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1. Introduction and Background 
The present project aims to provide information on the preferred configuration of energy storage 
technologies for supporting a decarbonized California electricity system. Energy storage technologies 
have been identified as critical for enabling compliance with California’s electricity decarbonization goals. 
While lithium-ion batteries are currently the leading option for meeting energy storage needs, particularly 
in the near term, a diverse array of other commercial or near-commercial energy storage technologies are 
available that have characteristics better suited to meet the particular needs of a future electricity system. 

In this context, the present project aims to determine which energy storage technologies are best suited 
to serve different functions required to operate a future, decarbonized electricity system in California and 
elucidate how energy storage technology characteristics map to their suitability for different applications. 
This will be accomplished by meeting the following objectives: 

 Determine the net costs associated with deploying different energy storage technology 
portfolios to facilitate an electricity system that complies with SB 100 goals and IRP targets. 

 Compare the costs and benefits associated with the use of different energy storage technology 
portfolios in terms of expenditures and system-wide electricity system operations. 

 Determine the energy storage characteristics that are better suited for providing different grid 
services at a minimal net cost. 

This follows from two previous deliverable reports. The Task 2 deliverable report presented relevant data 
on the costs and capabilities of different energy storage technologies. The Task 3 deliverable report 
established the parameters of the electricity system (electricity resource mix and electric loads) that 
different deployment strategies of energy storage systems will be tested within, as well as the scenarios 
for different strategies of deploying energy storage in terms of their location, the priorities that these 
systems respond to, and the composition of energy storage technologies in each application.  

This Task 4 deliverable report presents the results of simulating the different scenarios for the locations, 
priorities, and technologies of energy storage on the achieved zero-carbon penetration level, system-wide 
cost of electricity, and renewable curtailment associated with future, deeply decarbonized electricity 
system in California. These results focus on energy storage scenarios implemented in systems developed 
to comply with California’s year 2030 renewable portfolio standard (60% of retail sales of electricity) and 
the year 2045 electricity decarbonization goal (100% zero-carbon retail sales of electricity) as codified by 
California Senate Bill 100. 
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2. Implementation of Energy Storage Scenarios in Modeling 
In the Task 3 deliverable report, we proposed three thematic energy storage deployment scenarios to 
investigate. Here we describe the methods for how each of these energy storage scenarios was 
implemented in modeling the year 2030 and 2045 electricity systems in the Holistic Grid Resource 
Integration and Deployment (HiGRID) model. 

2.1. Scenario 1: Effect of increased focus on behind-the-meter storage 
deployments. 
Behind-the-meter (BTM) energy storage refers to energy storage capacity that is installed and connected 
to the customer side of the utility electricity meter. This contrasts with utility energy storage, which is 
connected to the utility-side of the distribution system or directly to the transmission system as a 
centralized grid resource. Capacity expansion studies that inform the planning of the future electricity 
system, including those conducted for compliance with California’s SB 100 goal [1], project significant 
deployments of energy storage capacity installed and operated as utility energy storage being dispatched 
in response to the time-varying conditions of the broader electricity system. 

Deploying energy storage as BTM installations are likely to be pursued by individual industrial, 
commercial, or residential customers rather than by a centralized entity such as a utility or balancing 
authority. BTM energy storage installations can provide many benefits for these individual consumers, 
including but not limited to: 

 Reducing costs of electricity for the individual consumer by avoiding the import of grid 
electricity during high electricity price hours. 

 Enhancing the availability and use of rooftop solar photovoltaic resources for both reducing 
customer electricity costs and emissions 

 Ability to provide backup power in the event of broader electricity system blackouts, either as a 
standalone resource or in combination with rooftop or otherwise on-site solar. 

This means, however, that the operating priorities of BTM energy storage installations will be different 
than utility energy storage. While utility energy storage systems will charge and discharge in response to 
the conditions of the broader electricity system (i.e. responding to balancing authority net load profiles 
or electricity price signals), BTM energy storage installations will respond to the energy use profiles of the 
customers to which they are connected. This has the potential to cause conflicts: for example, a BTM 
energy storage system can choose to charge when it is beneficial for a local customer but detrimental to 
the broader electricity system, and vice versa for discharge. 

However, installing BTM energy storage can also have overall system cost benefits. While capital cost 
numbers for BTM energy storage are typically higher than their utility-scale counterparts [2,3], these 
systems also avoid certain costs relating to grid integration that utility energy storage systems are subject 
to. Specifically, the costs of interconnection to the transmission system and the hardware necessary to 
establish this connection (transformers, busbars, etc…). 

This scenario seeks to understand the effect of substituting increasing fractions of planned utility energy 
storage capacity for BTM energy storage capacity, as well as the effect of adding BTM energy storage 
capacity on top of planned utility energy storage capacity, on the zero-carbon penetration, average cost 
of electricity, and curtailed renewable energy from the system-wide perspective, not the local customer 
perspective. Therefore, we will focus on modeling the components of BTM energy storage that affect 
system-wide performance parameters. We are not quantifying the value of the benefits provided to the 
consumer here – such as resilience and backup power – or how those consumer benefits translate to 
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system-wide benefits. Valuation of these factors is a subject of extensive ongoing research and will be 
included in future work. 

With these considerations, we make the following assumptions for the costs and dispatch of BTM energy 
storage: 

 General assumptions: 

o BTM energy storage is modeled as 4-hour lithium-ion battery energy storage at the 
commercial scale, with a nominal power capacity of 1 MW per installation.  

 While not all BTM energy storage will be installed by commercial customers, this 
assumption is made since although residential systems are smaller, previous 
research has found that it is more cost-effective to deploy energy storage as a 
community resource for entire residential neighborhoods rather than as 
independently operating installations at individual residences [4]. This is 
reflected in the cost parameters for lithium-ion battery energy storage at 
different scales presented in the Task 2 Deliverable Report. 

o Utility energy storage is modeled as 4-hour lithium-ion battery energy storage with a 
nominal power capacity of 10 MW per installation. 

o Cost, efficiency, and lifetime parameters are further described in the Task 2 Deliverable 
Report. 

 Scenario-specific cost assumptions: 

o The costs of grid integration as specified by Mongird et al [3] are subtracted from the 
capital cost parameters for BTM energy storage. These range from $25-$31/kW for the 
year 2030 and $20-25/kW for the year 2045. 

 These costs include the “direct cost associated with connecting the energy 
storage system to the grid, including transformer cost, metering, and isolation 
breakers.”  

 It is important to note that grid interconnection costs vary between different 
reports, depending on what factors are taken into account. Here we use the 
figures from Mongird et al [3,5] since that report formed the basis for 
calculating and projecting the cost parameters used in this study. Narrowing 
down a more accurate number to account for the costs of grid interconnection 
is a subject of future work. 

 Scenario-specific dispatch assumptions: 

o The capacity of energy storage installed as BTM will be dispatched to maximize the 
absorption of distributed (rooftop) solar PV by residential or commercial loads as 
appropriate. 

 In this mode, BTM energy storage will operate to charge with distributed solar 
PV as much as possible and discharge stored energy to reduce or eliminate 
residential or commercial load peaks. If sufficient excess stored energy remains, 
the energy storage will act to reduce the overall net load.  
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o Utility energy storage will be dispatched to flatten and reduce the net load profile of the 
broader electricity system, accounting for the effect of all loads, renewable generation, 
and committed baseload generation. 

The specific scenarios modeled in HiGRID are as follows. Each of these is simulated under the 4 different 
projected resource mixes (SB100 Core, SB100 Study, NREL Mid, NREL Mid95 by 2030) described in detail 
in the Task 3 Deliverable Report. 

