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Abstract

Concentrating solar power with thermal energy storage (CSP-TES) provides multiple
quantifiable benefits compared to CSP without storage or to solar photovoltaic (PV) technology,
including higher energy value, ancillary services value, and capacity value. This report describes
modeling approaches to quantifying these benefits that have emerged through state-level
policymaking in the United States as well as the potential applicability of these methods in
China. The technical potential for CSP-TES in China is significant, but deployment has not yet
achieved the targets established by the Chinese government. According to the 12th Five Year
Plan for Renewable Energy (2011-2015), CSP was expected to reach 1 GW by 2015 and 3 GW
by 2020 in China, yet as of December 2014, deployment totaled only 13.8 MW. One barrier to
more rapid deployment is the lack of an incentive specific to CSP, such as a feed-in tariff. The
13th Five Year Plan for Solar Generation (2016-2020), which is under development, presents an
opportunity to establish a feed-in tariff specific to CSP. This report, produced under the auspices
of the U.S.-China Renewable Energy Partnership, aims to support the development of Chinese
incentives that advance CSP deployment goals.
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1 Introduction

The first 10-MW phase of Supcon Solar’s 50-MW concentrating solar power (CSP) plant,
located in the city of Delingha in the midwestern province of Qinghai, became China’s first gridconnected CSP project in July 2013 (Xinhua 2013). China’s first large commercial-scale CSP
project, the 50-MW phase of the China General Nuclear Power Group (CGN) Delingha project,
began construction in July 2014 and will be built with seven-hour molten salt thermal storage
(CGN 2014).
CSP is nascent in China compared to the country’s installed solar PV fleet of over 20 GW (NEA
2014). Yet, the country is aiming to achieve rapid growth in CSP capacity, announcing targets of
3 GW by 2020. A large portion of China is endowed with high-quality solar resource favorable
for CSP generation—specifically, direct normal irradiance (DNI) (see Figure 1). Areas favorable
for CSP (DNI ≥ 5 kWh/m2-day, gradient < 3 percent) could support about 16,000 GW in
installed capacity, which could generate as much as 42,000 TWh per year (Li et al. 2009). The
Asian Development Bank estimates that it is feasible for CSP to provide up to 15 percent of
China’s electricity by 2040 if the government proactively supports the industry (Servert 2012). In
addition, CSP is a technology of interest due to its dispatchability (when deployed with thermal
storage) and the potential for hybridization with coal or gas (Waldron 2014).
Relatively high capital cost compared to wind and PV, limited policy support, and remoteness
have greatly constrained CSP deployment in China. While policy or fiscal tools—especially
feed-in tariffs, tax rebates, and deductions—are commonly employed to support wind and PV
markets in China, they have not yet been issued for CSP on a national level. In addition to
spurring early capacity deployment, such measures allow the technologies to come down the cost
curve and potentially give rise to a mature industry (Lewis and Wiser 2005). In 2013, for
example, China established a series of policies including a feed-in tariff for solar PV to address
overcapacity in the PV manufacturing sector. This led to a record 12 GW of newly installed solar
PV in China in 2013. Despite having a target for increased CSP deployment, the government so
far has not decided on a feed-in tariff for CSP, announcing that evaluation would be carried out
after the plants have been completed to ascertain the real cost of production for CSP (NEA
2014).
The cost disparity between CSP and solar PV has seen limited CSP development in China (Xu
2014). Chinese industry experts estimate that the current cost of production for CSP averages
$0.22/ kWh (Zhu 2014) compared to $0.10-$0.12/kWh for PV (Li and Cao 2014). This
significant differential reinforces the importance of accurately valuing the power system
characteristics of CSP with thermal energy storage (CSP-TES). CSP-TES provides multiple
value streams: energy value, ancillary service value, capacity value, and others. Estimated
accurately, the relative value of CSP-TES becomes more attractive.
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Figure 1. Average annual DNI for China

This report presents emerging valuation methods from the United States that may assist policy,
planning, and coordination of CSP-TES plants in China. Following an overview of the basic
structure of CSP plants with TES, and a brief overview of potential benefits provided by CSP,
the report is divided into five parts to introduce the methods to perform each task and the
amount/type of data required:
1. Energy value is calculated by using production cost modeling (PCM) to simulate the
optimal system-wide dispatch of CSP-TES. Energy value of CSP-TES is derived by
modeling both a base case and a case with an added CSP-TES generator to arrive at an
estimate of avoided fuel costs.
2. Ancillary services value is calculated by using PCM to evaluate the ability and value of
CSP to provide various operating reserves.
3. Capacity value, or the amount of conventional capacity that can be offset by CSP-TES, is
calculated by measuring the loss of load probability, or the effective load-carrying capacity in
a system with and without CSP-TES.
4. Transmission capacity value is calculated by estimating the efficiencies gained in
transmission capacity when a CSP plant shares transmission with other sources of
generations.
5. Other benefits are discussed briefly—for example, the role of CSP in providing a hedge
against fuel price volatility.
2
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2 Summary of CSP Technologies

Multiple CSP-TES technologies are being deployed internationally. Figure 2 shows a generic
CSP-TES configuration consisting of a solar collector, receiver, thermal storage, and power
block. The reflective solar collectors (typically heliostats or parabolic troughs) direct solar
radiation to a receiver, transferring this energy to a heat transfer fluid. The heated fluid is sent to
the power block, which converts thermal energy to electricity. If CSP is deployed with TES, the
thermal energy can be stored for conversion to electricity at a later time. CSP-TES systems can
either have direct or indirect storage. For direct storage configurations, the storage medium is the
same as the heat transfer fluid. Indirect storage configurations use an intermediate heat
exchanger to transfer thermal energy from the heat transfer fluid to the storage medium. In
combination with the solar resource, the relative sizing of these three components (the solar field,
storage tank, and power block) determine the plant’s capacity factor, which is the ratio of the
actual output of the plant with respect to the maximum possible output if it operated
continuously at its rated capacity. A smaller solar field results in reduced thermal energy
delivered to the power block and a lower capacity factor. An undersized power block relative to
the solar field, in the absence of sufficient thermal storage, can result in wasted energy during
hours of high solar irradiance.

