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ABSTRACT 

For economic reasons, solar photovoltaic (PV) systems 

are commonly constructed with panel DC nameplate 

rating larger than the inverter AC nameplate rating, which 

can result in some PV generation curtailment. PV systems 

can be combined with energy storage (ES) systems to 

reduce the curtailed PV generation, whilst also providing 

other services such as energy arbitrage ( the ‘value 

stacking’ approach). This paper analyses the value of such 

coupled PV-plus-ES systems for a project in northern 

California. A critical ES breakeven cost is proposed as an 

indicator of the feasibility of PV-plus-ES. Degradation is 

shown to be a key driver of PV-plus-ES system capacities 

when maximising a system’s net present value (NPV). 

1. INTRODUCTION 

Interconnection agreements for solar photovoltaic (PV) 
systems are usually specified in terms of inverter (AC) size 
rather than PV panel nameplate (DC) rating, as the inverter 
size drives potential PV grid impacts. As such, PV systems 
are commonly designed with PV nameplate ratings greater 
than the inverter size. Generation duration curves for solar 
makes this prospect even more likely, as PV irradiance is 
at maximum only very occasionally (even under ideal 
conditions). It is therefore typically economical for PV 
developers to accept output curtailment at certain times. 
For PV systems coupled with energy storage (PV-plus -
ES), the energy storage (ES) system enables the system to 
capture this PV generation which would otherwise be 
curtailed. This results in increased operating revenue for 
the ES [1].  
 
Breakeven costs of PV systems have been studied for a 
long time (see, e.g. [3]), with interest in PV-plus-ES (or 
the similar distributed generation-plus-ES) increasing in 
recent years. In [2], the authors study cost savings 
associated with co-locating PV with ES, but the results do 
not discuss opportunities for additional revenue seen if the 
ES is used for curtailment avoidance in those systems. In 
[4], the authors consider a ‘desired’ curtailment level as a 
means of choosing the sizing of an ES system for wind-
plus-ES, although the complexities of choosing such a 
parameter are not discussed in the work. The work 
presented in [5] calculates the marginal value of storage as 
a function of size. It is concluded that this value decreases 
monotonically – that is, they describe that there tends to be 
‘diminishing returns per unit of storage capacity’. The 
impact of degradation on the final result is not discussed, 

however. A review of siting and sizing in [6] illustrates the 
range of problems studied with regards to ES in 
distribution networks. The practicalities of ES scheduling 
are discussed in [7] for a variety of grid services where 
reliability of the ES is of paramount importance for grid 
reliability. The authors of [8] study the economics of 
residential battery storage, considering both off-grid and 
grid-connected systems, although the battery lifetime is 
assumed to be fixed. The authors in [9] study the stacking 
of various services that ES can provide, concluding that  
there may be notable value from ES being co-located with  
a PV especially when the system size is limited by 
interconnection limit.  
 
None of the surveyed works consider a systematic way of 
studying the point for which ES will become cost-
effective, particularly given the mutual advantages ES and 
PV lend each other when co-located. Furthermore, 
surveyed works tend to ignore degradation explicitly, or 
fail to study it as a sensitivity parameter. This leads to 
uncertainty as to the impact this may have, particularly  
given the highly non-linear nature of ES degradation. 
 
This paper makes two key contributions. Firstly, a critical 
ES breakeven cost is proposed as a method of deriving a 
reasonable bound for which ES becomes cost effective in 
cases where ES is co-located with PV. Secondly, we 
perform a range of sensitivity analyses with respect to 
degradation rates, and with respect to PV and ES costs. We 
use EPRI’s StorageVET® (Storage Value Estimation  
Tool), which is a free, publicly available, web-hosted 
energy storage simulation tool [10], to schedule the ES and 
estimate ES system degradation, as required for 
determining net present value. Results illustrate the 
applicability of the method and that ES degradation plays 
a key role in the economic feasibility of ES. 