 Total energy storage capacity set constant at the value specified by the resource mix: 

o 0%, 20%, 40%, 60%, 80%, and 100% of projected energy storage capacity installed as 
BTM 

 BTM storage capacity added on top of projected utility energy storage capacity: 

o +20% and +40% of projected energy storage capacity operating as BTM added to the 
overall resource mix 

2.2. Scenario 2: Effect of co-locating energy storage at wind and solar farms 
Energy storage capacity can also be deployed co-located at wind and solar farms instead of directly tied 
to the transmission grid. Since the rapid buildout of large-scale wind and solar farms are a cornerstone 
of strategies to decarbonize California’s electricity system and comply with Senate Bill 100 goals [6], this 
scenario will investigate whether there is any system-wide for co-locating increasing fractions of 
projected energy storage capacity at wind and solar farms instead of being directly tied to the 
transmission grid.  

Similar to the scenario for BTM storage, energy storage capacity co-located at wind and solar farms is 
likely to operate differently than that connected directly to the transmission grid. Co-located energy 
storage is likely to be installed by the developer of the wind or solar farm and will be dispatched to 
benefit the operation of these installations. Such storage will operate to shift wind and solar generation 
to be stored and exported to the grid during hours when these resources aren’t inherently available and 
add a degree of predictability for grid operators. This can be particularly important for wind generation, 
which is more difficult to predict accurately on hourly and sub-hourly timescales compared to solar 
generation. Co-located energy storage also allows wind and solar farms to provide   

From a system-wide perspective, however, substituting utility energy storage for co-located energy 
storage can have certain disadvantages. Specifically, co-located energy storage will only charge with 
electricity produced by the wind or solar farm to which they are connected instead of being able to draw 
on combined wind and solar generation in the case of utility energy storage. This consequently limits the 
extent to which co-located energy storage capacity can affect the system-wide net load profile 
compared to the same amount of capacity installed as utility energy storage.  

The co-location of energy storage at wind and solar farms, however, does allow such systems to take 
advantage of the existing interconnection infrastructure of the wind or solar farm that it is located at. 
From a practical perspective, this reduces procedural barriers for siting and permitting, since separate 
siting and permitting considerations for the energy storage system can be avoided.  

Similar to the BTM energy storage scenario, this scenario seeks to understand the effect of substituting 
increasing fractions of planned utility energy storage capacity for energy storage capacity co-located at 
large-scale wind and solar farms on the zero-carbon penetration, average cost of electricity, and 
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curtailed renewable energy from the system-wide perspective, not the wind and solar farm 
owner/operator perspective.  

With these considerations, we make the following assumptions for the costs and dispatch of co-located 
energy storage at wind and solar farms: 

 General assumptions: 

o Energy storage co-located at wind or solar farms is modeled as 4-hour lithium-ion 
battery energy storage at utility scale capacities.  

o Utility energy storage is modeled as 4-hour lithium-ion battery energy storage with a 
nominal power capacity of 10 MW per installation. 

o Cost, efficiency, and lifetime parameters are further described in the Task 2 Deliverable 
Report. 

 Scenario-specific cost assumptions: 

o Similar to the BTM scenario, the costs of grid integration as specified by Mongird et al 
[3] are subtracted from the capital cost parameters for co-located energy storage at 
wind and solar farms. These range from $25-$31/kW for the year 2030 and $20-25/kW 
for the year 2045. This accounts for the ability of co-located energy storage at wind and 
solar farms  

 Scenario-specific dispatch assumptions: 

o The capacity of energy storage co-located at wind or solar farms will be dispatched to 
charge with wind or solar generation from their specific installation that would 
otherwise be curtailed to prevent overproduction on the grid and discharge when wind 
or solar generation is low or zero. 

o Utility energy storage will be dispatched to flatten and reduce the net load profile of the 
broader electricity system, accounting for the effect of all loads, renewable generation, 
and committed baseload generation. 

The specific scenarios modeled in HiGRID are as follows. Each of these is simulated under the 4 different 
projected resource mixes (SB100 Core, SB100 Study, NREL Mid, NREL Mid95 by 2030) described in detail 
in the Task 3 Deliverable Report. 

 Total energy storage capacity set constant at value specified by the resource mix: 

o 0%, 20%, 40%, 60%, 80%, and 100% of projected energy storage capacity installed as co-
located at utility-scale solar farms. 

o 0%, 20%, 40%, 60%, 80%, and 100% of projected energy storage capacity installed as co-
located at utility-scale wind farms. 

2.3. Scenario 3: Effect of technology substitution for grid-connected energy 
storage 
Planning studies for meeting regional electricity decarbonization goals specify the rollout of energy 
storage as a critical part of the required resource portfolios to comply with such goals. These studies, 
such as that for California’s SB 100 goal, represent energy storage using leading incumbent technologies. 
For short-duration storage (less than or equal to 10 hours of storage at rated discharge), this 
functionality is typically represented by lithium-ion battery technology due to its relatively low cost 
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(current and projected), high round-trip efficiency, and its large market share due to co-development 
from electric vehicles. For long-duration storage, pumped hydropower energy storage is typically used 
to represent this functionality due to its relative maturity compared to other long-duration energy 
storage types (i.e. hydrogen, compressed air, etc…).  

Other energy storage technologies (non-lithium-ion) are emerging for short-duration energy storage that 
can provide other benefits. For example, flow battery energy storage can potentially 1) be safer in 
operation compared to lithium-ion batteries due to reduced risk of fires 2) are expected to experience 
relatively lower capacity degradation for an equivalent number of cycles, and 3) can be more easily sized 
for power-centric or energy-centric applications as needed compared to conventional batteries. Flow 
batteries, however, currently come with the disadvantages of higher upfront costs and lower energy 
efficiency. Therefore, here we will conduct simulations that will increase the share of flow battery energy 
storage in the short-duration energy storage portfolio and track the effects on the electricity costs 
associated with achieving a given zero-carbon electricity penetration.  

Since the long-duration energy storage is represented as pumped hydropower in the reference planning 
studies, which is largely already existing capacity that is not expected to be retired. The study carried out 
for SB 100 Joint Agency Report places limits on pumped hydropower expansion in California, likely due to 
concerns regarding the expansion of hydropower capacity on ecological conditions in the State’s rivers. 
Therefore, for long-duration storage, we will investigate how the addition of capacity consisting of 
alternative long-duration energy storage technologies on top of the specified pumped hydropower 
capacities will affect electricity costs associated with achieving a given zero-carbon electricity penetration 
level. This differs from the approach for short-duration energy storage in that alternative technologies will 
not substitute for existing technologies, but rather add to them. 

The dispatch priority of the alternative short- and long-duration energy storage technologies will be 
similar to that of the technologies specified in the corresponding electricity resource mix. These 
alternative technologies may produce different charge/discharge profiles due to differences in their 
technical characteristics, but they will respond to the same objective function as the reference 
technologies since both will be installed as utility energy storage. 

With these considerations, we make the following assumptions for the costs and dispatch of alternative 
technologies for short- and long-duration energy storage.: 

 General assumptions: 

o Utility lithium-ion energy storage is modeled as 4-hour duration storage with a nominal 
power capacity of 10 MW per installation. 

o Flow batteries will be represented by vanadium redox flow battery technology with a 
10-hour storage duration. Vanadium redox flow batteries are currently the most mature 
flow battery technology for which the largest amount of data on costs and performance 
exists. 

o Alternative long-duration energy storage will be represented by hydrogen energy 
storage consisting of proton exchange membrane (PEM) electrolyzers, underground 
storage, and a PEM fuel cell.  

o Cost, efficiency, and lifetime parameters are further described in the Task 2 Deliverable 
Report. 

 Scenario-specific cost assumptions: 
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o No scenario-specific cost assumptions differ between the technologies other than their 
input cost parameters, since all of the considered technologies will be installed as utility 
energy storage. 

 Scenario-specific dispatch assumptions: 

o All energy storage technologies will be dispatched to flatten and reduce the net load 
profile of the broader electricity system, accounting for the effect of all loads, 
renewable generation, and committed baseload generation. 