Figure 2. Components of CSP-TES power plant

A design parameter called the solar multiple (SM) normalizes the size of the solar field with
respect to the power block. An SM of 1 is sized to provide the power block with enough energy
to operate at its rated capacity under reference solar conditions. A larger SM implies a larger
solar collector area. For instance, Figure 3 depicts a CSP plant with a power block rating of 300
MW and a solar multiple of 2. Any electrical energy delivered from the solar field which exceeds
the maximum thermal rating of the power block rating must be stored or dumped (for systems
without storage). As the diagram indicates, excess energy from an oversized solar field (an SM
greater than one, in yellow) can be sent to thermal storage and subsequently delivered to the
power block, which results in a higher plant capacity factor.
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Figure 3. Impact of the SM on the energy flow of a CSP plant

CSP can be deployed with or without TES. CSP without TES is non-dispatchable, with a
variable and uncertain output similar to PV. The decreasing costs of PV has made CSP without
TES less attractive, and growing interest in the value of flexible generation has increased focus
on CSP-TES. As a result, this discussion considers only CSP-TES.
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3 Overview of Benefits Provided by CSP-TES

CSP-TES provides multiple benefits which can be divided into two major categories: avoided
variable costs and avoided fixed costs. These value streams are often calculated separately using
different modeling approaches.
Variable costs include fuel, variable operations and maintenance (O&M), environmental costs,
and certain costs associated with ancillary services. Value is derived primarily from the ability of
CSP-TES to reduce the costs of fossil fuels used for generation. This can also produce
environmental benefits from reduction in air emissions but could also include avoided (or
increased) water use. CSP can also avoid a variety of fixed costs associated with new generation
that may be avoided by CSP-TES deployment as well as extra transmission, or decreased
transmission, compared to VG sources. Some categories of benefits such as ancillary services
can consist of both variable costs associated with changes in operation of the power system and
fixed costs. Ancillary services include providing voltage control (including reactive power), and
operating reserves such as frequency regulation, contingency, and flexibility reserves. CSP- TES
can be operated at part-load to provide reserves (a net benefit) and can be compared to nondispatchable resources that can increase the variability and uncertainty of the system net-load.

3.1 Measuring the Economic Value of CSP

Multiple tools and approaches are typically required to measure the economic value of CSP-TES.
Evaluating the categories with separate tools and summing the values might result in double
counting of benefits that could be present in multiple categories, so care must be taken to isolate
the individual value components.
The net value of CSP-TES can be expressed using a number of performance metrics, including
the following:
1

Annual or life cycle total value ($)

2

Annual or life cycle value per unit of installed capacity ($/kW)

3

Annual or life cycle value per unit of generated electricity ($/MWh or ¢/kWh).

Several previous studies use the third metric, expressing value of CSP-TES in terms of its
production to facilitate comparison with other technologies. While relatively easy to express,
calculating this value in terms of a single metric is challenging. Certain benefits, such as energy
production from CSP, are easy to express on a cents-per-kWh basis. However, certain other
benefits, such as avoided investments in capital equipment, must be translated into variable
benefits, often by “annualizing” them using standard financing mechanisms (Short et al. 1995).
As a result, estimating the value of CSP requires a substantial number of financial assumptions in
addition to technical parameters. Furthermore, estimating value over a life cycle or over multiple
years introduces additional challenges, such as forecasting fuel prices and estimating how the
grid may evolve over time.
The following sections describe approaches that can be used to evaluate each value category
separately. Each section first provides additional technical details about the source of value. It
then discusses the approaches and tools needed to estimate the cost or benefit of CSP at any
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single point in time, followed by a discussion of how the life cycle value of CSP can be
estimated considering fuel price variations, evolving grid mixes, and CSP-penetration impacts.

2.2 Net Cost/Benefit Analysis

It is important to note that the methods discussed in this paper address only the value provided
by CSP and do not consider the costs. The costs of CSP can be calculated and compared to the
net value considering three major components:
1. Plant capital cost
2. Transmission cost
3. Fixed and variable O&M.
These costs can be assessed using the same metrics as discussed in Section 3.1, with levelized
cost of energy (LCOE) being among the most common performance metrics used for new
generation. For additional discussion of the cost of CSP and LCOE calculation, see IRENA
(2012).
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4 Calculating Energy Value

The energy value of CSP results from its ability to displace conventional fossil resources and
their associated costs and emissions. With sufficient TES, CSP output can be dispatched to
provide energy during the hours of highest system value, typically during peak periods of the
day.
There are two general approaches (discussed in the following sections) to simulating the optimal
dispatch of CSP-TES and estimating which plants, and corresponding generation costs, will be
displaced by CSP-TES generation.

4.1 Price-taker approaches

Price-taker approaches are commonly used to estimate the market value of new technologies in
locations with wholesale markets. The price-taker approach applied to CSP would use a CSP
dispatch model, where CSP is optimized to maximize profit against system historic locational
marginal prices (LMPs) or system marginal energy prices.
Extensive discussion of price-taker approaches to simulating the value of CSP is provided by
Sioshansi and Denholm (2013), Madaeni et al. (2012), Brand et al. (2012), and Usaola (2011).
These approaches have the advantage of being relatively easy to implement and require limited
data. They are useful in providing a preliminary estimate of potential revenues of a plant in a
market-based power system. However, price-taker models depend on historic data and cannot
evaluate the impact of grid mix, fuel prices, or other changes that could occur in the future. 1
Because of these and other significant limitations, these approaches are not discussed further.