2. ANALYSIS METHODOLOGY 

We consider the problem of choosing the PV panel 

nameplate rating 𝑃PV  and ES system energy capacity 𝐸ES  

in a PV-plus-ES installation to maximise the net present 

value (NPV) of the project, where the PV and ES are 

coupled behind a common inverter (see Figure 1). The 

power rating of the inverter 𝑆inv is assumed to be known, 

and (without loss of generality) is assumed to be constant. 

Assuming that the inverter operates at unity power factor, 

the inverter power export and import is therefore limited  

by the fixed constraint 
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|𝑃inv
| ≤ 𝑆inv  . (1)  

 

The value of 𝑆inv in (1), as specified by an interconnection 

agreement, could be due to limits imposed by (for 

example) thermal or protection constraints in the 

distribution network. 

 

 
 

Figure 1. The PV-plus-ES problem looks to select the PV 

nameplate power and the ES size, for a given inverter rating. 

(Green font represents inputs and red font outputs.) 

In this paper, the ES is used for generating revenues via 

price arbitrage and PV curtailment avoidance. We consider 

a known (normalised) PV generation profile 𝜓Gen and 

locational marginal price 𝜆 LMP. To find the optimal ES 

operating schedule, we use StorageVET [10]. StorageVET 

takes a potential generation profile 

 

𝑃Ge n =  𝜓Gen × 𝑃PV  , (2)  

 

in kW, price 𝜆 LMP ($/kWh), ES size 𝐸ES (kWh), and 

calculates the optimal charging profile to maximis e 

revenue from energy arbitrage. It typically leads to 

minimize PV curtailment, since solar generation with zero  

marginal cost is used instead of charging from the grid. 

The software tracks the ES system degradation 𝐷ES  using 

the two complementary approaches: a ‘rainflow’ counting 

algorithm [12] estimates degradation due to cycling, and a 

calendar degradation rate estimates degradation due to the 

passage of time. The tool also records the curtailed PV 

power 𝑃Curt . The total potential energy generation 𝐸Gen  

and actual curtailed energy 𝐸Curt  can be calculated from 

these values. Note that, because the system inverter size is 

fixed, we do not model a separate ES power cost. In other 

words, the marginal cost of ES energy capacity is assumed 

to be much larger than the marginal ES power capacity, as 

a separate inverter is not required for each system. 

 

StorageVET inputs and outputs are illustrated in Figure 2. 

In addition, StorageVET requires two internal parameters: 

a scheduling time horizon 𝜏, and a penalty factor 

(discussed below). The choice of scheduling time horizon  

depends on, for example, the ES services provided. The ES 

schedule for one year was evaluated in StorageVET by 

sequentially optimizing the day-ahead schedule (i.e. 𝜏 = 1 

day). In each period, the ES is constrained to have its 

terminal state of charge (SOC) identical to its initial SOC. 

 
Figure 2. Storage VET calculates the revenues 𝐶𝑅𝑒𝑣, degradation 

𝐷𝐸𝑆 and curtailment 𝑃𝐶𝑢𝑟𝑡 for a given set of parameters. 

StorageVET Cycle Penalty Factor 

Cycling the ES system tends to reduce the state of health 

of the system (particularly in the case of battery ES 

systems which are of primary interest here). As such, if 

there are very small price differentials (and thus only a 

small value of arbitrage) then the battery should not be 

cycled. On the other hand, due to depreciation (time value 

of money resulting, e.g., from the cost of capital), 

operating the ES today is more valuable than operating the 

ES in the future. Therefore, ES cycles are required to be 

chosen judiciously. 

 

Storage degradation is highly nonlinear and thus a 

challenge to explicitly include in ES schedule 

optimization. StorageVET therefore estimates degradation 

as part of the post processing after the scheduling 

optimization. However, StorageVET does allows for a 

balance between the storage operating revenue and 

degradation avoidance through a cycle penalty factor 𝜅, 

which penalizes charge and discharge magnitudes . This 

makes it more expensive to perform any activity with the 

battery, meaning that a larger value of 𝜅 leads to less 

cycling and therefore less degradation. In principle, the 

storage project NPV can be optimized by simulating a 

range of values of 𝜅 to determine the optimal schedule 

considering both revenues and ES degradation. After 

experimenting, it was found that choosing 𝜅 = 0 was a 

good heuristic for this paper, although the determination of 

a systematic method for choosing this parameter would be 

a fruitful area for future research. 