The specific scenarios modeled in HiGRID are as follows. Each of these is simulated under the 4 different 
projected resource mixes (SB100 Core, SB100 Study, NREL Mid, NREL Mid95 by 2030) described in detail 
in the Task 3 Deliverable Report. 

 Short-duration energy storage 

o 0%, 20%, 40%, 60%, 80%, and 100% of projected utility-scale lithium-ion battery power 
capacity substituted for vanadium redox flow batteries. 

 Long-duration energy storage 

o 0%, 10%, 20%, 30%, 40%, and 50% of projected pumped hydropower energy storage 
power capacity added to the system as hydrogen energy storage. 
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3. Scenario Results 
This section presents the effect of the different energy storage scenarios on the system-wide zero-carbon 
electricity penetration, cost of electricity per-unit delivered, and renewable curtailment for California’s 
electricity system. Here, results are presented for the projected resource mix in the SB100 Core scenario, 
described in the Task 3 Deliverable Report, then the effects of using different resource mixes are 
presented as a sensitivity. 

3.1. Year 2030 Results 

3.1.1. Behind-the-meter (BTM) energy storage 
The effect of substituting projected utility-scale energy storage in 2030 for BTM energy storage or adding 
BTM energy storage to projected utility-scale energy storage is presented in Figure 1 for zero-carbon 
electricity penetration, Figure 2 for renewable curtailment, and Figure 3 for the cost of electricity. 
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Figure 1 - System-wide zero-carbon electricity penetration for BTM energy storage cases [% of total 
annual electricity generation] in 2030 

Substituting utility energy storage with BTM energy storage of equivalent capacity acts to decrease the 
system-wide zero-carbon electricity penetration. When all energy storage is installed as utility energy 
storage (0% BTM), the zero-carbon electricity penetration is 70.8%. This drops to 69.4% when all utility 
energy storage capacity is substituted for BTM energy storage capacity (100% BTM). This occurs due to 
differences in the priorities of how energy storage is dispatched causing conflict. Utility energy storage 
receives full information on generation and loads on the whole system and can charge or discharge 
accordingly, meaning it can operate to shape the system-wide net load. BTM energy storage operates to 
serve the interests of the individual residential, commercial, and industrial customers to which it is 
connected. Therefore, BTM energy storage can end up charging or discharging when it would be 
detrimental to the broader electricity system. This causes the system-wide zero-carbon electricity 
penetration to decrease when BTM energy storage replaces utility energy storage, even though BTM 
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energy storage provides the benefit of reduced losses from energy storage charge or discharge not being 
placed onto the transmission system. 

Adding BTM energy storage to projected utility energy storage capacity increases the system-wide zero-
carbon electricity penetration by up to 0.27 percentage points. The added energy storage capacity enables 
the system to shift excess renewable generation over longer timescales.  

 

Figure 2 - System-wide renewable curtailment for BTM energy storage cases (% of annual load) in 2030 

The results for the zero-carbon electricity penetration effects are reflected in the trends for curtailed 
renewable energy. Substituting utility energy storage for BTM energy storage increases curtailed 
renewable energy due to the conflict in dispatch priorities of energy storage. Adding BTM energy storage 
on top of utility energy storage reduces curtailed renewable energy by a small amount. 
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Figure 3 - System-wide average cost of electricity for BTM energy storage cases in 2030 [$/MWh] 

Both substituting utility energy storage for BTM energy storage and adding BTM energy storage on top of 
utility energy storage increase electricity costs. For the substitution cases, the capital costs of BTM energy 
storage are higher than that for utility energy storage even with the assumed subtraction of grid 
integration costs, but other resources need to be used (i.e. natural gas) to ensure the broader electric load 
is satisfied when BTM energy storage dispatches in ways that do not directly address the needs of the 
broader system. For the addition cases, the added capital cost of additional energy storage capacity 
increases costs since the added energy storage has minimal effect on enabling the system to operate more 
efficiently or have a greater reliance on cheaper electricity generation sources. 

These results are strongly dependent on assumed grid integration costs. We use the grid integration costs 
from the study by Mongird et al [3], consistent with other cost parameters. The specified grid integration 
costs from this source are less than 5% of the total installed cost for a given technology. In practice, grid 
integration costs can be higher, in which case increasing BTM energy storage can potentially provide a 

0 10 20 30 40 50 60 70 80 90

System Avg. Cost of Electricity [$/MWh]

0% BTM

20% BTM

40% BTM

60% BTM

80% BTM

100% BTM

Add 20% BTM

Add 40% BTM



12 
 

system-wide cost benefit. For example, grid integration costs specified by the California Energy 
Commission for lithium-ion batteries [7] are roughly one order of magnitude higher than that specified by 
Mongird et al [3]. However, grid integration costs from different sources account for different factors, and 
these need to be harmonized to narrow down more accurate values. 

The sensitivity of the BTM energy storage cases to different projected resource mixes is presented in 
Figure 4 for zero-carbon penetration, Figure 5 for renewable curtailment, and Figure 6 for system cost of 
electricity. Note that these values are presented as percentage deviations from the base (0% BTM) value 
achieved in each resource mix.  

 

Figure 4 - Sensitivity of system-wide zero-carbon electricity penetration to different projected electricity 
resource mixes in 2030 for BTM energy storage cases [% of base value for each resource mix] 

The SB100 Study resource mix represents increased zero-carbon generation and storage capacity relative 
to the SB100 Core mix, to ensure that additional components of total electric load are met by zero-carbon 
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generation. When BTM energy storage is substituted in the SB 100 Study mix, the effects on zero-carbon 
penetration follow similar trends to that of the SB100 Core results by decreasing zero-carbon penetration. 
Adding energy storage increases zero-carbon penetration very slightly by enabling additional excess 
renewable energy uptake. 

The two resource mixes from the 2021 NREL Standard Scenarios show little to no change from the 0% 
BTM value as BTM energy storage is substituted or added. This occurs since these resource mixes specify 
lower zero-carbon electricity generation and storage capacity compared to the SB 100 mixes and 
subsequently, do not have significant renewable curtailment to start with, especially in 2030. Therefore, 
adding or substituting energy storage capacity does not have much renewable curtailment to handle.  

 

Figure 5 - Sensitivity of curtailed renewable energy electricity to different projected electricity resource 
mixes in 2030 for BTM energy storage cases [% of base value for each resource mix] 
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For all of the considered resource mixes, substituting utility energy storage for BTM energy storage 
increases curtailed renewable energy, consistent with the effects on zero-carbon electricity penetration. 
For the addition of BTM energy storage, the SB100 resource show reduced curtailed renewable energy 
while the resource mixes from the NREL Standard Scenarios show slight increases. 

 

Figure 6 - Sensitivity of system-wide average cost of electricity to different projected electricity resource 
mixes in 2030 for BTM energy storage cases [% of base value for each resource mix] 

For the system-wide average cost of electricity, the SB100 Study resource mix shows similar increases in 
costs compared to the SB100 Core results. The resource mixes from the NREL standard scenarios show 
very slightly decreased costs compared to their base values for the substitution cases. This occurs since 
these scenarios have low renewable curtailment to being with, therefore energy storage just acts to 
enable other electricity resources to operate more steadily and with higher capacity factors, reducing 
costs slightly. For the addition cases, the NREL mixes show slightly increased costs due to the additional 
cost of more energy storage capacity. 

-2 0 2 4 6 8 10

 System Avg. Cost of Electricity [% of Base]

0% BTM

20% BTM

40% BTM

60% BTM

80% BTM

100% BTM

Add 20% BTM

Add 40% BTM

SB100 Core
SB100 Study
NREL Mid
NREL Mid95-2030



15 
 

3.1.2. Co-located energy storage at wind farms 
The effect of substituting projected utility-scale energy storage in 2030 with energy storage co-located at 
large-scale wind farms is presented in Figure 4 for zero-carbon electricity penetration, Figure 5 for 
renewable curtailment, and Figure 6 for the cost of electricity. 

