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Executive Summary

The decreasing costs of both PV and energy storage technologies have raised interest in the
creation of combined “PV plus storage” power plants. In this study, we examine the tradeoffs
among various PV plus storage configurations and discuss an approach to quantify the impact of
configuration on system net value.
We consider the four system configurations listed in Table ES-1.
Table ES-1. PV Plus Storage Configurations
Type of Coupling

Co-Located?

Point of Common Coupling

Energy Stored

Independent

No

None

Grid

AC-coupled

Yes

Transmission/feeder

Grid or PV

DC-coupled

Yes

DC side of inverter

Grid or PV

DC tightly coupled

Yes

DC side of inverter

Only PV

We use benefit/cost (B/C) ratio, measured here by the ratio of the sum of Year 1 energy and
capacity value and the Year 1 (levelized) capital and operating costs, as our primary performance
metric, as levelized cost of energy does not consider the difference in value between various PV
plus storage configurations. Coupling PV and storage can change both the benefits (energy
revenue and capacity value) and costs. Coupling PV and storage can increase the revenue by
utilizing otherwise clipped energy. Coupling can also decrease revenue by restricting storage
operation during periods of high solar output because of the shared inverter. Coupling can also
reduce costs by sharing components.
To evaluate these tradeoffs, we consider a case study of different PV plus storage systems
located in Southern California. Figure ES-1 shows the results for our base system, which consists
of a 50-megawatt (MW) fixed-tilt PV system with an inverter loading ratio of 1.3 and 30
MW/120 megawatt-hours (MWh) of storage. At historical (2014) electricity prices (when PV
penetration in California was about 6%), and 2016 estimated costs for PV and battery
components, the B/C ratio of PV without storage is greater than a system with added storage.
However, because of the decrease in system capital cost associated with coupling, DC-coupled
PV plus storage systems have higher B/C ratios than PV and storage deployed independently.
The plant with the highest B/C ratio is the plant that stores only solar due to eligibility for the
investment tax credit (ITC). While forcing the plant to store only solar reduces energy revenue,
the decrease in cost due to the ITC is greater than the loss in revenue.

v
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.

PV Only

Decrease due to the high cost of
storage relative to benefits

Ind. PV + Storage
Increase due to reduction of BOS costs

AC-Coupled PV + Storage

Increase due to further reduction in BOS and
elimination of second inverter—very small change
due to lost arbitrage and avoided clipping

DC-Coupled PV + Storage
Decrease due to lost arbitrage revenue

Tight DC-Coupled PV + Storage
(no ITC)

Increase due to 30% ITC applied to storage

Tight DC-Coupled PV + Storage
1

1.1

1.2
1.3
1.4
Benefit/Cost Ratio

1.5

1.6

Figure ES-1. Base case B/C ratio for PV plus storage in California using 2014 electricity prices and
2016 estimated PV and battery costs

The projected decrease in battery costs will likely increase the B/C ratio of PV plus storage
systems. However, increased PV penetration will decrease its value. Figure ES-2 shows the
results for a 2020 case, using projected costs for PV and batteries, as well as simulated electricity
prices at higher PV penetrations (15% and 24%). At the higher PV penetration, the B/C ratio has
fallen below 1. However, the B/C ratio for PV plus storage systems exceed PV alone.
15% PV

PV Only

24% PV

Ind. PV + Storage
AC-Coupled PV + Storage
DC-Coupled PV + Storage
Tight DC-Coupled PV + Storage
(no ITC applied to storage)
Tight DC-Coupled PV + Storage
(ITC applied to storage)
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Benefit/Cost Ratio

Figure ES-2. B/C Ratio for PV plus storage in California in a 2020 scenario with two different levels
of PV penetration and the 30% ITC
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We also considered cases without the ITC, and while the B/C ratio fell, it remained above 1,
demonstrating that projected cost reductions in both PV and storage technologies can help
maintain economic competitiveness for PV plus storage at increased penetration levels. While
the results presented here are for a very specific set of assumptions, we find that DC-coupling
can increase the B/C ratio of the PV plus storage systems and with continued cost declines can
aid in increasing the economic deployment of PV generation.
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1 Introduction

There is growing interest in taking advantage of the declining costs of both PV and energy
storage technologies to create combined “PV plus storage” power plants. Yet there has been
limited deployment of utility-scale PV plus storage systems, and technical and economic
performance metrics for utility-scale PV plus storage systems are not well defined.
To help create a common framework for future discussion and analysis, we explore the technical
and economic performance of utility-scale PV plus storage systems. We have three primary
goals:
1. Explore the physical configuration of PV plus storage systems and examine the basic
technical parameters, including the type and degree of PV/storage “coupling”
2. Identify key metrics useful for evaluating the technical and economic performance of PV
plus storage systems
3. Examine the tradeoffs among various PV plus storage configurations and quantify the
impact of configuration on system net value.
The report is structured as follows. Section 2 discusses PV plus storage configurations and
defines key terminology. Section 3 discusses metrics and methods to evaluate technical and
economic performance. Section 4 presents a case study evaluating the impact of configuration
on the value of PV plus storage. Section 5 provides conclusions and discusses outstanding issues
associated with appropriate valuation of PV plus storage systems.
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2 PV Plus Storage System Configurations

In this section, we define and describe PV plus storage systems in terms of the sizing and
operation of system components, particularly the degree to which the storage and PV are
“coupled” physically and operationally. We consider four system configurations (Table 1).
Table 1. PV Plus Storage Configurations
Type of Coupling

Co-Located?