 

In this work a total discount rate 𝛿  is used to represent the 

time value of money, modelling the impact of cost of 

capital. Note that this total discount rate could be used to 

model other effects, such as potential future savings due to 

technological advancements  (i.e. cost reductions in ES or 

PV technology). For simplicity, we only consider the 

(fixed) cost of capital to determine 𝛿 . 

Economic Modelling 

The NPV of a PV-plus-ES is found by considering the total 

discounted cash flow over the life of the project. The net 

cash flow 𝐶Net in year 𝑖 is simply the difference between 

revenues 𝐶Rev and expenditures 𝐶Exp as 

 
𝐶Net

[𝑖] = 𝐶Rev
[𝑖] − 𝐶Exp

[𝑖] , (3)  

 

so the NPV calculated over 𝑛 years is 
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𝐶NPV = ∑
𝐶Net

[𝑖]

(1 + 𝛿)𝑖
 ,

𝑛

𝑖=0

(4)  

 

with the year 𝑖 = 0 representing the initial purchase of the 

system. In this paper, the expenditures 𝐶Exp consists of 

three factors: 1) The initial purchase of the PV-plus -ES 

system; 2) necessary ES system replacements (due to 

degradation); and, 3) an ongoing (annual) operations and 

maintenance cost, 𝐶O&M (in $/kVA per year). The inverter 

cost parameter 𝐶inv is in units of $/kVA. Likewise, in this 

paper the revenues  𝐶Rev are derived from two sources: 1) 

revenue generated from the market (through PV 

generation or ES arbitrage); and, 2) the salvage value of 

the ES system at the end of the project. 

 

The salvage value of the ES system is calculated to be 

proportional to the remaining state of health of the ES.  

Generally, we consider the case where multiple ES 

systems are likely to be required for the duration of the 

project, as batteries tend to have expected project lengths 

that are shorter than that of PV system lifetimes . 

 

Optimal Sizing and Nominal PV Size 

Denote the optimal PV and ES sizes, which maximise the 
NPV, by 𝑃PV

∗  and 𝐸ES
∗ , respectively. That is, 

 
(𝑃PV

∗ , 𝐸ES
∗ ) = arg max

(𝑃PV ,𝐸ES )
𝐶NPV  . (5)

 

 

If ES is very expensive, we can set 𝐸ES = 0 and reduce the 

problem to choosing the optimal PV size only. We call the 
nominal PV size 𝑃PV

nom the PV size that maximises the NPV 

under this assumption, i.e., 

 
𝑃PV

nom = arg max
(𝑃PV ,𝐸ES =0)

 𝐶NPV , (6)
 

 
and the corresponding NPV 𝐶NPV

nom. 

 

Asymptotic Breakeven Cost 

The net present value 𝐶NPV is a function of the ES cost 𝐶ES, 

as the expenditure 𝐶Exp is a function of the cost of the ES. 

The breakeven cost of storage, 𝐶ES,BE , is the storage cost 

for which the NPV of PV-plus-ES is equal to that of PV in 

isolation. That is, 𝐶ES,BE satisfies the equation 

 

𝐶NPV  (𝐶ES,BE ) =  𝐶NPV
nom , (7)  

 

for given values of (𝐸ES , 𝑃pv). Given that 𝐶ES,BE is a 

function of both ES and PV size, breakeven costs (as 

described) are not unique for the system described in 

Figure 1. However, we note (Conjecture 1):  

 

Larger ES sizes will have a smaller utilisation, due to less 

curtailment per kWh of ES. 