4.2 Production Simulation

Production simulation approaches use grid-simulation tools that model the operation of the entire
generation fleet. These tools have a number of names including “production cost” and “securityconstrained unit commitment and economic dispatch” models. We use the term PCM to
represent the class of models that simulate the chronological operation of the power grid,
determining which power plants to commit and dispatch during each interval of time. 2
Currently, China’s electricity system does not use economic dispatch, but it has been attempting
to transition away from a central planning model. In China, wholesale generation prices are
assigned to power plants based on production costs and annual operating hours for different
types of plants (Zhang 2009). Power was not dispatched in order of lowest marginal cost, but
rather at assigned operating hours that are roughly the same across each type of generation (Gao
and Li 2010). In 2007, the government launched reform efforts in five provinces to encourage
“efficient dispatch” in which renewable generation, nuclear, and cogeneration units are
prioritized before natural gas and gasified coal, coal generation, and oil-fired units (NDRC
2007). In addition, China’s State Electricity Regulatory Commission (SERC) promulgated
measures that require grid companies to purchase all renewable energy subject to grid security
1

Alternatively marginal price data can be simulated using a PCM, as discussed in Section 3.2.
As discussed below, we differentiate detailed chronological models such as PCMs from capacity-expansion models
which do not perform chronological simulations or which simulate only a subset of hours.

2
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constraints, regardless of dispatch system (SERC 2007). China has had several failed attempts in
piloting bid-based wholesale power markets in several regions. In 1999-2001, Zhejiang Province
tested this model after the demand drop following the Asian financial crisis, but as soon as the
economy recovered, electricity was in tight demand again, and the bidding system could no
longer continue. A bid-based wholesale power market was also tested in Guangdong in 2003. In
2004, the newly established SERC chose the northeast region, where power supply was
relatively sufficient, for switching to a competitive bidding process. But this reform effort was
soon terminated after heavy lobbying from the grid company and large utilities (Zhang 2013;
Wang 2012). In August 2014, the State Council ordered research on using a bid-based system in
Heilongjiang and Jilin provinces (State Council 2014). Most recently, Opinions on Further
Deepening the Electric Power System Institution Reform was released in March 2015. This
marks another push in the efforts to transition away from centrally-planned power system in
China.
PCMs are useful for planning only in systems that use least-cost economic dispatch. In the
absence of that, China may still use it to estimate the value a generator theoretical can provide.
PCMs select the least-cost mix of generators needed to meet load while maintaining adequate
reserves to meet contingency events and other reserve requirements. Such models typically
simulate the grid for 1 year of operation in 8,760 1-hour time steps. 3 PCMs calculate the total
cost of system operation, including cost of fuel and O&M, resulting from providing both energy
and ancillary services which are co-optimized to minimize overall production cost. To model the
grid realistically, these tools require extensive generator databases and include transmission
constraints and other elements to capture the challenges of reliably operating the electric grid.
We distinguish a PCM that performs a more or less complete chronological grid simulation from
capacity-expansion models that often include some limited dispatch capabilities. Capacityexpansion models are often used to generate a least-cost generation mix as part of integrated
resource plans. These models can also be used to evaluate different generator portfolios and have
been used to estimate the value of CSP-TES (Mills and Wiser 2012b). In theory, a capacityexpansion model could be used to evaluate the energy value of CSP, but most models do not
include the level of detail of a PCM (including simulation of transmission, reserve requirements,
and system-wide dispatch of the entire generation fleet for a period of one year in hourly or
subhourly time steps.) Computational complexity has historically prevented capacity-expansion
models from including complete chronological dispatch. However, as computational resources
evolve, it may be possible for capacity-expansion models to capture many of the individual value
components and become the primary evaluation tool for CSP-TES.
4.2.1 Estimating Energy Value with PCM
Calculating the energy value of CSP-TES with a PCM can utilize a difference-based approach.
In this approach, two runs of the PCM are made: a base case, and then a case that includes the
added generator (in this case, the additional CSP-TES plant). The run with added CSP will have
a lower production cost because the simulation requires less fossil-fuel generation. Once the
3

There has recently been greater emphasis on sub-hourly simulation, particularly for high-penetration wind and
solar integration studies. However, not all PCMs have this capability, and relatively few studies of CSP have been
completed to date that perform less than one-hour simulations (Lew et al. 2013).
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second run is complete, the differences are calculated, producing a net variable system value of
CSP for one year. PCMs track operation at the plant level, so the analysis can determine
precisely which plants change operation between the two cases. Separate cost categories are
tracked including fuel, O&M, starts, and emissions. These can be added to derive a value per
kWh of CSP during any time interval of the simulation. The primary challenge in this approach
is modeling the dispatchability of the CSP-TES plant.
4.2.2 Modeling CSP in a PCM
PCMs simulate the operation of each power plant using high-level thermodynamic
characteristics that include heat rate (efficiency) as a function of load, start-up energy
requirements, ramp rates, and start-up times. However, they do not include detailed
thermodynamics characteristics of the components unique to a CSP plant, including the solar
field, heat collection, or transfer systems and receiver. These complex processes are not included
in commercial PCMs, so an intermediate modeling step is required to accurately model the
dispatchability of CSP-TES. 4 One approach, used by NREL (Denholm and Hummon 2012), uses
a detailed CSP thermal model as an intermediate step in modeling CSP dispatch. The entire
process is illustrated in Figure 4.
The modeling process begins with meteorological data for the same location as the CSP site to be
simulated. These data should also be correlated to the weather year of the production simulation.
There are various sources of meteorological data. In the United States, the National Solar
Radiation Data Base provides hourly meteorological data for from 1961 to 2010, including
modeled solar data derived from satellite imagery (Wilcox 2012). Commercial vendors also
provide various levels of hourly and sub-hourly meteorological data. Critical parameters include
DNI with secondary factors such as wind speed and humidity.
Once appropriate weather data are obtained, the next step is to create a flow of energy that can be
dispatched in the PCM. The primary dispatch decision associated with CSP is whether to directly
use the thermal energy produced from the solar field to generate electricity, store the energy in
each time interval, or release energy from storage. As a result, the PCM must have some
capability of modeling storage. Each PCM is different and treats energy storage differently.
However, most PCMs have models that allow hydro systems with limited energy capacity to be
optimally dispatched which allows for a common approach to modeling CSP. In this approach,
CSP is simulated as a hydro plant, with the inflow of solar thermal energy converted into a flow
of electrical equivalent energy that can be dispatched by the PCM. Electrical equivalent energy
from the CSP plant is modeled as water which can be dispatched or stored in the same manner as
in conventional hydropower plants.
The creation of electrical equivalent energy requires a CSP thermal model, such as in the System
Advisor Model (SAM) (Gilman et al. 2008; Gilman and Dobos 2012), which includes models for
wet- and dry-cooled troughs and towers. The model converts hourly irradiance and other
meteorological conditions into thermal energy and then models the flow of thermal energy
through the various system components. The model can then convert the thermal energy into net
4