Point of Common
Coupling

Energy Stored

Independent

No

None

Grid (could include PV via market)

AC-coupled

Yes

Transmission/feeder

Grid or PV

DC-coupled

Yes

DC side of inverter

Grid or PV

DC tightly coupled

Yes

DC side of inverter

Only PV

a

a

Although grid-connected storage is typically charged from unspecified off-peak resources, it can “virtually” store
energy from a specific source via bilateral market transactions.

Figure 1 provides a schematic of independent PV and storage systems, which represents how the
vast majority of U.S. utility-scale PV and storage systems are currently deployed. 1 These
systems are not physically co-located and do not share common components or control
strategies. This configuration is used as a point of comparison to coupled systems. As a result of
being independent, storage responds to overall grid conditions to provide peak capacity, shift
energy from off-peak to on-peak periods, and provide ancillary services. The storage can charge
with any grid resource that provides low-cost energy (including off-peak wind, coal, or nuclear
power) and discharge during periods of peak demand (typically in the afternoon when energy
is most costly). Because the storage is not tied to a single energy source, it can charge from
whatever source of energy has the lowest operational cost, which maximizes its value to the grid.
Although the storage could charge from PV energy, it would only do so when grid conditions
made this an economic option.

1

The country’s utility-scale PV produces energy under various contractual agreements, but it is not typically
“firmed” or otherwise scheduled beyond the normal weather-driven production. Likewise, most existing U.S.
storage (about 21 gigawatts, mostly pumped hydro) is not physically co-located or operationally integrated with PV
or any other type of power plant (U.S. Department of Energy, “DOE Global Energy Storage Database”
www.energystorageexchange.org/).
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Figure 1. Schematic of independent PV plus storage system

The next two figures show physically coupled system configurations, which currently constitute
a very small proportion of the utility-scale PV and storage in the United States. Figure 2 shows
AC-coupled systems in which storage and PV are co-located and share a point of common
coupling on the AC grid. Because the plant does not share any components, the storage can still
act independently of the PV system.

Figure 2. Schematic of AC-coupled PV plus storage system

Figure 3 shows systems in which the PV and storage are coupled on the DC side of a shared
inverter. The DC-coupled system (Figure 3[a]) includes a bi-directional inverter that enables the
storage to charge from the grid, in addition to charging from the PV. The DC tightly coupled
system (Figure 3[b]) assumes storage can only store PV electricity, not grid electricity. We
include the DC tightly coupled configuration in order to consider the current federal investment
tax credit (ITC) in the United States. For the ITC to apply to the full cost of a PV plus storage
system, it would need to be operated in a tightly or nearly tightly coupled fashion (Ardani et al.
2017). Thus, understanding the benefits and cost of this system configuration is important from
both an operational standpoint and from a policymaking perspective.
3
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(a) DC-coupled (flexible charging)

(b) DC tightly coupled (PV-only charging)

Figure 3. Schematic of DC-coupled PV plus storage systems

Qualitatively speaking, progressively greater coupling will change both the value and cost of a
PV plus storage system when compared to independently deployed PV and storage. The value
can increase because DC coupling allows the system to store otherwise clipped energy that
occurs when the inverter loading ratio exceeds 1 (discussed in Section 3.2). Alternatively, both
the capacity value and energy value of the system can decline because coupling decreases the
operational flexibility of the combined plant’s storage component. Costs decline because of the
potential to share balance-of-system (BOS) costs. Table 2 summarizes the qualitative value and
cost tradeoffs that affect the net value proposition for each PV plus storage system. The
remainder of this report uses a case study of a PV system in southern California to quantify these
tradeoffs and determine whether the coupling-related change in each system’s value outweighs
the coupling-related change in costs.
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Table 2. Cost and Value Changes Associated with Physical Coupling of PV Plus Storage Systems Compared to
Independently Deployed PV and Storage
Type of
Coupling

Change in Value (Relative to Independent System)

Change in Cost (Relative
to Independent)

Energy Revenue

Capacity Value
None

Reduction in BOS costs

AC

Potentially lower value because it cannot
be sited in regions with higher
congestion-related prices
Higher losses when storing grid energy
a
(due to additional transmission losses)

Limited to inverter capacity

DC (flexible
charging)

Storage operation constrained by shared
inverter
Potentially higher losses when storing
c
grid energy
Can store clipped solar that occurs due
to ILR>1
d
Lower losses when storing solar

Reduction in BOS costs Reduction in
power electronics costs due to shared
inverter

DC—tight (PV
only charging)

Same as DC-coupled flexible charging +
Storage cannot charge from low-cost grid
energy

Same as DC-coupled flexible charging +
Cannot charge with grid energy to ensure
full capacity value

Same as DC-coupled flexible charging +
Small (if any) reduction in battery
management system cost

a

b

Assuming independent storage is sited closer to load and incurs lower loss rates; this change is not considered in this study; the case also
assumes the transmission capacity equals the sum of the PV and inverter ratings.
b
Includes interconnection, permitting, overhead, engineering, labor, and land costs
c
Due to remote location when compared to storage sited in a load center (Nourai et al. 2008)
d
Not considered in this study
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3 Case Study: Metrics and Methods

In this section, we discuss metrics that can be used to evaluate the economic performance of
solar plus storage configurations. We also introduce the systems analyzed for our case study
and describe our calculations of value and cost.