 

Figure 7 - System-wide zero-carbon electricity penetration for wind farm co-location energy storage 
cases [% of total annual electricity generation] in 2030 

Replacing utility energy storage capacity for an equivalent capacity of energy storage co-located at wind 
farms acts to decrease the system-wide zero-carbon electricity penetration from 70.8% (all utility energy 
storage) to 67.1% (all wind co-located energy storage). This occurs since energy storage co-located at wind 
farms can only charge with wind generation and cannot aid the broader grid in managing excess solar 
generation. In the SB100 Core resource mix, both large-scale and distributed solar PV capacity comprise 
most of the renewable resource capacity. The generation profile of these resources concentrates their 
excess generation during the middle of the day. Removing utility energy storage that can charge with wind 
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and/or solar and aid in managing their combined behavior and replacing it with the equivalent energy 
storage capacity that can only manage wind variability, will expectedly cause a decrease in system-wide 
zero-carbon electricity penetration. 

 

Figure 8 - System-wide renewable curtailment for wind farm co-location energy storage cases (% of 
annual load) in 2030 

The limitations on energy storage co-located at wind farms to respond to the combined dynamics of wind 
and solar on the broader electricity system result in increased renewable energy curtailment, from 4.1% 
of annual load equivalent (all utility energy storage) to 7.9% of annual load equivalent (all co-located 
energy storage at wind farms). 
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Figure 9 - System-wide average cost of electricity for wind farm co-location energy storage cases in 2030 
[$/MWh] 

The reduction in the system’s ability to capture excess solar generation when more energy storage is co-
located at wind farms means that other resources such as expensive natural gas peaking power plants are 
called upon to ensure that the system-wide electric load profile is satisfied. This results in increases in the 
system-wide average cost of electricity. 

The sensitivity of the wind farm co-location energy storage cases to different projected resource mixes is 
presented in Figure 7 for zero-carbon penetration, Figure 8 for renewable curtailment, and Figure 9 for 
system cost of electricity. Note that these values are presented as percentage deviations from the base 
(0% Co-location) value achieved in each resource mix.  
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Figure 10 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2030 for wind farm co-location energy storage cases [% of base value for 
each resource mix] 

The SB100 resource mixes behave similarly when utility energy storage is replaced by energy storage co-
located at wind farms in that the zero-carbon electricity penetration decreases. The mixes from the NREL 
Standard Scenarios by contrast show small increases in zero-carbon electricity penetration since wind 
resource capacity is larger in these mixes than in the SB100 mixes and solar resource capacity is lower. 
The reduced ability of the system to manage solar variability is not as detrimental since these mixes are 
more wind-reliant, meaning that co-locating energy storage at wind farms can still provide a benefit. The 
reduced losses from co-locating energy storage at wind farms due to avoiding separate transformer and 
transmission losses from the wind farm and energy storage systems enable the zero-carbon penetration 
to increase very slightly. 
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Figure 11 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2030 for wind farm co-location energy storage cases [% of base value for each 
resource mix] 

All four resource mixes exhibit increased renewable energy curtailment when utility energy storage is 
replaced with energy storage co-located at wind farms. The relative effect is larger for the SB100 mixes 
than the NREL mixes, due to the larger presence of solar resources in the former exacerbating the extent 
to which losing the ability to manage solar generation affects the overall system. 
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Figure 12 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2030 for wind farm co-location energy storage cases [% of base value for each 
resource mix] 

All four of the considered resource mixes show the cost of electricity increases as more utility energy 
storage is replaced with energy storage co-located at wind farms. The SB100 resource mixes show a larger 
relative increase since the reduced ability to manage excess solar generation requires more other 
resources to be used to balance system-wide generation and load. 

3.1.3. Co-located energy storage at solar farms 
The effect of substituting projected utility-scale energy storage in 2045 with energy storage co-located at 
large-scale solar farms is presented in Figure 13 for zero-carbon electricity penetration, Figure 14 for 
renewable curtailment, and Figure 15 for the cost of electricity. 
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Figure 13 - System-wide zero-carbon electricity penetration for solar farm co-location energy storage 
cases [% of total annual electricity generation] in 2030 

The effect of replacing utility energy storage with energy storage co-located at large-scale solar farms on 
system-wide zero-carbon electricity penetration is small and varied. Two factors are at play. First, energy 
storage capacity co-located at solar farms is only capable of managing excess solar generation from the 
facilities that they are sited at, whereas utility energy storage can manage excess solar and wind 
generation. This factor would cause the zero-carbon electricity penetration to decrease. Second, energy 
storage co-located at solar farms enables the energy storage system to avoid losses from separate 
conversion to high voltage AC to connect to the transmission system and can manage solar generation 
more directly. This factor causes the zero-carbon electricity penetration to increase. 

As some utility energy storage capacity is initially replaced by energy storage co-located at solar farms, 
the system-wide zero-carbon electricity penetration decreases slightly, with the lowest value (70.5%) 
occurring at the 20% capacity replacement level. As more utility energy storage capacity is replaced by 

0 10 20 30 40 50 60 70 80

Zero-Carbon Penetration [%]

0% Co-Solar

20% Co-Solar

40% Co-Solar

60% Co-Solar

80% Co-Solar

100% Co-Solar



22 
 

energy storage co-located at solar farms, the system-wide zero-carbon electricity penetration starts to 
increase until 100% of utility energy storage capacity is replaced.  

When 100% of utility energy storage capacity is replaced with energy storage capacity co-located at solar 
farms, the system-wide zero carbon penetration (71.3%) is slightly higher than the case with no co-located 
energy storage (70.8%). 

 

Figure 14 - System-wide renewable curtailment for solar farm co-location energy storage cases (% of 
annual load) in 2030 

As some utility energy storage is replaced with solar farm co-located energy storage, renewable 
curtailment initially increases. As this process continues, the reduced losses enable more solar PV 
generation to be available to serve electric load, reducing system-wide curtailed renewable energy. 
Curtailed renewable energy in the 100% energy storage co-located at solar farm case (3.7%) slightly 
improves on the performance of the case where no energy storage was co-located at solar farms (4.1%). 
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Figure 15 - System-wide average cost of electricity for solar farm co-location energy storage cases in 
2030 [$/MWh] 

The trends for zero-carbon electricity penetration and curtailed renewable energy are reflected in the 
system-wide average cost of electricity. The cost of electricity increases until between 20-40% of energy 
storage capacity is co-located at solar farms, after which it begins to decrease when the effect of reduced 
losses on a dominant generation resource in the SB100 Core resource mix results outcompetes the 
limitation of co-located energy storage only being able to manage excess solar generation. The case where 
100% of energy storage capacity is co-located at solar farms shows reduced electricity costs ($72.4/MWh) 
compared to the case where no energy storage capacity is co-located at solar farms ($74.0/MWh). 