This is similar to how wind turbines and PV systems cannot be modeled using only meteorological data—this
requires pre-processing of wind speed and insolation data to produce electrical output.
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electrical generation output. Typically the thermal model includes efficiency as a function of
load, power block start-up losses, etc. However, because these factors are an inherent part of the
least-cost dispatch decision within a PCM, it is most accurate to have the CSP thermal model
convert all thermal energy to electrical energy at the design-point efficiency of the CSP plant,
then use the PCM to dispatch this energy, and account for part-load operation, start losses, etc.
In previous NREL analysis, the electrical equivalent energy profiles were created using SAM,
where all parameters that are affected by plant dispatch were moved out of SAM and into the
PCM framework. This is accomplished by setting the CSP SM parameter (see Section 2) to 1; a
larger SM and storage was implemented in the PCM as described in Section 3.2.3. In addition,
the minimum generation levels and start-up energy requirements in SAM were set to zero and
accounted for in the PCM. Parasitics were removed from the gross CSP generation to derive a
net hourly generation. Operational parasitics calculated by SAM were subtracted from the
electrical profile in a manner similar to other thermal power stations. There may also be constant
parasitic loads (e.g., associated with fluid pumps) that occur even when the plant is not
operating. This means that the CSP plant will draw a small amount of energy from the grid and
incur a small associated cost. This can be simulated be adding a small constant load in the PCM
simulations.
The product of the SAM simulation is raw electrical energy output, which is then used as an
input into the PCM hydro algorithm. In each simulation time step, the model can send the
electrical energy from the SAM simulations directly to the grid via a simulated power block, to
storage, or a combination of both. The model can also choose to draw energy from storage. The
simulated power block includes the essential parameters of the CSP power block, including startup energy, minimum generation level, and ramp-rate constraints. The model can include start-up
losses in the dispatch decision by assuming a certain amount of energy is lost in the start-up
process. Other considerations, such as start time, start cost, ramp rate, and minimum run time
associated with the power block can also be added similar to conventional generators.
In CSP plants that use indirect storage, the additional efficiency losses in the storage process are
also simulated. Depending on the level of detail, a single loss parameter can be used,
representing both the efficiency losses in the heat exchangers and the longer-term decay losses. 5
Separate loss parameters can be used, as some hydro models include decay loss parameters
(representing evaporative losses or seepage in hydro storage). Constant parasitics can also be
added by placing a constant load on the same bus as the CSP plant.

5

Longer-term decay losses are relatively small and each new parameter in the model introduces complexity, which
increases run time.
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Figure 4. General process of implementing CSP

4.2.3 Modeling SM and Storage Capacity
Modeling CSP is complicated by the concept of SM, which is a measure of the relative size of
the solar field and power block, and is an important factor in determining a plant’s capacity
factor and effective use of solar radiation. The SM normalizes the size of the solar field in terms
of the power block size. For additional discussion of SM, see Jorgenson et al. (2013) and
Izquierdo et al. (2010). A solar field with an SM of 1.0 is sized to provide sufficient energy to
operate the power block at its rated capacity under reference conditions. The collector area of a
solar field with a higher or lower SM will be scaled based on the solar field with a multiple of
one (i.e., a field with a SM of 2.0 will cover roughly twice the collector area of a field with a SM
of 1.0). A SM of 2.0 or greater is common in plants with storage, and the solar field with this SM
will deliver twice the energy that can actually be used by the power block under reference
conditions, meaning excess energy must be stored.
An SM can be simulated in a PCM by scaling the power block to some fraction of the maximum
output of the solar field. For example, an SM of 2.0 can be simulated by setting the maximum
size of the power block to 50% of the maximum output from the CSP simulations. The general
implementation is illustrated in Figure 5, representing a 200-MW CSP plant with an SM of 2.0
and 6 hours of storage.
Figure 5 also shows the storage capacity, typically measured by hours of capacity at full output
of the plant. This would be set in the hydro storage capacity, and in this example is equal to 1.2
GWh (200 MW multiplied by 6 hours).
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400 MWe max from
SAM
Generator
rating:
40–200 MW

Start-up loss
40 MWh
200 MW

Storage: 6 hrs
1.2 GWh
Storage release loss:
7% of released energy

Figure 5. The flow of energy through a trough CSP plant with indirect TES in PLEXOS

4.2.4 Other Data Requirements
PCMs require a large amount of data such as performance data for each generator in the
simulated area including heat rate as a function of load, start time, minimum up and down times,
start costs, ramp rates, variable O&M costs, and ability to provide ancillary services. Because
system operation depends heavily on transmission capacity, PCMs also typically represent the
transmission network and thus require extensive data sets. If the analysis is for a future year, the
database must consider the addition or retirement of power plants as well as transmission
additions.
PCMs typically require a full year of time-synchronized load, solar, and wind data. A common
approach is to pick a historic year for which all data are available and to scale load profiles to
incorporate future load growth. Using a single year of data does not account for how solar and
weather conditions vary from average. There are limited options for addressing this issue. One is
to pick a year that appears normal. Another is to perform simulations for multiple years and
compare or average the results. Data collection, preparation, and processing are often the most
difficult and time-consuming parts of running the multiple simulations required.
Because the difference-based approach requires two runs (a base case and an added-solar case),
the level of CSP penetration must be determined. If the amount of CSP added to the PCM is very
small, the impact of the CSP might be within the PCM’s level of uncertainty and thus be
unidentifiable. The minimum amount of CSP (or any other change) added to a PCM for the
result to be “real” has not been precisely identified.
Additional data might be required to calculate reserve requirements based on short-term ramping
events and limited ability to forecast the solar resource. These issues are discussed in Section 5.
4.2.5 Avoided Emissions
Both the quantity and potential monetary value of avoided emissions can be calculated by the
PCM simulations. PCMs explicitly track fuel use at the plant level and can also track emissions.
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For CO2, this is very simple because of the direct relationship between fuel burned and
emissions. For all thermal power-plant types, the emissions rate (for example, lb/kWh) is the
CO2 content of the fuel (lb/Btu) multiplied by the avoided fuel consumption (Btu/kWh). 6 PCMs
can also calculate avoided emissions of other pollutants such as NOX and SO2, but their
emissions rates depend on the presence of emissions controls as well as fuel type and heat rate,
thus requiring generator-level emission rates for each pollutant.
Monetary values can be calculated using assumed emissions costs. These represent fees, taxes, or
permit prices in a cap-and-trade regime. A reduction in emissions corresponds to a reduction in
direct costs or the freeing up of permits, which can be sold to other generators. This could also
include the variable cost of operating existing pollution-control equipment. In some cases,
external or social costs can also be applied. These values can be calculated after the runs are
complete; however, any direct (internal) costs incurred by the utility as part of their operation can
also be used as part of the model objective function to minimize overall production cost.
Studies may consider environmental impacts other than air emissions using a variety of
approaches. For example, if a variable cost of water consumption exists, the value of avoided
water consumption can be calculated assuming the plant-level water consumption rate can be
quantified and correlated to the generator type (Macknick et al. 2012).