3.1 Metrics

Many analyses of new generation technologies focus on costs and cost minimization. Levelized
cost of energy (LCOE) is probably the most widely used metric for discussing the costs of
electricity generation, owing to its simplicity, historical use, and clear definition. Applying
LCOE to a PV plus storage system that stores only PV is relatively simple (Lai and McCulloch
2016). However, LCOE does not consider a generation resource’s benefits. The LCOE from a
PV plus storage system will always be higher than a system without storage because storage adds
costs to the system. However, the addition of storage also provides additional benefits that can
outweigh the increase in costs. Such benefits include the value of firm capacity and the ability
of a dispatchable generator to produce energy when it is most valuable.
In this report, we evaluate the economic performance of solar plus storage configurations by
considering each system’s benefit/cost (B/C) ratio defined as dividing the annualized benefits
(energy revenue and capacity value) by the annualized costs (capital and operating). The
following subsections describe the analytical methods we use to compare systems in our
case study.

3.2 System Specifications

We begin by defining a base case PV system located in Southern California (34°51'N
117°39'W). Hourly PV profiles for this system were generated using the System Advisor Model 2
for a fixed-tilt system with an AC rating of 50 megawatts (MW). We chose an inverter loading
ratio (ILR) of 1.3, which is equal to the average for utility-scale PV systems installed in 2015
(Bolinger and Seel 2016). The ILR is a measure of the PV system size relative to the inverter
power rating. The ILR is also called the DC-to-AC ratio, where DC refers to the DC module
capacity and AC refers to the inverter AC rating. If the inverter is sized to the rating of the PV
array, the inverter will rarely be used at full capacity owing to losses and the relatively few hours
of peak PV production. Typically, the PV power rating is made higher than the inverter rating, so
the ILR is greater than one. This increases inverter utilization and decreases the system’s LCOE
up to an ILR of about 1.3–1.4. With an increased ILR, because the PV module can produce
more energy than can be used by the inverter, some of the PV energy may need to be curtailed
(“clipped”). In our base system, about 0.7% of potential PV generation is curtailed. In future
research, we will explore how storage can use otherwise-clipped energy and potentially enable
even higher ILRs.

2

National Renewable Energy Laboratory, System Advisor Model, Version 2016.3.14 (SAM 2016.3.14). The SAM
PV model used was PVWatts, assuming a combined loss rate of 13.2 %
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Table 3 summarizes the analyzed system. The PV system has an AC rating of 50 MW with a
module (DC) rating of 65 MW. 4 The storage power capacity assumes 30 MW of both charge and
discharge capacity measured on the AC side of the inverter. We assume 4.0 hours of usable
discharge capacity (120 MWh), again measured on the AC side of the inverter, which requires
4.7 hours of charging for a full charge assuming an 85% round trip efficiency. For each of the
four configurations analyzed, we calculate the system’s energy revenue and capacity value
(Section 3.3) as well as costs (Section 3.4).
Table 3. Parameters for System Analyzed
Parameter

Value

PV system size

65 MW DC

PV orientation

South facing, fixed at 20 degree tilt

Inverter size

50 MW AC (ILR = 1.3)

Storage power capacity

30 MW AC

Storage energy capacity

4 hours (120 MWh AC)

Storage efficiency

85% (AC-AC)

3.3 Calculation of Energy Revenue and Capacity Value

Here we describe how we calculate energy revenue and capacity value for each system.
3.3.1 Energy Revenue
Estimating (and maximizing) the energy revenue of a PV plus storage system requires
understanding when the storage will charge and discharge, and knowing the associated cost of
energy from charging and discharging. It also requires determining how often (if ever) the device
should charge from PV energy, which represents a major issue when evaluating any reduction in
value due to forcing a DC-coupled system to store PV energy. This typically requires detailed
simulations over an extended period of operation under various conditions.
We calculate the optimal dispatch and value of a marginal addition of solar plus storage system
using NREL’s RODeO (Revenue, Operation, and Device Optimization) model (Eichman et al.
2016). RODeO is a “price taker” optimization model written in the General Algebraic Modeling
System language, which solves a mixed integer linear programming problem to maximize the
achievable revenue for generators, flexible load, and storage devices. As used in this study, the
modeled system is subject to several constraints, including inverter rating, storage energy
capacity, and storage conversion efficiency.

4

The actual physical size of the plant does not change the B/C ratio results of this analysis, because we use a pricetaker approach that assumes the value per installed unit of capacity does not vary. The actual impact of greater PV
deployment is considered in Section 4.2.
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Price-taker models are used to estimate revenue and operation under fixed price scenarios. They
thus rely on externally generated prices and are not used by themselves to estimate the value of
devices under changing grid mixes. These models typically use either historical prices or
simulated price data generated from a production cost model. Here we use a combination of both
types of data. Additional discussion of price-taker approaches to simulating the value of storage
is provided by Sioshansi et al. (2008).
We calculate revenue for two different scenarios. Our base case uses 2014 price data from the
Southern California Edison (SCE) load aggregation point (LAP). In 2014, the penetration of PV
was about 6%. 5 We also conduct a set of sensitivity cases to estimate the value of PV in a future
year (2020) with two different PV penetration levels (15% and 24%). For these sensitivity cases
we use hourly prices from a previous study that were generated using the PLEXOS production
cost model (Denholm et al. 2016). Table 4 summarizes the data sources used in our analysis.
Table 4. Origin of Price Data Used
Scenario

PV Penetration

Electricity Price Data Source

Base Case (Recent price and
cost data)

6%

2014 CAISO day-ahead market prices (SCE LAP)

15% and 24%

Simulated from PLEXOS day-ahead marginal
cost. Database from NREL Low-Carbon Grid
Study (Brinkman et al 2016). Weather year for
that study is 2006, so PV simulations used
2006 data.