 

As described in the introduction, Conjecture 1 has been 

demonstrated in a number of previous works. However, we 

use Conjecture 1 to propose the study of the asymptotic 

breakeven storage cost, 𝐶BE
Asm, as a limit:  

 

𝐶ES,BE
Asm (𝑃PV

) = lim
𝐸ES →0

𝐶ES,BE (𝐸ES , 𝑃pv) . (8)  

 

As such, if the asymptotic ES breakeven cost is less than 

the actual ES cost at that PV penetration 𝑃PV , then no ES 

should be installed at that PV size. Likewise, if 𝐶ES,BE
Asm  is 

greater than the actual ES cost, then a non-zero ES size 

should be installed for the greatest NPV. 

 

Critical Breakeven Cost 

We now make a second observation (Conjecture 2):  

 

The amount of curtailment increases as the PV size 

increases. 

 

The key corollary of Conjecture 2 is that the asymptotic 

breakeven cost will increase monotonically as the PV size 

increases.  

 
The nominal PV size 𝑃PV

nom  in (6) is a point that 

approximates the maximum PV size that might be used in 

a PV-plus-ES case, when ES is still relatively expensive 

(and thus, when the ES size is likely to be small). We 

therefore define the critical breakeven cost 𝐶ES,BE
crit  as 

 

𝐶ES,BE
crit = 𝐶ES,BE

Asm (𝑃PV
nom) . (9)  

 

It may be the case that there are some combinations of PV-

plus-ES which may be profitable at a price higher than this  

(as installed ES increases the marginal value of additional 

PV). Sensitivity analysis carried out during this work 

demonstrates that this is, however, a very good 

approximation as a bound for the point at which ES makes  

economic sense. 

3. CASE STUDIES 

We consider a PV-plus-ES project located in northern 

California. Interconnection analysis was run at a proposed 

community PV site. The site hosting capacity of 2160 kW 

was limited by an upstream thermal constraint. The 

normalised generation profile 𝜓Gen  was found using 

typical meteorological year (TMY) data from [11]. 

Historic locational marginal pricing (LMP) data was 

obtained from California independent system operator 

(CAISO) [13]. Both of these inputs are a year in length at 

a resolution of half an hour. 

 

For sensitivity analysis, two cases were analysed: a Base 

Case, and a Future Case. The latter was included to 

analyse how potential future changes in input parameters 

might impact the results. In particular, the marginal costs 

of both PV and ES capacity continue to drop, and so we 

consider how these impact on the feasibility of storage. 
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Degradation analysis in StorageVET revealed that the 

lifetime for storage for the proposed projects was typically  

between 14 and 19 years, and so a fixed degradation of 

6.25% (corresponding to a 16-year ES life) was chosen for 

the project. These parameters are summarised in Table 1. 

 
Table 1. Parameters used in the case studies (chosen for 

illustrative purposes.) 

Parameter Symbol Base Case Future Case 

Inverter rating, kVA Sinv 2160 2160 

Annual O&M Cost, $/kVA CO&M 10.0 10.0 

Inverter Cost, $/kVA Cinv 12.5 12.5 

Project span, yrs. n 35 35 

Depreciation rate δ 3% 3% 

PV Panel Cost, $/kW CPV 1200 1080 

ESS Degradation, p.a. DES 6.25% 6.25% 

ESS Cost, $/kWh CES 300 185 

ESS Efficiency ηES 90% 90% 

4. RESULTS 

For each of the case studies, a total of 70 combinations of 

PV and ES were evaluated. These cases covered a range of 

PV sizes (𝑃pv up to 123% of 𝑆inv), and ES system sizes  

(𝐸ES up to 1950 kWh, or 120% of the ES size required for 

no curtailment at any PV size). This also included two 

small ES sizes (16 and 32 kWh) to increase the accuracy 

of estimates of asymptotic breakeven costs. As expected, 

the curtailment increases with the PV size and decreases 

with the ES size (see Figure 3). 

 

 
Figure 3. Energy curtailment 𝐸𝐶𝑢𝑟𝑡 as a function of ES systems 

size 𝐸𝐸𝑆 and PV size 𝑃𝑃𝑉 . 