6

Unlike for SO2 and NOX, the emissions rate for CO2 depends only on heat rate and fuel type because CO2 capture
equipment has yet to be deployed in any significant quantity.
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5 Calculating Ancillary Services Value

Ancillary services represent a broad array of services that help system operators maintain a
reliable grid with sufficient power quality. For this survey, we consider a subset of ancillary
services that could be provided by CSP: operating reserves that can be provided by operating a
CSP plant at part-load and varying output on multiple timescales.
Operating reserves address short-term supply/demand variability and plant outages. In the United
States, these reserves are not uniformly defined, and the nomenclature used for various operating
reserves varies significantly across market regions. For additional discussion of terms applied to
various reserve products, see the North American Electric Reliability Corporation Glossary of
Terms Used in Reliability Standards (NERC 2014) and Ela et al. (2011).
Table 1 provides examples of several operating reserves that are traditionally required at the
transmission level and are typically provided by conventional generators.
Table 1. Reserves that can Potentially be Provided by CSP
Operating Reserve Type

Description

Contingency reserve

Reserves held to meet unplanned generation or
transmission outage

Primary frequency response

Reserves held to automatically respond to instantaneous
active power imbalance and stabilize system frequency

Frequency-regulation
reserves/Secondary frequency
response

Reserves held to respond to small, random fluctuations
around normal load

Flexibility reserves

Reserves held to respond to variations in net-load on
timescales greater than those met by frequency regulation
and meet variations due to forecast error

Non-spin/replacement/tertiary

Replaces or supplements various spinning reserves
services

The costs associated with providing operating reserves result from changes to system operation
needed to meet reserve requirements. These include the impact of operating generators at partload, more frequent starts, and other reductions in dispatch efficiency due to holding reserves.
Hummon et al. (2013a) provide an extensive discussion of the origin of reserves costs. 7
Under Chinese power regulations, ancillary services are separated into two categories: 1) unpaid
services, including primary frequency regulation, basic peak regulation, and basic reactive power
regulation, and 2) compensation for services, which includes automatic generation control
(AGC), additional peak regulation reserves, additional reactive power regulation, and black start
(SERC 2006). China is gradually building up its ancillary service trade mechanism. The BeijingTianjin-Tangshan grid was the first to establish such a mechanism in May 2009. Its main
7

Changes in operating reserves could also change the fixed-cost components of a power system by requiring more
or different types of generators. The impact of different reserve requirements on the optimal mix of generator types
is not well understood.
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products are AGC, reactive power regulation, peak regulation, and black start. By the end of
2012, the trading area covered a total of 49 GW generators, and monthly trade has stabilized to
around $7.3 million, or 0.8 percent of the electricity price of the same period.
A fee is exacted from all generators based on the percentage and paid to the ancillary service
providers. Currently, ancillary service trade exists in a large part of the country, and the total
trade amount reached $346.36 million in 2011 (Liu 2013). With increasing penetration of
variable renewable generation such as wind and solar PV in China, there is an increasing need
for improvement of ancillary service trading mechanisms and construction of ancillary service
markets. According to the Opinions on Further Deepening the Electric Power System Institution
Reform, released in March 2015, a new mechanism for ancillary service sharing will be
established, through which the evaluation and compensation mechanism for generation
companies will be improved.
In China, spinning reserve is commonly set to be no less than the maximum value of 5% of the
grid peak load or the rated capacity of the single largest generator. With the commissioning of
high-voltage direct current (HVDC) projects, as well as increasing penetration of variable
renewables, the failure of HVDCs and the capacity of wind farm and PV power stations in the
same integration areas are also considered in spinning reserve requirements. One extreme
example is West Inner Mongolia, where there is large amount of wind power and daily spinning
reserve averages to around 3GW, which is 25 percent of the grid’s daily load (Fu 2012). The
requirements for spinning reserves with large amounts of renewable energy integration is
currently being explored in China. (Hu et al. 2015; Xu et al. 2014)
The value of CSP associated with providing operating reserves is derived from two components.
First, CSP can provide reserve services by operating a part-load in a manner similar to
conventional hydro and thermal generators. Second, even if CSP does not provide reserves, the
dispatchability of this resource may reduce reserve requirements compared to variable generation
(VG) resources such as PV and wind, which may be an element of comparing different
generation technologies.
As a result of these two factors, evaluating CSP providing ancillary services compared to VG
resources requires two sets of calculations, as discussed in the following two sections. The first is
simulating where CSP is allowed to provide reserves, and then calculating the value of these
services. The second is calculating the impact of alternative generation resources to overall
reserve requirements.