2020 (sensitivity case)

We modified the RODeO model to consider different types of solar plus storage systems, with
the additional operational constraints associated with different types of coupling. Table 5 shows
the charging and discharging constraints imposed by coupling, which could affect revenue.
Table 5. Constraints Associated with Physical Coupling for PV Plus Storage System
Type of Coupling

Effective Impact on Storage
Discharge

Storage Charge Constraint

Independent
(roughly equivalent to ACcoupled)

None

None

DC-coupled

Maximum discharge = inverter
rating minus PV output

If PV output is greater than
inverter rating (due to ILR > 1),
then forced to store solar energy

DC tightly coupled

Maximum discharge = inverter
rating minus PV output

Can only charge with PV

We assume a roundtrip battery efficiency of 85% for both directly stored PV and stored grid
energy. DC-coupled storage might have a higher net efficiency, particularly when storing PV
energy (Ardani et al. 2017). Alternatively, independent storage—unlike storage coupled to a
utility-scale PV plant—might be located closer to the load site and thus avoid transmission and
5

This estimate is based on 12.6 terawatt-hours of utility-scale solar (PV and concentrating solar power) generation
(CEC 2014) and 5.1 terawatt-hours from rooftop PV (GTM 2015).
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distribution (T&D) losses (Nourai et al 2008). Because determining the actual net efficiency for
stored energy would require a detailed analysis of power flow on the T&D system, we assume
a uniform efficiency for all stored energy in this study.
For each scenario, we calculate annual net energy revenue and add this value to the capacity
value, which is discussed in the following subsection.
3.3.2 Capacity Value (Avoided Capacity Costs)
One of the main arguments for incorporating energy storage with PV is to increase PV’s ability
to replace or defer capital investments in conventional generation capacity. Following Mills and
Wiser (2012a), we use the term “capacity credit” to represent physical capacity, and we use the
term “capacity value” to represent the monetary value of this capacity. Capacity credit is the
actual fraction of the generators’ capacity that could reliably be used to offset conventional
capacity, which is typically measured as a value (such as kW) or percentage of nameplate rating.
Achieving a high capacity credit with PV plus storage requires evaluating the capacity credit of
PV alone as well as determining how much storage (both power and energy) must be added to
achieve an increased capacity credit.
There is considerable literature on methods to estimate generation capacity credit, and several
studies determine capacity credit for PV in different regions (Madaeni et al. 2013a; Mills and
Wiser 2012b) and for energy storage (Sioshansi et al. 2014; PGE 2016). The various approaches
to estimating capacity credit differ in complexity (Amelin 2009; NERC 2011). However, they
generally assess the probability of a plant being available during periods of highest net demand,
which is typically during hot summer afternoons throughout most of the United States. Previous
analysis has demonstrated that, at very low penetration in the Western United States, PV—even
without storage—tends to have a relatively high capacity credit owing to the inherent
coincidence of PV supply with summer demand (Mills and Wiser 2012b). This capacity credit
drops rapidly as a function of PV penetration, for reasons detailed in Section 4.2.
For a PV plus storage system, the storage increases the system’s net capacity credit by
supplementing the PV output during periods of high net demand. The capacity credit of the
storage system can be measured in a manner similar to measurement of the PV plant, by
evaluating the power and energy capacity during the hours of peak net demand.
The overall capacity credit of the PV plus storage system can be translated into a monetary
value, often by using the cost of a proxy resource such as a peaking combustion turbine. For
example, one estimate of the annualized financing and operations and maintenance (O&M) cost
of a new combustion turbine in California is about $149/kW (CAISO 2017). The annualized cost
of new capacity establishes a value per kilowatt of firm capacity provided by a PV plus storage
system. If we assume the 50-MW PV plant has a 40% capacity credit, and we add a 30-MW
storage plant with 100% capacity credit, the resulting system can avoid the construction of a 50MW peaking plant. If we assume a conventional plant has an annualized cost of $149/kW, the
PV plus storage plant has a capacity value of $7.5 million/year.
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3.4 Calculation of System Cost

Here we first describe how we calculate costs for independent PV plus storage systems and
then how we calculate cost reductions associated with coupled systems.
3.4.1 Cost of Independent PV Plus Storage Systems
We explore two cost scenarios: a scenario based on recent (2016) estimated costs and a
sensitivity based on projected 2020 costs (Table 6). PV costs are derived from the 2017 NREL
Annual Technology Baseline (ATB). 6 Storage costs for 2016 and 2020 are from GTM (2016).
Table 6. Assumed Cost Components for Independent PV (Fixed Tilt, ILR = 1.3)
Plus Storage Systems
Component

2016 Cost

2020 Cost

PV system

$1,343/kW (DC)

$912/kW (DC)

PV (O&M)

$12/kW-yr

$11/kW-yr

Battery module

$304/kWh

$217/kWh

Battery BOS

$612/kW

$398/kW

Battery O&M

$9/kW-yr

$9/kW-yr

3.4.2 Cost Reductions Associated with Coupling
A key motivation for co-locating storage with PV is the potential to realize cost reductions.
An AC-coupled system shares little hardware, but costs associated with engineering, customer
and site acquisition, permitting, and labor can potentially be shared. For a DC-coupled system,
the second inverter can be eliminated, further reducing costs. Because PV plus storage plants
have not yet been deployed on a large scale, estimating the actual reduction in cost is difficult.
Table 7 summarizes our assumptions for cost reductions associated with coupling. The reduction
in cost for the AC-coupled system is based on our estimates of the fraction of base BOS costs
(values in Table 6) that can be avoided from combining PV and storage at a single site. For DC
coupled system we eliminate the estimated costs of PV inverters in 2016 and 2020 (Fu et al.
2017).
Table 7. Assumed Avoided Cost of Battery BOS ($/kW) Associated with Coupling
Type of Coupling

Avoided Cost ($/kW)
2016

2020

AC-Coupled System

$161 (26%)

118 (30%)

DC-Coupled System

$221 (36%)

158 (40%)

Tight DC-Coupled System

Same as DC-Coupled

6

Available at www.nrel.gov/analysis/data_tech_baseline.html; Values used are from the forthcoming 2017
version of the ATB.