The sensitivity of the solar farm co-location energy storage cases to different projected resource mixes is 
presented in Figure 16 for zero-carbon penetration, Figure 17 for renewable curtailment, and Figure 18 
for the system cost of electricity. Note that these values are presented as percentage deviations from the 
base (0% Co-location) value achieved in each resource mix.  
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Figure 16 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2030 for solar farm co-location energy storage cases [% of base value for 
each resource mix] 

The SB100 resource mixes follow similar trends regarding the effect of co-locating energy storage at solar 
farms. System-wide zero-carbon electricity penetration decreases until 40% of energy storage capacity is 
co-located at solar farms, after which the trend reverses, due to the same driving factors. For the resource 
mixes from the NREL Standard Scenarios, zero-carbon electricity penetration increases as more energy 
storage is co-located at solar farms due to reduced losses.  
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Figure 17 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2030 for solar farm co-location energy storage cases [% of base value for each 
resource mix] 

The trends for zero-carbon electricity penetration are also reflected in those for system-wide curtailed 
renewable energy and are due to the same drivers. Increases in curtailed energy reflect decreases in zero-
carbon penetration and vice versa. 
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Figure 18 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2030 for solar farm co-location energy storage cases [% of base value for each 
resource mix] 

The trends for the effect on zero-carbon electricity penetration from co-locating energy storage at solar 
farms also drive the trends in the cost of electricity. When the effect of the limited ability to manage 
combined solar and wind generation is stronger, electricity costs increase for the SB100 resource mixes, 
until the benefit of reduced losses becomes more valuable after which electricity costs decrease. For the 
NREL Standard Scenarios resource mixes, electricity costs decrease as more energy storage is co-located 
at solar farms. 

3.1.4. Short-duration energy storage technology substitution 
The effect of substituting projected lithium-ion utility-scale energy storage in 2030 with vanadium redox 
flow batteries is presented in Figure 19 for zero-carbon electricity penetration, Figure 20 for renewable 
curtailment, and Figure 21 for the cost of electricity. 
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Figure 19 - System-wide zero-carbon electricity penetration for VRFB energy storage substitution cases 
[% of total annual electricity generation] in 2030 

Substituting increasing capacities of lithium-ion battery capacity for vanadium redox flow battery capacity 
increases the system-wide zero-carbon electricity penetration from 70.8% (all lithium-ion) to 72.3% (all 
flow battery). The vanadium redox flow batteries are modeled as 10-hour energy storage, therefore when 
substituting lithium-ion battery capacity on a power capacity basis, this results in a higher energy capacity 
of energy storage installed in the system. Larger total energy capacities for the energy storage fleet allow 
it to shift excess renewable generation over longer timescales, enabling higher uptake of otherwise 
curtailed renewable energy even though the flow batteries have a lower round-trip efficiency. 
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Figure 20 - System-wide renewable curtailment for VRFB energy storage substitution cases (% of annual 
load) in 2030 

The larger energy capacity in the energy storage fleet resulting from substituting lithium-ion batteries 
capacity for vanadium redox flow batteries on a power capacity basis results in reduced curtailed 
renewable energy, from 4.1% of annual load equivalent (all lithium-ion) to 3.5% of annual load equivalent 
(all flow battery).    
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Figure 21 - System-wide average cost of electricity for VRFB energy storage substitution cases in 2030 
[$/MWh] 

Substituting lithium-ion batteries for flow batteries increases electricity costs despite the improvement in 
zero-carbon electricity penetration and reduced renewable energy curtailment, due to the much higher 
capital costs of vanadium redox flow batteries compared to lithium-ion batteries in the cost projections 
used for this study. 

The sensitivity of the short-duration energy storage substitution cases to different projected resource 
mixes is presented in Figure 22 for zero-carbon penetration, Figure 23 for renewable curtailment, and 
Figure 24 for the system cost of electricity. Note that these values are presented as percentage deviations 
from the base (0% VRFB = 100% lithium-ion) value achieved in each resource mix.  
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Figure 22 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2030 for VRFB energy storage substitution cases [% of base value for each 
resource mix] 

All four of the different projected resource mixes show increases in system-wide zero-carbon electricity 
penetration when lithium-ion batteries are substituted for vanadium redox flow batteries. The SB100 
resource mixes show a larger relative benefit than the mixes from the NREL Standard Scenarios, due to 
the larger availability of excess renewable generation. However, the improvement in zero-carbon 
penetration is small relative to each mixes’ base value, due to low levels of excess renewable generation 
being present by the year 2030. 
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Figure 23 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2030 for VRFB energy storage substitution cases [% of base value for each resource 
mix] 

Reflective of the trends for effects on zero-carbon electricity penetration, the SB100 resource mixes show 
clear reductions in curtailed renewable energy. The resource mixes from the NREL Standard Scenarios 
show negligible change due to already low curtailed renewable energy availability. These values are likely 
an artifact of the modeling framework resolution. 
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Figure 24 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2030 for VRFB energy storage substitution cases [% of base value for each resource 
mix] 

In all four of the resource mixes considered, substituting lithium-ion batteries for vanadium redox flow 
batteries increases the system-wide cost of electricity due to the increased capital cost of the flow 
batteries relative to lithium-ion batteries for the cost parameter inputs used in this study. 

3.1.5. Long-duration energy storage technology addition 
The effect of adding long-duration hydrogen energy storage to the SB100 Core resource mix in 2030 is 
presented in Figure 25 for zero-carbon electricity penetration, Figure 26 for renewable curtailment, and 
Figure 27 for the cost of electricity. 
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Figure 25 - System-wide zero-carbon electricity penetration for hydrogen energy storage addition cases 
[% of total annual electricity generation] in 2030 

Adding hydrogen energy storage to the SB100 Core resource mix increases system-wide zero-carbon 
electricity penetration, from 70.8% (no added storage) to 72.0% (hydrogen energy storage added 
equivalent to 50% of pumped hydropower energy storage capacity). Increased long-duration energy 
storage enables the system to capture more excess renewable energy. The increase in zero-carbon 
penetration, however, is relatively small since the absolute power capacity of energy storage added is a 
small part of the total mix of resources and the round-trip efficiency of hydrogen energy storage (~35%) 
is lower than pumped hydropower energy storage (~80%). While more excess renewable energy is 
absorbed, the low round-trip efficiency means that much of it is not delivered as usable electricity supply. 
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Figure 26 - System-wide renewable curtailment for hydrogen energy storage addition cases (% of annual 
load) in 2030 

The addition of hydrogen energy storage to the system reduces curtailed renewable energy from 4.1% of 
annual load equivalent to 3.5% of annual load equivalent due to enabling additional uptake of excess 
renewable energy. The relatively small total capacity of storage added limits the extent to which curtailed 
renewable energy is decreased. 
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Figure 27 - System-wide average cost of electricity for hydrogen energy storage addition cases in 2030 
[$/MWh] 

Adding hydrogen energy storage to the system increases system-wide costs of electricity, from 
$74.0/MWh (no storage addition) to $75.6/MWh (added hydrogen storage equivalent to 50% of pumped 
hydropower capacity). This occurs due to the high capital cost of the hydrogen energy storage systems 
and somewhat limited benefit due to its low round-trip efficiency.  

The sensitivity of the hydrogen energy storage addition cases to different projected resource mixes is 
presented in Figure 28 for zero-carbon penetration, Figure 29 for renewable curtailment, and Figure 30 
for system cost of electricity. Note that these values are presented as percentage deviations from the 
base (No added storage – 0% H2 Add) value achieved in each resource mix.  
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Figure 28 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2030 for hydrogen energy storage addition cases [% of base value for each 
resource mix] 

All four resource mixes show increases in system-wide zero-carbon electricity penetration when hydrogen 
energy storage is added due to enabling increased uptake of excess renewable generation. The SB100 
resource mixes show larger relative benefits due to their higher availability of excess renewable 
generation.  
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Figure 29 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2030 for hydrogen energy storage addition cases [% of base value for each resource 
mix] 

The addition of hydrogen energy storage reduces curtailed renewable energy in the electricity system due 
to enabling the additional uptake of excess renewable generation for all projected resource mixes, 
consistent with the trends for zero-carbon electricity penetration. 
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Figure 30 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2030 for hydrogen energy storage addition cases [% of base value for each resource 
mix] 

All four resource mixes follow similar trends for the cost of electricity when hydrogen energy storage is 
added, namely that the cost of electricity increases due to the high capital cost of hydrogen energy storage 
technology. 