5.1 Analyzing the Value of CSP Providing Operating Reserves

The impact of CSP providing reserves can be evaluated in part using a difference-based approach
with a PCM. The analysis would consist of performing two PCM runs. Commercial PCMs
generally include the capability to “carry” one or more reserve products. 8 This means they can,
in theory, calculate the impact of part-load operation, increased starts, and increased O&M
8

PCMs carry reserves by enforcing a constraint that maintains a certain amount of spare operating capacity, which
can increase output at a certain ramp rate. They typically do not actually simulate reserve deployments because of
the much shorter timescales associated with reserve events.
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resulting from the provision of various operating reserves. The amount of reserves held by the
model can vary in each simulation interval, so, for example, the regulation or flexibility reserves
can vary as a function of load or net-load considering the impact of VG.
By operating at part-load, it is possible for CSP-TES plants to provide a variety of operating
reserves including spinning contingency, regulation, and load-following reserves. While it may
be possible for CSP to provide non-spinning/replacement reserves, these reserves often require
extended operation and may not be well suited to limited energy resources such as CSP.
The quantity of reserves that can be provided by CSP depends on factors including operating
range and ramp rate at the time scale of each reserve service. For “up” reserve services (reserve
services which require an increase in generator output), the combined maximum provision at any
interval is the plant-rated capacity minus its current operating point. The maximum for “down”
reserve services (reserve services which require a decrease in generator output) is set by the
minimum operating level of the plant. The reserve provision is also subject to the speed at which
a generator can change its output level, also known as ramp rate.
The ability to provide reserves is constrained by the actual provision of real energy during any
given time period. A plant providing regulation reserves is constantly increasing or decreasing
output in response to a regulation signal. This means that at any given point, the plant is
providing more or less energy than its scheduled energy output. As a limited energy resource,
CSP cannot provide continuous up regulation services beyond what is being added to storage or
what is held in storage during the “up” event. There are several approaches to simulating the
provision of reserves with a limited energy storage device. A simplified approach used by NREL
is to assume symmetric regulation operation in a manner similar to simulation of electricity
storage devices (such as batteries) when providing regulation reserves. A conventional storage
plant providing regulation reserves essentially operates at a zero output setpoint, and then
provides up regulation by discharging or down regulation by charging. 9 If regulation is a netzero energy service over a relatively short time period, limited energy storage devices should be
able to provide continuous regulation service. A more detailed approach, which would allow for
asymmetric provision of reserves is to account for the real energy that would be dispatched by a
plant providing up (or down) regulation. This requires an assumption about the amount of time
the plant providing regulation actually spends providing energy above its normal dispatch point
when providing up regulation (and below when providing down regulation). 10
Additional considerations include the increased fuel use and O&M costs associated with reserve
provision. This is particularly notable for regulation reserves, where generators often offer a nonzero bid price for providing regulation services due to additional wear and tear and heat rate
degradation associated with operating at a constantly changing setpoint.

9

In reality, the setpoint would be a small constant charge (negative output) to compensate for round trip storage
losses and any constant energy decay losses that will occur.
10
This also requires accounting for the value of the energy provided when providing regulation.
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5.2 Analyzing the Impact of VG on Reserve Requirements

Another important consideration is the relative impact of different generation sources on reserve
requirements. Regulation reserve is historically intended to meet short-term variation in demand.
The added variability and uncertainty created by wind and solar can increase reserve
requirements, so it is expected that, as VG penetration increases, regulation reserve requirements
will also increase (Ela et al. 2011). Because CSP-TES is not as variable and uncertain, it is
expected that it will not increase these reserve requirements. 11
As a result, studies that compare the relative value of CSP to VG resources will need to adjust
the reserve requirements. This requires calculating the reserves required due to added VG
resources by evaluating the statistical variability of wind and PV to calculate the additional
regulation and flexibility reserves required.
Wind and solar integration studies have also used a variety of tools to calculate the increase in
reserve requirements (Lew et al. 2013; Ibanez et al. 2012; Etingov et al. 2012; Diao et al. 2011;
Makarov et al. 2010). Estimating additional reserve requirements due to solar (and wind) is an
area of ongoing study, and the actual need is not well established. New reserve products have yet
to be uniformly defined and accepted. For example, some of the variability of solar and wind
occurs on a timeframe longer than the traditional regulation product, so there have been
proposals to create a new reserve product primarily to address the characteristics of VG. This
product has not been uniformly defined or named, but “flexibility reserve” and “ramping
reserve” are two of the more commonly applied terms (Xu and Tretheway 2012; Navid et al.
2011; Wang and Hobbs 2013).
Calculation of reserve requirements requires significant amounts of data. The following is a list
of sub-hourly time profiles required by the NREL reserve method:
1. Actual and day-ahead forecasted demand
2. Actual and day-ahead forecasted wind power
3. Actual and day-ahead forecasted PV power
4. Clear-sky PV power (i.e., the expected power output from PV plants assuming an absence of
clouds).
Generating these data sets requires corresponding meteorological data—both predicted and
actual insolation on an hourly or sub-hourly timescale. Sub-hourly data and solar forecast data
over large areas for multiple historic years are not widely available. Statistical methods can be
used to “down-scale” hourly data sets to sub-hourly data sets for calculation of sub-hourly
variability and also to produce synthetic “forecasts” from actual data (Hummon et al. 2013b).
The tools and methods discussed only evaluate the impact of VG on system operation and
reserve requirements in timescales down to a few minutes. While the cost of holding reserves can
11

Most studies typically assume wind and solar do not affect contingency reserve requirements, especially studies
that assume these reserves are based on failure of discrete plant or transmission lines (single largest contingency).
This is based on the assumption that no single solar or wind plant will be the single largest point of failure.
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be estimated, costs of actually deploying reserves are generally not considered in commercial
PCMs. The more frequent use of regulating reserves associated with large-scale deployment of
VG requires use of a new class of model, which simulates power system operation at the
timescale of a few seconds, or the timeframe of automatic generation control (Ela et al. 2013).
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6 Calculating Generation Capacity Value

Production simulations only calculate the operational costs of an electricity system, typically
only for a single year. CSP plants also provide capacity value, which is the ability to replace or
defer capital investments in generation or transmission capacity.
Estimating the generation capacity value of CSP requires two steps. The first is to calculate the
actual fraction of a CSP system’s capacity that could reliably be used to offset conventional
capacity. This value, also referred to as capacity credit, 12 is typically measured either as a value
(such as kW) or percentage of nameplate rating. The second step is translating a capacity credit
to a monetary value of reduced capacity needs.