10
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.

3.4.3 Impacts of the Investment Tax Credit
Current tax rules allow for a 30% investment tax credit for PV. The ITC falls, starting in 2020
with the amount of decline and timing depending on when the project is begun and placed into
service. 7 For the sake of simplicity, we consider a 30% ITC case for the base case and we
consider both the full 30% ITC and a zero ITC case for the 2020 scenarios.
Storage is also eligible for a tax credit when combined with PV. As shown in Figure 4, the ability
of developers to utilize the ITC for the storage-related components of a combined PV plus
storage system depends on the fraction of battery charging by PV. The system must be tightly
coupled (charging only with PV energy) to gain full advantage of the ITC. In our DC-coupled
case, we evaluate two operational regimes: (1) a DC-coupled system with optimal charging from
the grid or PV and (2) a tightly coupled system (battery charged by PV 100%). In reality, project
developers will evaluate the degree of coupling that makes sense on a project by project basis.
The tightly coupled case provides the least amount of flexibility in terms of optimized charging;
however, from a project level, these losses may be offset by the benefits of being able to apply
the ITC to the cost of the storage system.

Figure 4. Current tax incentives for battery systems when combined with PV
NREL 2017

To derive a Year 1 (levelized) cost for the various PV plus storage configurations, we use
financing terms from the NREL ATB; details are provided in the appendix.

7

See DSIRE, “Business Energy Investment Tax Credit (ITC),” programs.dsireusa.org/system/program/detail/658
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4 Case Study Results: Impact of Configuration
on Net Value

For each system configuration, we determine the energy revenue and capacity value and we
incorporate system costs to determine the system’s benefit-to-cost ratio.

4.1 Base Case Net Value

We begin by providing the results for a limited set of scenarios to demonstrate the framework for
our analysis. Our initial case has an ILR of 1.3 and a storage system with 30 MW and 4 hours of
capacity. We use the 2014 SCE prices for our base region, with 6% PV penetration.
4.1.1 Energy Revenue
Figure 5 gives an example of how the RODeO model estimates value, showing the optimized
charging and discharging of an independent 30-MW storage plant over two 1-day periods. Figure
5(a) shows a summer day (June 16) with the battery charging in early morning, when prices are
lowest, and discharging at maximum during the late afternoon and early evening, when prices are
highest. The winter dispatch on January 2 (Figure 5[b]) is different, because winter demand tends
to have a smaller peak in the morning and a larger peak in the early evening. As a result, the
storage plant discharges twice per day, and—although it still mostly charges at night and in the
early morning—it also charges during midday.
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Figure 5. Optimal dispatch of energy storage in California using price-taker simulation and
2014 price data from the SCE LAP

The net revenue for this plant is calculated by multiplying the hourly price ($/MWh) by the
quantity of energy purchased or sold. In this example, the purchased energy on June 16
(141 MWh) has a total cost of $4,336, and the sold energy (120 MWh) has a total revenue of
$6,608—giving a net revenue of $2,272. The PV energy revenue is simply the hourly PV output
multiplied by the hourly price. For comparison, the revenue for the 50-MW solar plant on June
16 is $19,173, or about eight times that of the storage plant. The PV revenue on January 2 is
$12,374 (which is lower than the summer day because the PV output is lower and prices are
also lower in the middle of the day), while the storage revenue is $1,655.
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Moving to the DC-coupled system changes the operation of the storage plant relative to the
independent storage case in two ways. First, storage can avoid the small amount of clipped
energy due to the ILR of 1.3. Figure 6 shows the dispatch of the DC-coupled system on the same
summer day as shown for the storage-only case in Figure 5(a). The figure shows how the storage
is used to store a small amount of energy that would have been clipped because the PV system
output exceeds 50 MW. The small amount of discharge that occurs before noon occurs to make
room for the clipped PV energy (which has zero cost). Without storage, about 2% of the potential
PV energy would have been clipped on this day. This is avoided by using storage, and overall,
the revenue of the DC-coupled system is about 1% higher on this day than it is with the
independent PV plus storage system.
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Figure 6. Optimal dispatch of a DC-coupled PV plus storage plant on June 16 using 2014 price
data from the SCE LAP

Alternatively, there are other periods in which the storage plant cannot be fully utilized because
of the operation of the PV system. This is illustrated in Figure 7, which shows the output of the
independent and DC-coupled systems on July 1. Figure 7(a) shows the output of the independent
system. It shows that the storage plant discharges at full capacity during the afternoon while
there is still considerable solar output. The combined output of the PV and storage plant is as
high as 70 MW, which is possible because the systems are independent and have separate
inverters. However, the DC-coupled system, with a shared 50-MW inverter cannot fully utilize
the storage system, resulting in the dispatch shown in Figure 7(b). From 2 pm to 4 pm, the PV
system is generating between 30 and 40 MW, leaving only 10MW to 20 MW of “spare” inverter
capacity. The storage plant is forced to shift output slightly compared to the independent storage
system, discharging a small amount of energy either earlier or later in the day when prices are
slightly lower. Overall, on this day the DC-coupled system loses about 1% of its potential value
compared to the independent system. As a result, the DC-coupled system produces less revenue
than the independent system, and the total revenue of the DC-coupled system on this day
($30,300) is about $700 less than the independent system’s revenue.
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Figure 7. Dispatch of PV plus storage systems on July 1, 6% PV, 4 hr, 2014
Price data are from the SCE LAP.

