loop, or once-through, cooling systems
pull heat from the power plant by withdrawing large quantities of water from rivers and other
sources and returning the now-warmer water to its source. As most of the water used in an open
loop system is returned to its source, these systems actually consume (via evaporation) very
small quantities of water (DOE 2008).
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Due to environmental concerns associated with increasing the temperature of river water, open
loop systems were disallowed in new power generation facilities in the early 1970s (California
Environmental Protection Agency 2008). Nonetheless, open loop cooling systems grandfathered
into the new law are still widely used throughout the United States. According to the DOE, more
than half of the existing fleet of thermal generating plants in the United States are estimated to be
equipped with once-through cooling systems (DOE 2008). The U.S. Environmental Protection
Agency is in the process of developing new rules associated with Section 316(b) of the Clean
Water Act that will help determine when open loop cooling will be allowed. Recent revisions to
the draft rules gave power developers more flexibility in water cooling, although some may still
need to switch from open to closed loop systems.

Table 5. Water Usage Requirements for Electric Generation Technologies

. Water Usage (Gallons/MWh)

Cooling System Power Plant Technology Withdrawal Consumption
Fossil/biomass

Open loop waste/nuclear steam 20,000-60,000 100—400
Natural gas combined cycle 7,500-20,000 50-100
Fossil/biomass waste 300-600 300-1,100
steam

Closed loo Nuclear 500-1,100 700-850

P Geothermal 2,000 1,400

Solar trough 760-920 720-1,050
Solar tower 750 740-850

Dry Various technologies 0 0-80

Hybrid Various technologies 50—650 100—600

Source: DOE 2008; Macknick et al. 2011

Closed loop cooling systems cool and recirculate water within the power plant and thus withdraw
far less water than open loop systems. However, during the cooling process, water is lost via
evaporation. Closed loop systems negate thermal pollution of water sources and withdraw far
less water but lower plant efficiency by approximately 0.8%—1.4% (DOE 2008).

Dry cooling, or air cooled, systems use air to condense heat and cool power plants. These
systems have minimal water requirements—either in withdrawal or consumptive modes—and
can generally be used in all steam cycle power plant technologies, including CSP trough and
CSP tower facilities (DOE 2008). However, dry cooling systems are more expensive to build and
can lower the efficiency and output of the power plant, especially on very hot days.

To help balance cost, plant output, efficiency, and water use, some power plants are being
designed with hybrid cooling systems that combine closed loop wet and dry cooling systems
(DOE 2006). Air cooling dissipates heat directly into the air, using water only for general plant
uses and steam cycle blowdown, which eliminates dissolved solids in the steam. Hybrid cooling
systems can reduce water use by 50%—-85% with only a 1%—-3% drop in power output (DOE
2010a).
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3 Photovoltaic Solar Power

In the last several years, solar PV has achieved unprecedented scales of deployment. A range of
factors have contributed to this development, including a rapid decline in solar module prices,
increased requirements on utility procurement of renewable energy via state RPS programs, and
financial incentives available through the federal government. Total installed PV capacity has
increased from 22 MW in 2000 to nearly 3.1 GW as of the third quarter of 2011 (SEIA 2011b).
Over 1 GW of grid-tied PV was added in the first three quarters of 2011 alone.

Utility-scale installations have seen the greatest growth in the last two years, increasing from

70 MW installed in 2009 to over 700 MW installed in 2011 (SEIA 2011b; SEIA 2012). In 2011
alone, utility installations were up 185% from the previous year. Going forward, NREL estimates
that there are more than 11 GW of utility-scale PV projects in the pipeline with signed PPAs as
of January 2012.

Figure 14. SunEdison's 8.2 MW Alamosa plant
Source: PIX 15558

3.1 Traditional PV

3.1.1 Technology Overview

PV systems consist of c-Si or thin-film solar modules. c-Si materials include monocrystalline or
polycrystalline cells. Thin-film PV includes an array of materials including CdTe, copper indium
gallium selenide (CIGS), and a-Si. These materials are generally less expensive to produce than
c-Si but have lower conversion efficiencies.'’ Although many thin-film materials have been
introduced over the past several years, steep price reductions in c-Si modules have overridden
the technology’s cost advantage.

' Solar panel efficiency is the ratio of electric power produced by a PV module to the power of the sunlight striking
the module.
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The majority of PV modules—about 80%—-90%—currently installed in the United States are
based on c¢-Si wafers (Solarbuzz 2010).'® Silicon wafers are produced either by slicing sections
of bulk silicon or growing thin ribbons that are sectioned into wafers (Bates 2000). Since silicon
has a high melting point, the production process is energy intensive. In addition, much of the
bulk material is lost when cutting the wafers.

Several companies have attempted to innovate on the process of silicon production to eliminate
this waste and hasten the production process as well. For example, 1366 Technologies, a solar
cell manufacturer based in North Lexington, Massachusetts, has devised a continuous process
that uses a molten silicon bath to form wafers instead of the traditional ingots and boules. The
company secured a $150 million loan guarantee from the DOE in September 2011 to scale up
manufacturing and had secured two prior DOE grants to pioneer the technology. The molten
silicon process is estimated to achieve production cost reductions of 50%, energy use reductions
of 90%, and the generation of silicon wafers in a fraction of the time of current production
standards (DOE 2011a).

Before the end of 2008, the demand for crystalline solar panels outpaced the industry’s ability to
produce them, a trend that opened the door for other solar module alternatives, such as thin films
(Wang 2009b). Manufacturing c-Si has since ramped up, and as of 2011 it appears to have
outpaced demand.

PV arrays require inverters to convert direct current (DC) power produced by the modules into
alternating current (AC), which can then be connected to the electrical grid. Throughout the
components of the system there are electrical losses, which derate the conversion from nameplate
DC power rating to AC power rating (as explained in Table 6).

'8 This includes installations at the residential, commercial, and utility scale. If only utility-scale installations (as
defined by this report) are considered, then the figure is approximately 58%, according to NREL’s internal
databases.
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Component Derate
Factors

Inverter and transformer 0.88-0.98

PVWatts Default

AC wiring 0.98-0.993

System availability 0.00-0.995

Sun-tracking 0.95-1.00

Overall DC-to-AC derate
factor 0.09999-0.96001

Row spacing is very important in order to maximize power density (kW/acre) and minimize
panel shading. If only a portion of a cell, panel, or array is shaded, the power output can fall