6.1 Methods to Calculate Capacity Credit

There is considerable literature on methods to estimate generation capacity credit of VG
resources (Mills and Wiser 2012b, Keane et al. 2011, Castro and Ferreira 2001), but this report
will discuss two of the most common general approaches. The first is the use of capacity factor
approximations, which examine the output of a generator during periods of highest net demand
or highest loss-of-load probability (LOLP). These methods reflect that the capacity credit of a
resource represents its ability to reliably meet load or reduce the need for conventional capacity.
This can occur if CSP reduces the peak demand for electricity and thus reduces the need for
peaking capacity. Capacity factor approximation approaches consider the output of a generator
(capacity factor) over a subset of periods during which the system faces a high risk of an outage
event. These periods generally correspond to periods of highest net-load. Thus, capacity factor
approximation using net-load simply examines the average capacity factor of a resource over
some set of the highest net-load hours. 13 This approach requires only a spreadsheet with net-load
data (equal to load minus generation contributions from wind and solar) and CSP generation data
for the same subset of periods.
A somewhat more sophisticated approach (but still using a capacity factor approximation)
replaces the highest-load hours with the riskiest hours, where risk is defined as the LOLP. LOLP
is defined as the probability of a loss-of-load event in which the system load is greater than
available generating capacity during a given period. It is calculated using the forced outage rates
on all the power plants in the system, along with the load and expected wind and solar output.
Conventional generator outages are typically modeled using an equivalent forced outage rate,
which is the probability that a particular generator can experience a failure at any given time. In
general, LOLP is highest when the net-load is highest, which justifies the highest net-load
approach discussed previously and saves considerable analytic effort. There are several
variations on this approach, including use of different periods (such as using the top 10 hours,
top 1% of hours, or top 10% of hours) or adding additional weighting factors to the hours of

12

Following Mills and Wiser (2012b), we use the term “capacity value” to refer to the economic value of PV in
replacing conventional generation (measured in $ or $/MW) while we use “capacity credit” to refer to the amount of
generation capacity avoided by CSP.
13
See Madaeni et al. (2012) for a discussion of the impact of number of hours used.
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highest LOLP. 14 This approach can still be used with a spreadsheet, but with a more detailed data
requirement and additional calculations to generate the hourly LOLP.
The second class of methods includes reliability-based approaches which calculate the effective
load-carrying capacity (ELCC) of an added generator. There are multiple approaches to
calculating ELCC, with two of the more common being the iterative ELCC calculation and
Garver’s Method (NERC 2011). The ELCC of a generator is defined as the amount by which the
system’s load can increase when the generator is added to the system while maintaining the same
system reliability. Reliability is measured by the LOLP and loss-of-load expectation (LOLE)
(Amelin 2009). The LOLE is the sum of the LOLPs during a planning period—typically one
year. LOLE gives the expected number of periods in which a loss-of-load event occurs. Power
system planners aim for a certain LOLE target, such as 0.1 days/year or 0.1 events/year. 15
The steps used in the iterative ELCC method is illustrated in Figure 6 and performed as follows:
1. For a given set of generators (excluding the new generator), calculate the base LOLE using
loads, capacities, and outage rates (illustrated by the blue curve). Determine the system load
that can be supplied while meeting the target reliability level (i.e., the intersection of the blue
and red lines).
2. Add the new generator and recalculate LOLE for the load at which the base system meets
the target reliability level. For the same load, the new LOLE value will be less than or equal
to the LOLE of the base system.
3. Keeping the new generator in the system, add a constant load in each hour and recalculate
LOLE. Additional load is added incrementally (moving along the green dotted curve) until
the LOLE of the system with the added generator reaches the target reliability level. The
green dotted curve represents the new reliability curve (i.e., the blue curve shifts to the right
when the new generator is added).
4. The difference between the new and base load at a constant LOLE is the ELCC of the
added generator (400 MW in this example).

14

There are other approximation techniques with varying degrees of complexity. For more discussion, see Madaeni
et al. (2012).
15
For a discussion of reliability targets, see Pfeifenberger et al. (2013).
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Figure 6. Graphical representation of ELCC calculations

This iterative ELCC calculation is computationally complex, and Garver’s Method provides a
less complicated method by avoiding the iterative LOLE calculations when the new generator is
added to the system. It still requires calculating an initial set of LOLPs to create a “slope” of the
risk function. This slope value is placed into a mathematical formula that relates ELCC to the
additional generator. A number of commercially available tools can perform these calculations
(Pfeifenberger et al. 2013), and several commercial PCMs include the ability to calculate PV
ELCC (Xcel Energy 2013a).
There is a general consensus that ELCC methods are robust and widely accepted by the utility
community. Previous studies have found that Garver’s approximation and the full ELCC method
often provide similar results for both wind (Keane et al. 2011) and PV (Madaeni et al. 2012).
Overall, the tradeoff between the methods is often a function of data requirements, complexity,
and transparency (Keane et al. 2011).

6.2 Impact of CSP Dispatch and TES

A distinct challenge of calculating capacity credit of CSP is the choice of output profiles and
impact of stored energy availability. For pure VG sources such as wind and solar, the analysis
just requires hourly profiles for the generators based on real or simulated meteorology. For
completely dispatchable thermal plants, the primary driver behind capacity credit is outage rates
or schedules, especially if fuel availability is certain. For CSP-TES, its dispatchability is much
greater than VG sources, but less than for thermal plants with a secure source of fuel. As a result,
additional analysis is needed to consider the interaction between CSP dispatch, storage capacity,
and capacity value.
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There is no general consensus on the appropriate method to apply capacity credit calculations to
CSP dispatch profiles generated by a PCM. One approach (Jorgenson et al. 2014) is to use the
output profiles from the PCM combined with the amount of energy remaining in storage during
each hour, following Tuohy and O’Malley (2011). This approach considers the actual output of
the CSP-TES plant during periods of highest net-load and the availability of thermal energy to
increase its output during those hours. For example, if the CSP-TES plant was dispatched below
its full capacity during hours with high net-load, but has enough energy stored to increase its
output, then it would receive a full capacity credit in this method. However, if the CSP-TES
plant were forced to increase its generation over subsequent high-load hours, the available output
could not exceed the thermal energy in reserve. That is, the calculation must reflect the energy
limitations on the CSP-TES plant. This approach is then applied to the approximation methods
described in Section 5.1. Other approaches have performed separate dispatch simulations
(Madaeni et al. 2013) or developed dedicated tools (Sioshansi et al. 2014). Further analysis is
likely needed to validate these approaches; however, most simulations have found high capacity
values (>90%) for systems with six hours or more of energy storage.