While the impact of DC-coupling compared to independent systems is small, the impact of
tightly coupled storage systems (forced to storage only solar) is more significant. Figure 8 shows
the results for the DC tightly coupled system that only charges from PV on July 1. Figure 8(a)
shows how, by forcing the storage to charge with PV, the system effectively charges with more
expensive energy from the middle of the day. The charging pattern can be compared to that in
Figure 7, where storage is charged from the grid between 1 a.m. and 5 a.m. where prices are
below $35/MWh. The DC tightly coupled system is forced to store energy when prices are well
above $40/MWh. Figure 8(b) also shows that, because the tightly coupled system must store PV
energy that could have otherwise been sent to the grid, its overall capacity factor is reduced,
having effectively “lost” the opportunity to directly sell the energy in the light orange shaded
area. On this day, the tightly coupled system’s total revenue is $25,832, compared to $27,841 for
the DC-coupled system, representing a loss of $2,009, or about 7%.
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Figure 8. Optimal dispatch of a DC tightly coupled PV plus storage system (which stores only PV
energy) on June 16 using 2014 price data from the SCE LAP

The energy revenues summed over an entire year are shown in Table 8. We give results for three
cases: independent, DC-coupled, and DC tightly coupled, noting that the independent case is
roughly equal to the AC—coupled case as discussed previously. Table 8 reveals two significant
results: a very small change in value associated with DC-coupling and a more significant
reduction in value associated with DC tight coupling. The change in value associated with DC
coupling is well below 1%, with the small increase in value associated with avoided clipping
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largely canceling out the small decrease in value associated with non-optimal use of the storage.
The annual loss in energy revenue associated with forcing the plant to store only solar energy
(about $420,000) is about 6% of the total. Table 8 also shows that the majority of the energy
revenue is derived from PV generation. For the independent system, it is possible to isolate the
sources of value, where about 14% is derived from the energy shifting value of storage, and 86%
from the PV generation. For the coupled systems, it is more difficult to isolate the sources of
value because they are increasingly interconnected, so we report only the combined value of the
system.
Table 8. Energy Revenue from PV Plus Storage Systems with an ILR of 1.3, PV AC Rating of 50
MW, and Storage with 30 MW and 4 Hours of Capacity Using SCE 2014 Prices
Independent/
AC—Coupled
Energy Revenue
(million $)
Change in Energy Revenue
due to coupling (million $ / %)

DC-Coupled

DC Tightly Coupled

6.95 (0.98 from storage
and 5.97 from PV)

6.97

6.55

—

0.02 / +0.3%

-0.42 / -6% (compared
with DC-coupled)

4.1.2 Capacity Value
The second value component is capacity value. For our base case, using 2014 data, we use the
estimated penetration of solar in California in that year (about 6%). We identified three studies
that estimate the incremental capacity credit of PV at 6% solar penetration: 38% Jones (2012),
48% (Mills and Wiser 2012b), and 34% (Denholm et al. 2016). This results in a range of
capacity credits from 17 MW to 24 MW, with an average of 20 MW, for the addition of
50 MW of PV.
CAISO currently allows storage with 4-hours of discharge capacity to receive full capacity credit
(CAISO 2017). An important part of maintaining high capacity credit for the storage system is
the system’s ability to charge from off-peak grid energy. This is how existing storage plants
obtain high capacity credit and provide reliable service to utilities. A DC tightly coupled system
cannot rely on grid electricity and we are unaware of any detailed study of the capacity credit of
storage plants that can charge with only PV derived energy, so further analysis of the solar
resource during high-demand days is required. Studies of concentrating solar power plants have
shown that device with 4-hours of storage capacity can have very high capacity credits (Madaeni
et al. 2013b), but additional analysis is required to verify this conclusion for PV plus storage.
The capacity credit is multiplied by the assumed cost of avoided conventional capacity. One
estimate of the annualized financing and O&M cost of a new combustion turbine in California is
about $149/kW-yr. However, estimates for other region are below $100/kW-yr. 8 For a storage
system, these values are larger than the value of energy shifting/arbitrage. For example, the
results in Table 8 indicate that the annual energy-shifting value of 30 MW of independent
storage is about $0.98 million, or about $33/kW-yr, which is less than half the value of capacity.