Net Present Value 

The NPV is plotted as a function of PV nameplate rating 

and ES system size in Figure 4. In the Base Case, the 

maximum NPV is obtained without any ES, whereas in the 

Future Case, the optimal NPV is found with a non-zero ES. 

Additionally, the NPV is negative in the Base Case, and so 

the project is not viable. Numerical values for the optimal 

NPV are summarised in Table 2. Optimal values were 

found by quadratic interpolation (to capture the curvature 

between sample points). Note that the nominal PV size 
𝑃PV

nom  is very close (or at) the optimal PV size, and the 

critical breakeven cost 𝐶ES,BE
Crit  accurately predicts whether 

or not ES should be installed. 

 
Figure 4. NPV as a function of PV nameplate rating and ES 

system size for the Base Case (left) and Future Case (right). 

The asymptotic breakeven cost (8) is approximated by 

considering the breakeven cost at the smallest ES size. The 

critical breakeven cost 𝐶ES,BE
Crit  (as given in Table 2) is 

therefore found as by linearly interpolating the asymptotic 
breakeven cost at the nominal PV size 𝑃PV

nom . 

 
Table 2. Results of case studies (using parameters from Table 1). 

Parameter Symbol 
Base 

Case 

Future 

Case 

Optimal PV size (% of Sinv) 𝑃PV
∗

 111.3 117.4 

Optimal ES size (kWh) 𝐸ES
∗

 0 119.5 

Optimal NPV ($ ×10
3
) 𝐶NPV

∗
 -250.3 45.4 

PV nom size (% of Sinv) 𝑃PV
nom

 111.3 116.2 

ES crit . breakeven cost, ($) 𝐶ES,BE
Crit

 177.9 196.4 

 

To consider the validity of Conjectures 1 and 2 (see 

Section 2) we plot the change in NPV with respect to ES 

size, as a function of ES size and PV (Figure 5). The results 

shown clearly illustrate that the marginal value of storage 

increases with the amount of PV, and decreases with ES 

size, as conjectured. 

 

 
Figure 5. The marginal value of storage for the future case, as a 

function of PV size and ES size. (The Base Case is qualitatively 

similar and so is not plotted for conciseness.) 
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Sensitivity of results with respect to Degradation 

To study the impact of degradation on the results, the 

critical breakeven cost and optimal ES and PV sizes are 

plotted as a function of degradation in Figure 6. Recall that 

in the previous sections degradation was set to 6.25% per 

year. The critical breakeven cost of ES has increased in the 

Future Case compared to the Base Case (see Figure 6, left), 

and so there are some ES costs which lead to viable (non-

zero) ES sizes in the Future Case but not in the Base Case. 

 

Note also that the optimal PV size is a function of the 

degradation of the ES (Figure 6, right). This is because the 

installed ES reduces the opportunity cost associated with 

curtailment, and so larger PV systems become feasible. 

 

  
Figure 6. Sensitivity of critical breakeven cost (left) and optimal 

PV and ES sizes (right), as a function of degradation. 

Finally, we note how steeply the optimal ES size changes 

as a function of the annual degradation (Figure 6, right). 

At 6.25% degradation per year (as in the case studies 

previously discussed), 120 kWh of ES should be installed, 

whereas 550 kWh should be installed for 5% degradation 

per year, and 0 kWh for 7% degradation per year. As such, 

ES system operations which impact on ES degradation will 

have a very large impact on the feasibility of ES. 

5. CONCLUSIONS 

As the price of ES continues to fall, the value proposition 

of PV-plus-ES could be greater than either of the assets in 

isolation, as ES reduces curtailment caused by network 

constraints. In this work, we have considered the value that 

ES brings to PV systems. This led to the proposal of a 

critical breakeven cost for PV-plus-ES systems. The case 

studies have highlighted that ES degradation is a key 

parameter when determining the feasibility of ES in PV-

plus-ES systems. As degradation is a function of the ES 

operation, explicitly optimizing ES schedules  to maximis e 

NPV considering degradation will be a topic for future 

investigation. 
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