6.3 Translating Capacity Credit to Avoided Cost of New Capacity

Once the adjusted capacity credit calculation is performed, a monetary value per unit of installed
CSP capacity can be calculated. This requires estimating the generator type avoided and the cost
of this avoided generator.
One approach is to assume that CSP would replace a standard peaking or intermediate load
generator such as a simple-cycle or combined-cycle gas turbine. In the United States, gas
turbines are often used as a proxy resource for calculating the cost of new capacity. Once the
type of generator is chosen, generator cost data can be used to generate an annualized avoided
cost.
A slightly more complex approach employs the simplest form of capacity-expansion models that
use screening or load-duration curves, traditionally used for planning generation capacity
(Galloway et al. 1960). These curves use estimates of the likely capacity factor of generators
serving different parts of the demand curve (baseload, intermediate, and peak) and estimate the
optimal generation mix based on their fixed and variable costs. Such curves can be used to
estimate the impact of the addition of CSP on the net-load curve and the likely generation mix
effectively avoided by CSP. This approach has been widely used, but it cannot consider the
impact of generator operational constraints or associated operational flexibility drivers that
become critical with large penetrations of variable renewables (Shortt et al. 2013; Palmintier and
Webster 2014). Adaptations to the screening curves have been proposed to help address these
shortcomings (e.g., Batlle and Rodilla 2013).
The final approach uses a full capacity-expansion model to evaluate the generator type(s)
avoided by CSP. Capacity-expansion models are commonly used by utilities to help determine
the optimal mix of generators needed to meet load growth, generation retirement, or various
other factors requiring new capacity. These tools are similar to PCMs in terms of data
requirements, complexity, and costs. They can be used to evaluate the optimal generation mix
with and without CSP to determine what would not have been built under various CSP scenarios
(Sullivan et al. 2014). While complex, capacity-expansion models enable a more thorough
treatment of the timing of generation assets. The monetary value of CSP capacity depends on a
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system actually needing additional capacity to provide an adequate planning reserve margin.
Capacity-expansion models can simulate expected load growth and plant retirements and then
assign appropriate capacity value to CSP, accounting for both the timing and type of required
investment.

6.4 Calculating Transmission Capacity Value

CSP plants are generally sited in remote locations, typically requiring new transmission. As a
result, CSP does not typically reduce transmission requirement compared to conventional
generation, and transmission associated with CSP will typically result in a net cost, as opposed to
a net benefit. However, because of its potentially higher capacity factor, CSP-TES can require
less transmission per unit of energy delivered than remotely sited VG sources, and can
potentially utilize spare transmission capacity built for VG resources. For example, Sioshansi
and Denholm (2013) demonstrate how CSP and wind can share transmission built into areas with
high quality wind and solar resources. Production simulation, which includes detailed power
flows, can evaluate the needed transmission capacity and sharing of transmission capacity
between various resources.
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7 Calculating Other Benefits

There are several other potential benefits of renewable resources that have been previously
analyzed, including providing a fuel price hedge over long time horizons. The addition of CSP
(or renewable energy more generally) to an electricity-generation portfolio may result in
diversity-related benefits, which include providing a physical hedge against uncertain future fuel
prices and insurance against the impact of higher future fuel prices or changes in emissions
policy. Adding CSP to the generation mix could also reduce the demand for natural gas (and
other fossil fuels), particularly in the long-term, which could reduce natural gas (and other fossil
fuel) prices.
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8 Life Cycle Estimates

The methods described in the previous sections typically estimate the value of CSP for a limited
period. For example, PCMs value the operational value over a period typically no more than one
year. Considering the time horizon is important when estimating the value of CSP over many
years or decades, particularly when comparing CSP to alternative generation technologies.
Life cycle valuation can be used to calculate the net present value of different resources. Avoided
energy value will vary over time as driven by three factors: fuel prices, grid mixes, and CSP
penetration. Life cycle value estimates include consideration of how each parameter will change
over the project life.
Fuel prices typically use an escalation factor, similar to those generated for integrated resource
plans. The other two factors, the grid mix and the CSP penetration, are closely related (Mills and
Wiser 2012a). As CSP penetration increases, solar electricity begins to displace a different mix
of generation; previous analysis has demonstrated displacement of lower-cost generation
(Denholm et al. 2009). This, in turn, results in a different “least-cost” mix of generation, as
capacity factors of conventional plants decrease and the system relies more on peaking-type
generators. This equilibrium effect on the generation mix has been demonstrated (Mills and
Wiser 2012a). However, considering alternative grid mixes requires generating new scenarios
that project the impact of fuel prices and policy and economic drivers of grid evolution such as
renewable portfolio standards, emission limits, and natural gas prices.
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9 Conclusions

CSP-TES is a unique source of electricity generation. It has much greater dispatachability than
VG resources such as wind and solar PV; however, it is less dispatchable than conventional
fossil resources. It also requires optimization of the limited energy available based on the
variable and somewhat uncertain solar resource. As a result, it can be difficult to evaluate the
benefits that CSP-TES provides to the grid. In this report, we survey the methods, data, and tools
available for addressing this analytical challenge. We focus on the use of PCMs, and find that
commercially available tools, with some modification, can provide reasonable estimates for how
CSP can be dispatched.
With potentially large deployment of CSP in China and the government’s push for power sector
reform, adaption of these models in the Chinese context and evaluation of CSP economics will
help policymakers establish incentive policies for CSP. These models can analyze the role of
CSP in alleviating solar PV generation curtailment in northwest China, as well as its role in
future high penetration renewable energy systems. Future work is recommended in these areas.
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