8

For example, one estimate of the cost of a new CT in Texas is $97/kW-yr in Texas (Newell et al. 2014).
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Because our base case storage capacity is 30 MW, no decline in capacity value occurs owing to
DC-coupling. The PV capacity credit of 20 MW plus the storage capacity of 30 MW is exactly
equal to the inverter capacity of 50 MW. Had the PV capacity credit been higher (owing to a
higher ILR, for example) or the storage capacity been higher, the DC-coupling would have
resulted in lost capacity credit. This implies that as long as the PV capacity credit is greater than
zero, the storage power capacity in a DC-coupled system should be sized to avoid exceeding the
combined capacity credit of the individual PV and storage components.
4.1.3 Benefit/Cost Ratio
The benefit/cost ratio is calculated by dividing the annualized benefit (sum of the energy revenue
and capacity value discussed in Section 4.1) by the annualized costs (discussed in Section 3.4). 9
Figure 9 shows the results of the various cases. We must emphasize that the absolute values are
speculative due to significant uncertainty of equipment costs, financing terms, and the cost of
new capacity. Instead, our primary objective is to show how the values might change as a
function of configuration and degree of coupling. In this example, we assume that the avoided
cost of capacity is $149/kW, equal to the financing and O&M costs of a new combustion turbine
(CT) from CAISO (2017). In all cases the 30% ITC is applied to the PV portion of the system.
Figure 9 shows how each step of progressive coupling changes the B/C ratio. The PV only case
has the highest B/C ratio. Adding independent storage reduces the B/C ratio of the combined
system reflecting its currently high cost, and because it is not eligible for the ITC. Moving from
the individual PV plus storage configuration to the AC-coupled case slightly increases the B/C
ratio because of the assumed reduction in BOS costs. In reality, this comparison is somewhat
limited due to the fact that an independent storage system could be sited in a congested area,
increasing the arbitrage value relative to the PV plus storage system which would likely be sited
in a remote region. The DC-coupled system results in a greater B/C ratio due to the further
reduction in cost, and because of the limited impact on revenue shown in Table 8. Requiring PVonly charging reduces the B/C ratio due to reduced arbitrage revenue (also shown previous in
Table 8). Finally, adding the ITC to the storage component significantly increases the B/C ratio
because of the substantially reduced cost of the battery.

9

We assume that the energy and capacity values can be summed and does not represent double counting of the
storage resource. This is based on the fact that periods of high prices are highly correlated with the demand peak.
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Figure 9. Base case benefit/cost ratio for PV and storage in California using 2014 electricity prices
and 2016 estimated PV and battery costs

As discussed previously, these results provide an approximate indication of trends associated
with coupling PV plus storage in California, with the actual technical and economic performance
depending on many site specific factors. However, in this example, using historical cost and
price data, the B/C ratio of PV is significantly higher than storage, so adding storage to PV tends
to reduce the B/C ratio of the project overall. These results follow historical trends that have
resulted in very limited deployment of PV plus storage systems. However, this analysis does not
consider the impact of both increased PV penetration and reduction in storage costs, which is
considered in the following section.

4.2 Impact of Increased PV Penetration and Cost Reductions

The previous results are all at a relatively low PV penetration of 6% of annual generation on the
system, and use historical prices for both PV and storage. As both storage and PV costs continue
to decrease, their B/C ratio will continue to increase. However, increased PV penetration will
also have a substantial impact, as the PV energy and capacity credit decrease.
Figure 10 shows the revenue from our simulated PV system using both historical (2014)
electricity prices from the previous section, but also electricity prices from five different PV
penetrations using simulated electricity price data for 2020 (Denholm et al. 2016). The price
projections include several changes to the California grid including near-term expected
retirements and an assumed carbon cost of $29.5/ton (Brinkman et al. 2015). (The carbon cost is
largely responsible for the increase in value from historical to projected prices). The figure
shows the decline in PV energy revenue due the reduced marginal value of PV energy.
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Figure 10. Energy revenue of PV as a function of PV penetration

To evaluate a range of possible PV penetration levels that could occur in California in the 2020
time frame, we evaluate a low (15%) and high (24%) scenario.
There is also a decline in capacity value, as increasing PV energy shifts the net-load peak to later
in the day. Figure 11 shows the impact of PV on net load as a function of increasing PV
penetration. When enough PV is added to meet 6% of California’s annual load, the demand
between 3 p.m. and 4 p.m. has been significantly reduced, but the net-load peak has been shifted
two hours later. PV output in this period is much less, so PV’s incremental capacity credit falls,
and there is little reduction in the net-load peak beyond about 10% penetration.
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Figure 11. Impact of increased PV penetration on net load in California

Figure 12 shows the estimated capacity credit of PV as a function of penetration in California
from three previous studies. For this study, we assume an 18% capacity credit at 15% PV
penetration and a 5% capacity credit at 24% penetration.
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Figure 12. Decline in PV capacity credit using the capacity-factor approximation

The energy revenue and capacity value results can be combined to calculate a B/C ratio for PV
plus storage plants as a function of PV penetration. Figure 13 shows the B/C ratios for our 2020
scenario under 15% and 24% PV penetrations. Figure 13(a) shows the results as the existing ITC
would apply to the existing configurations. It shows the substantial drop in PV B/C ratio
compared to the historical value, despite the decline in PV cost and continued ITC. This is due to
the significant decline in PV value, which results in a B/C ratio of less than 1 in the 24% PV
case. Adding storage increases the B/C ratio because of the reduction in costs for storage. As in
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Figure 9, these results also show a small increase in B/C ratio with greater degrees of coupling,
with the highest being the tight DC-coupled case due to the availability of the ITC.
15% PV

PV Only

24% PV

Ind. PV + Storage
AC-Coupled PV + Storage
DC-Coupled PV + Storage
Tight DC-Coupled PV + Storage
(no ITC applied to storage)
Tight DC-Coupled PV + Storage
(ITC applied to storage)
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Benefit/Cost Ratio
(a) assuming the 30% ITC applied to the PV system and to the storage system when charging only from solar
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(b) assuming zero ITC for PV or storage

Figure 13. B/C ratio for PV plus storage plants in a 2020 scenario with two different levels of PV
penetration and the (a) 30% ITC and (b) zero ITC
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Figure 13(b) shows the results with no ITC for either PV or storage. This results in a decline in
B/C ratio in all cases; however, the ratio remains above 1 for the PV plus storage systems. In this
case, the highest B/C ratio is for the DC-coupled system with flexible charging, as the DC tightly
coupled system suffers from lost revenue without the mitigating factor of the ITC seen earlier.
However, in the 24% case, there is very little decrease in B/C ratio for the tightly-coupled
system, because at this level of PV penetration, a relatively large fraction of storage charging is
derived from PV. These results follow previous analysis showing that declining PV value can be
mitigated with energy storage and can maintain the ability to cost-effectively integrate large
amounts of PV (Mills and Wiser 2015; Denholm et al. 2016).