3.2. Year 2045 Results 
The results for the effect of different energy storage scenarios on system-wide zero-carbon electricity 
penetration, curtailed renewable energy, and system average cost of electricity in the year 2045 is 
presented here. Many of the described trends are similar to those described for the year 2030 results but 
larger in extent. The description of the results, however, is written such that a reader can understand 
them without having read the subchapter on the year 2030 results.   
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3.2.1. Behind-the-meter (BTM) energy storage 
The effect of substituting projected utility-scale energy storage in 2045 for BTM energy storage or adding 
BTM energy storage to projected utility-scale energy storage is presented in Figure 31 for zero-carbon 
electricity penetration, Figure 32 for renewable curtailment, and Figure 33 for the cost of electricity. 

 

Figure 31 - System-wide zero-carbon electricity penetration for BTM energy storage cases [% of total 
annual electricity generation] in 2045 

When utility energy storage capacity is substituted for BTM energy storage capacity, the system-wide 
zero-carbon electricity penetration decreases. The base case for this scenario (0% BTM) achieves a zero-
carbon electricity penetration of 77.8%. This decreases to 69.2% when utility energy storage is fully 
substituted for BTM energy storage (100% BTM). This primarily occurs due to conflicts between the 
priorities of energy storage operations. When energy storage is installed as utility energy storage, it 
receives full information on generation and loads on the whole system and can charge or discharge 
accordingly, meaning it can operate to shape the system-wide net load. When energy storage is installed 
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as BTM energy storage under the assumption that it will operate to maximize the renewable uptake or 
cost of electricity benefits for the residential, commercial, or industrial customer to which it is connected, 
it can inadvertently charge (add load) during times of high grid stress or discharge when excess renewables 
are present on the broader system. The result is a decrease in system-wide zero-carbon electricity 
penetration, despite the reduced losses from energy storage charge or discharge not being placed onto 
the transmission system. 

When BTM energy storage is added to the projected utility energy storage capacity, the zero-carbon 
electricity penetration remains relatively unchanged from the base case for this scenario. The addition of 
BTM storage does not enable additional uptake of otherwise curtailed renewable energy since it is still 
short-duration energy storage as shown in Figure 32. With the amount of energy storage capacity installed 
in the SB100 Core resource mix, the mismatches between electricity production and load occur over 
longer timescales, and since the added energy storage capacity is not operating to benefit the system as 
a whole, no improvement is made. 
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Figure 32 - System-wide renewable curtailment for BTM energy storage cases (% of annual load) in 2045 

As expected from the zero-carbon electricity penetration results, substituting utility energy storage for 
BTM energy storage increases renewable curtailment for the entire system even though it decreases it for 
individual customers. This is due to the conflict in dispatch priorities for a fixed total capacity of energy 
storage. 

 

Figure 33 - System-wide average cost of electricity for BTM energy storage cases in 2045 [$/MWh] 

When translating BTM energy storage effects on system-wide electricity costs, generally substituting 
utility-scale energy storage for BTM energy storage or adding BTM energy storage to the former increases 
costs. For the substitution cases, system-wide electricity costs increase since 1) the capital costs of BTM 
energy storage are higher than that for utility energy storage even with the assumed subtraction of grid 
integration costs and 2) other resources need to be used (i.e. natural gas) to ensure the broader electric 
load is satisfied when BTM energy storage dispatches in ways that do not directly address the needs of 
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the broader system. For the addition cases, system-wide electricity costs still increase due to the capital 
cost of additional energy storage capacity with no additional system-wide benefit for these metrics. 

It is important to discuss, however, the effect of assumed grid integration costs. Here we use the grid 
integration costs from the study by Mongird et al [3] since the cost parameters used in this study are also 
based on that source. The specified grid integration costs from this source are generally small (i.e. less 
than 5% of total installed cost) compared to the capital cost of the corresponding energy storage 
technology. Grid integration costs in practice can be higher, in which case increasing BTM energy storage 
can potentially provide a system-wide cost benefit. For example, grid integration costs specified by the 
California Energy Commission for lithium-ion batteries [7] are roughly one order of magnitude higher than 
that specified by Mongird et al [3]. However, grid integration costs from different sources account for 
different factors, and these need to be harmonized to narrow down more accurate values. 

It is also possible for BTM energy storage to be dispatched in response to broader grid conditions and 
therefore have a more positive effect on system-wide zero-carbon penetration, renewable curtailment, 
and electricity costs. Since these systems are paid for by individual residential, commercial, or industrial 
customers, however, these customers will need a better incentive to operate these assets for the system-
wide benefit instead of local benefits under their current rate structures. These results show that while 
BTM energy storage can have significant benefits for individual customers, the conflict in dispatch priority 
between serving local customers versus the needs of the broader grid means that balancing authorities 
need to use other resources to compensate for BTM energy storage sometimes dispatching in ways that 
exacerbate undesirable grid conditions. 

The sensitivity of the BTM energy storage cases to different projected resource mixes is presented in 
Figure 34 for zero-carbon penetration, Figure 35 for renewable curtailment, and Figure 36 for system cost 
of electricity. Note that these values are presented as percentage deviations from the base (0% BTM) 
value achieved in each resource mix.  
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Figure 34 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2045 for BTM energy storage cases [% of base value for each resource mix] 

The SB100 Study resource mix represents increased zero-carbon generation and storage capacity relative 
to the SB100 Core mix, to ensure that additional components of total electric load are met by zero-carbon 
generation. When BTM energy storage is substituted or added to the SB 100 Study mix, the effects on 
zero-carbon penetration follow similar trends to that of the SB100 Core results by decreasing zero-carbon 
penetration, but to slightly larger extents. When a higher fraction of the zero-carbon electricity generation 
portfolio is based on variable renewable resources, the effect of energy storage capacity not being 
dispatched to respond to the needs of the broader grid is more pronounced. 

The two resource mixes from the 2021 NREL Standard Scenarios show little to no change from the 0% 
BTM value as BTM energy storage is substituted or added. This occurs since these resource mixes specify 
lower zero-carbon electricity generation and storage capacity compared to the SB 100 mixes and 
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subsequently, do not have significant renewable curtailment to start with. Therefore, adding or 
substituting energy storage capacity does not have much renewable curtailment to handle.  

 

Figure 35 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2045 for BTM energy storage cases [% of base value for each resource mix] 

For curtailed renewable energy, the SB100 Study (higher zero-carbon electricity generation) shows higher 
values than the SB100 Core mix. The NREL Mid-case shows small increases from the base value achieved 
by that mix, while the NREL Mid95-2030 case does not show a consistent trend. 
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Figure 36 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2045 for BTM energy storage cases [% of base value for each resource mix] 

For the system-wide average cost of electricity, the SB100 Study resource mix shows similar increases in 
costs compared to the SB100 Core results. The two NREL mixes show very slightly decreased costs 
compared to their base values for the substitution cases. This occurs since these scenarios have low 
renewable curtailment to being with, therefore energy storage just acts to enable other electricity 
resources to operate more steadily and with higher capacity factors, reducing costs slightly. For the BTM 
storage addition cases, the NREL mixes show slightly increased costs due to the additional cost of more 
energy storage capacity. 