21
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.

5 Conclusions

PV plus storage systems can have multiple configurations, depending on the degree of coupling
and the sizing of components. Evaluating a specific configuration, from the system owner’s
perspective, requires calculating the net value of the system via a detailed accounting of costs
and benefits. Simple metrics such as LCOE cannot capture the differences in net value between
different configurations or the differences between PV plus storage and traditional fossil
generation. Our analysis illustrates one method to calculate the net value of a solar plus storage
system using a benefit/cost ratio metric to evaluate the attractiveness of various PV plus storage
configurations under a range of conditions.
We find that there are cost-benefit tradeoffs among the various PV plus storage configurations
we examined. Independent systems have the highest cost, because separate siting of PV and
storage components increases BOS costs compared with the costs of AC- and DC-coupled
systems. Alternatively, independent systems also enable storage to be sited within congested
urban areas, although we do not account for the resulting benefit in our analysis. DC-coupling
introduces a complex set of impacts on net value, which include both increasing energy revenue
by avoiding clipped energy and decreasing energy revenue value by placing some constraints on
storage dispatch associated with a shared inverter.
Our analysis demonstrates how these cost-benefit tradeoffs can be quantified across a set of
cases. Both AC- and DC-coupled systems have the potential to provide a small but measurable
increase in B/C ratio compared with the independent system across a wide range of avoidedcapacity costs. However, evaluating these systems requires understanding the size of the grid
connection and a more detailed analysis of non-hardware related costs including siting,
permitting, and interconnection costs that can be avoided by co-locating the storage with PV.
We also evaluate the impact of a system that stores only solar energy. This configuration incurs
a measurable loss in value to the owner—and to society more broadly—because of the nonoptimal dispatch of the storage component. However, the loss of value to the owner is much less
than the reduction in cost associated with current incentives via the ITC. This produces the
highest overall value of the various configurations we considered.
Our findings indicate that—when storage is appropriately sized—co-locating and sharing
components can increase the net value of a PV plus storage system. However, this conclusion
that coupling can increase the overall value of a solar plus storage system depends on a number
of assumptions. First, these results are for a specific location and one specific combination of PV
and storage component sizes. Additional analysis is needed to evaluate the sensitivity of these
results to alternative configurations, including tracking PV systems, different inverter loading
ratios and in other parts of the country. Second, we do not consider the potentially significant
benefits associated with deploying storage in congested areas. Storage has a much smaller
footprint than PV, and it can be deployed to defer new investments in transmission and
distribution capacity and to replace peaking capacity in urban areas. It is difficult to realize this
benefit if storage is combined with large, utility-scale PV systems. Third, we choose a storage
power capacity that is considerably smaller than the PV capacity. Storage power capacity must
be considered carefully to avoid exceeding the inverter capacity during periods that determine
the capacity credit of the overall system
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Finally, the entire concept of “coupling” PV and storage warrants additional discussion and
analysis among the broader engineering and policy stakeholder communities. In our analysis,
we find that systems that charge only with PV have the highest benefit to the developer because
of the ITC. We also suggest that this configuration may not provide the highest value to the
system as a whole. In addition to storing PV when other, lower-cost resources are available, this
configuration incurs the risk of depending on a single source for charging the storage, thus
increasing the probability that stored energy may be unavailable during periods of peak demand.
Operating a PV plus storage system in a tightly coupled manner also decreases the overall
efficiency of the power system and deviates from the normal manner in which grid assets are
used to minimize overall system costs and maximize societal benefits. As the ITC is reduced or
expires, the incentive to operate in this mode may be reduced. Alternatively, PV-only charging
may continue to be incentivized, as it creates an easy method to create a “dispatchable”
renewable resource from a contractual and accounting standpoint. The benefits of more easily
accounting for the renewable generation and emissions avoidance from this configuration needs
to be compared to the potentially reduced economic benefits. Ultimately, a PV plus storage
power plant represents a new class of generation resource that needs to be better evaluated in
terms of system planning and operation to maximize its benefits as continued reductions in price
drive increased deployment.
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Appendix: Financial Assumptions
Table A-1. Financial Assumptions
PV
Components
Inflation Rate

Battery
Components

2.5%

2.5%

20

15

Interest Rate – Nominal

4.4%

4.4%

Calculated Interest Rate – Real

1.9%

1.9%

Interest During Construction - Nominal

4.4%

4.4%

Rate of Return on Equity – Nominal

9.5%

9.5%

Calculated Rate of Return on Equity – Real

6.8%

6.8%

Debt Fraction

40.0%

40.0%

Tax Rate (Federal and State)

40.0%

40.0%

WACC – Nominal

6.7%

6.7%

WACC – Real

4.1%

4.1%

Depreciation Period (Years)

5

7

Construction Finance Factor

1.013

1.009

Present Value of Depreciation

0.837

0.805

Project Finance Factor

1.233

1.233

Capital Recovery Factor (CRF) - Nominal

9.0%

10.7%

Capital Recovery Factor (CRF) - Real

7.4%

9.1%

Economic Lifetime (Years)
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