3.2.2. Co-located energy storage at wind farms 
The effect of substituting projected utility-scale energy storage in 2045 with energy storage co-located at 
large-scale wind farms is presented in Figure 37 for zero-carbon electricity penetration, Figure 38 for 
renewable curtailment, and Figure 39 for the cost of electricity. 
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Figure 37 - System-wide zero-carbon electricity penetration for wind farm co-location energy storage 
cases [% of total annual electricity generation] in 2045 

Substituting utility energy storage capacity for energy storage capacity co-located at wind farms decreases 
the system-wide zero-carbon electricity penetration from 77.8% with no co-location to 65.9% when 100% 
of energy storage capacity is co-located at wind farms. This is expected since energy storage co-located at 
wind farms is only able to charge with wind generation that would otherwise be curtailed and therefore 
does not aid the broader grid in managing excess solar generation. In the SB100 Core resource mix, both 
large-scale and distributed solar PV capacity comprise the majority of renewable resource capacity and 
the generation profile of these resources concentrates their excess generation during the middle of the 
day. Therefore, removing utility energy storage that can charge with wind and/or solar and aid in 
managing the combined behavior of each resource and replacing it with the equivalent energy storage 
capacity that can only manage wind variability, will expectedly cause a decrease in system-wide zero-
carbon electricity penetration.  
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Figure 38 - System-wide renewable curtailment for wind farm co-location energy storage cases (% of 
annual load) in 2045 

The limited ability of energy storage co-located at wind farms to aid in managing excess generation from 
solar and other needs of the broader grid is reflected in increased renewable curtailment. Utility energy 
storage can manage both wind and solar variability, but energy storage co-located at wind farms only 
manages wind variability. Replacing the former with the latter results in increased solar energy 
curtailment and therefore increased overall renewable energy curtailment, from 5.6% of annual load 
equivalent with no co-location up to 16.5% of annual load equivalent when all energy storage is co-located 
at wind farms. 
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Figure 39 - System-wide average cost of electricity for wind farm co-location energy storage cases in 
2045 [$/MWh] 

The increased renewable energy curtailment resulting from the limited ability of energy storage co-
located at wind farms to manage system-wide net load variability is also reflected in increased costs. The 
reduction in the system’s ability to capture excess solar generation when more energy storage is co-
located at wind farms means that other resources – in particular, expensive natural gas peaking resources 
in this case – are called upon to ensure that the system-wide electric load profile is satisfied. This results 
in increases in the system-wide average cost of electricity. 

The sensitivity of the wind farm co-location energy storage cases to different projected resource mixes is 
presented in Figure 40 for zero-carbon penetration, Figure 41 for renewable curtailment, and Figure 42 
for the system cost of electricity. Note that these values are presented as percentage deviations from the 
base (0% Co-location) value achieved in each resource mix.  
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Figure 40 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2045 for wind farm co-location energy storage cases [% of base value for 
each resource mix] 

The SB100 Study mix behaves similarly to the SB100 Core mix in how co-location of energy storage at wind 
farms affects zero-carbon penetration – namely that substituting larger fractions of utility energy storage 
with wind farm co-located energy storage reduces system-wide zero carbon penetration. The drivers are 
the same as that explained for the SB100 Core mix but have larger detrimental effects as the SB100 Study 
resource mix is comprised of even more solar generation capacity. The two resource mixes from the NREL 
Standard Scenarios show tiny increases in zero-carbon penetration. In the NREL resource mixes, wind is a 
larger fraction of total resource capacity than in the SB100 resource mixes, but overall curtailment levels 
are lower since solar capacity is roughly half of that in the SB100 resource mixes. This means that the 
reduced ability to manage excess solar generation is not as much of a detriment since, for these resource 
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mixes, most of the solar generation is absorbed directly. Consequently, the reduced losses from co-
locating energy storage at wind farms due to avoiding separate transformer and transmission losses from 
the wind farm and energy storage systems enable the zero-carbon penetration to increase very slightly.  

 

Figure 41 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2045 for wind farm co-location energy storage cases [% of base value for each 
resource mix] 

All four resource mixes show increased renewable energy curtailment as more utility energy storage is 
replaced by energy storage co-located at wind farms, with the SB100 mixes showing significant increases 
due to the reduced ability of the system to manage excess solar generation. This effect is still present for 
the NREL resource mixes but to a much smaller extent.  
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Figure 42 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2045 for wind farm co-location energy storage cases [% of base value for each 
resource mix] 

The drivers for the trends in zero-carbon electricity penetration and curtailed renewable energy are 
reflected in the effects on the system-wide cost of electricity. For the SB100 resource mixes, the ability to 
manage excess solar generation is critical since solar PV comprises the majority of the generation capacity. 
Replacing energy storage that can manage combined wind and solar generation with energy storage that 
can only manage wind generation increases solar energy curtailment, requiring expensive peaking 
resources to be used to satisfy parts of the electric load profile, increasing costs. For the mixes from the 
NREL Standard Scenarios, the limited ability to manage excess solar is not as significant and the reduced 
losses from co-locating energy storage at wind farms slightly reduce reliance on fossil fuel generation, 
slightly reducing costs. 
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3.2.3. Co-located energy storage at solar farms 
The effect of substituting projected utility-scale energy storage in 2045 with energy storage co-located at 
large-scale solar farms is presented in Figure 43 for zero-carbon electricity penetration, Figure 44 for 
renewable curtailment, and Figure 45 for the cost of electricity. 

 

Figure 43 - System-wide zero-carbon electricity penetration for solar farm co-location energy storage 
cases [% of total annual electricity generation] in 2045 

Replacing utility energy storage capacity with energy storage located at large-scale solar farms has a varied 
effect on system-wide zero-carbon electricity penetration as a result of two competing effects. On one 
hand, energy storage capacity co-located at solar farms can only respond to manage excess solar 
generation, as opposed to utility energy storage that can respond to manage combined wind and solar 
generation. This causes zero-carbon electricity penetration to decrease with more solar farm co-located 
energy storage since this energy storage capacity cannot manage excess renewable generation from wind 
or rooftop solar. On the other hand, co-locating energy storage at solar farms reduces losses, since co-
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located energy storage can augment solar generation without separately having to incur losses from 
conversion to high voltage AC to connect to the transmission system. Since in the SB100 Core mix that 
underpins these results, large-scale solar PV resources are the single largest zero-carbon resource by 
capacity and generation, reducing losses for this resource enables much more solar generation to be 
available to satisfy the electric load. This causes zero-carbon electricity penetration to increase with more 
solar farm co-located energy storage. 

The result is that as some utility energy storage capacity is replaced by energy storage co-located at solar 
farms, the system-wide zero-carbon electricity penetration decreases, with the lowest value (75.5%) 
occurring at the 40% capacity replacement level. As more utility energy storage capacity is replaced by 
energy storage co-located at solar farms, the system-wide zero-carbon electricity penetration starts to 
increase until 100% of utility energy storage capacity is replaced.  

However, it is important to note that when 100% of utility energy storage capacity is replaced with energy 
storage capacity co-located at solar farms, the system-wide zero carbon penetration (77.3%) is still slightly 
lower than the case with no co-located energy storage (77.8%). 
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Figure 44 - System-wide renewable curtailment for solar farm co-location energy storage cases (% of 
annual load) in 2045 

The trends in system-wide zero-carbon electricity penetration are reflected in those for curtailed 
renewable energy. As some utility energy storage is replaced with solar farm co-located energy storage, 
renewable curtailment initially increases since the latter can only respond to manage large-scale solar PV 
generation to which it is connected. As this process continues, the reduced losses enable more solar PV 
generation to be available to serve the electric load, reducing system-wide curtailed renewable energy. 
Similar to the zero-carbon electricity penetration results, the curtailed renewable energy in the 100% 
energy storage co-located at solar farm case (6.0%) doesn’t quite achieve the performance of the case 
where no energy storage was co-located at solar farms (5.6%), but it is close. 
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Figure 45 - System-wide average cost of electricity for solar farm co-location energy storage cases in 
2045 [$/MWh] 

The trends for zero-carbon electricity penetration are also reflected in the system-wide average cost of 
electricity, but with the exception that the case where 100% of energy storage capacity is co-located at 
solar farms does outperform the case when no energy storage capacity is co-located at solar farms: 
$90.2/MWh versus $91.7/MWh, respectively. The reduced losses in the former’s case improve the 
economics of large-scale solar and due to the large presence of this resource in the overall generation 
mix, this results in slight improvements in the system-wide cost of electricity. 

The sensitivity of the solar farm co-location energy storage cases to different projected resource mixes is 
presented in Figure 46 for zero-carbon penetration, Figure 47 for renewable curtailment, and Figure 48 
for system cost of electricity. Note that these values are presented as percentage deviations from the 
base (0% Co-location) value achieved in each resource mix.  
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Figure 46 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2045 for solar farm co-location energy storage cases [% of base value for 
each resource mix] 

The SB100 Study mix follows similar trends regarding the effects of substituting utility energy storage for 
energy storage co-located at solar farms, but with some key exceptions. First, the largest decrease occurs 
at 60% co-located energy storage capacity instead of 40% for the SB100 Core mix, and the result for the 
case where 100% of energy storage is co-located at solar farms has a larger gap from the no co-located 
energy storage case than the SB100 Core mix. This may be due to the larger capacity of solar PV in the 
SB100 Study mix requiring more energy storage capacity for the benefit of reduced losses to overcome 
the detriment of limitations in the information that co-located energy storage can respond to. The two 
mixes from the NREL Standard Scenarios show small changes, with the Mid95-2030 mix showing increases 
in zero-carbon penetration for all cases and the Mid mix showing small increases starting at the 60% co-
located energy storage capacity case. 
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Figure 47 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2045 for solar farm co-location energy storage cases [% of base value for each 
resource mix] 

The trends for zero-carbon electricity penetration are also reflected in those for system-wide curtailed 
renewable energy and are due to the same drivers. Increases in curtailed energy reflect decreases in zero-
carbon penetration and vice versa. 
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Figure 48 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2045 for solar farm co-location energy storage cases [% of base value for each 
resource mix] 

Regarding the cost of electricity, the SB100 resource mixes show initial increases as utility energy storage 
is substituted for energy storage co-located at solar farms due to limitations in the ability of co-located 
energy storage to respond to broader grid needs, but the trend reverses with further co-location of energy 
storage at solar farms due to reduced losses. The mixes from the NREL Standard Scenarios show cost of 
electricity decreases since the effect of reduced losses dominates the impact of cost for these resource 
mixes. 

3.2.4. Short-duration energy storage technology substitution 
The effect of substituting projected lithium-ion utility-scale energy storage in 2045 with vanadium redox 
flow batteries is presented in Figure 49 for zero-carbon electricity penetration, Figure 50 for renewable 
curtailment, and Figure 51 for the cost of electricity. 
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Figure 49 - System-wide zero-carbon electricity penetration for VRFB energy storage substitution cases 
[% of total annual electricity generation] in 2045 

Replacing increasing fractions of lithium-ion-based utility energy storage with vanadium redox flow 
batteries increases the system-wide zero carbon penetration from 77.8% (lithium-ion only) to 81.4% (fully 
replaced by vanadium redox flow batteries). This is entirely due to the larger energy-to-power capacity 
ratio of the vanadium redox flow batteries (10:1) as modeled here compared to the lithium-ion batteries 
(4:1) and that the substitution is conducted on a per-power capacity basis. Therefore, when flow batteries 
are installed at the same power capacity as that of the lithium-ion batteries, this results in more energy 
capacity. A larger total energy capacity of energy storage installed in the system allows the energy storage 
to mitigate mismatches between zero-carbon electricity generation and load demand over longer 
timescales, enabling the uptake of more otherwise curtailed renewable energy despite the slightly lower 
round-trip efficiency of the flow batteries compared to the lithium-ion batteries. 
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Figure 50 - System-wide renewable curtailment for VRFB energy storage substitution cases (% of annual 
load) in 2045 

Expectedly, substituting lithium-ion batteries for vanadium redox flow batteries resulting in a larger total 
energy capacity of energy storage installed in the system results in reduced curtailed renewable energy, 
from 5.6% of annual load equivalent (all lithium-ion) to 5.1% of annual load equivalent (all flow battery). 
Larger total energy capacity enables uptake of excess renewable generation that otherwise would have 
been unused since 4-hour lithium-ion batteries would not be able to store energy long enough to level 
mismatches between zero-carbon electricity generation and load over longer timescales. 
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Figure 51 - System-wide average cost of electricity for VRFB energy storage substitution cases in 2045 
[$/MWh] 

Although substituting lithium-ion batteries for flow batteries improves zero-carbon electricity penetration 
and reduces curtailed renewable energy, this process does increase electricity costs. This is solely due to 
the much higher capital costs of vanadium redox flow batteries relative to lithium-ion batteries, currently 
and projected into the future.  

The sensitivity of the short-duration energy storage substitution cases to different projected resource 
mixes is presented in Figure 52 for zero-carbon penetration, Figure 53 for renewable curtailment, and 
Figure 54 for system cost of electricity. Note that these values are presented as percentage deviations 
from the base (0% VRFB = 100% lithium-ion) value achieved in each resource mix.  
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Figure 52 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2045 for VRFB energy storage substitution cases [% of base value for each 
resource mix] 

All four of the different projected resource mixes show increases in the system-wide zero-carbon 
electricity penetration when utility-scale lithium-ion batteries are substituted for utility-scale vanadium 
redox flow batteries. The SB100 mixes show the largest percentage increases over their respective base 
values since these resource mixes. These mixes exhibit large excess renewable generation availability due 
to their high renewable resource capacities (particularly from large-scale solar), which the added energy 
capacity from using 10-hr vanadium redox flow batteries can more fully capture. The resource mixes from 
the NREL Standard Scenarios also show improvements, but since these mixes have little to no excess 
renewable generation as modeled here to begin with, the improvements to zero carbon electricity 
penetration from added energy capacity are small.  
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Figure 53 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2045 for VRFB energy storage substitution cases [% of base value for each resource 
mix] 

The increased energy capacity of installed energy storage from substituting lithium-ion batteries with 
vanadium redox flow batteries expectedly results in reduced curtailed renewable energy in the SB100 
resource mixes, since the energy storage system can capture and manage more of the available excess 
renewable energy. For the NREL resource mixes, very small increases in curtailed renewable energy are 
observed. Since these resource mixes have very small excess renewable generation to begin with, these 
effects may primarily be due to the resolution of the modeling framework and not an interpretable result. 
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Figure 54 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2045 for VRFB energy storage substitution cases [% of base value for each resource 
mix] 

In all four of the resource mixes considered, substituting lithium-ion batteries for vanadium redox flow 
batteries increases the system-wide cost of electricity due to the increased capital cost of the flow 
batteries relative to lithium-ion batteries for the cost parameter inputs used in this study. 

3.2.5. Long-duration energy storage technology addition 
The effect of adding long-duration hydrogen energy storage to the SB100 Core resource mix in 2045 is 
presented in Figure 55 for zero-carbon electricity penetration, Figure 56 for renewable curtailment, and 
Figure 57 for the cost of electricity. 
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Figure 55 - System-wide zero-carbon electricity penetration for hydrogen energy storage addition cases 
[% of total annual electricity generation] in 2045 

Adding hydrogen energy storage to the SB100 Core resource mix increases system-wide zero-carbon 
electricity penetration. In the case where hydrogen energy storage is added equivalent to 50% of the 
projected pumped hydropower energy storage capacity, zero-carbon electricity penetration increases to 
79.1% from 77.8% with no hydrogen energy storage addition. This occurs since more long-duration energy 
storage capacity installed in the system enables larger uptake of excess renewable energy. This increase 
is relatively small due to two factors. First, the total capacity of energy storage (power-capacity basis) 
added is relatively small, since pumped hydropower energy storage is a small part of the total energy 
storage portfolio in the SB100 Core resource mix. Second, the round-trip efficiency of the hydrogen energy 
storage system is low (~35%) compared to pumped hydropower (~80%), so much of the excess renewable 
energy captured by the hydrogen energy storage system is not delivered as usable electricity supply. 
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Figure 56 - System-wide renewable curtailment for hydrogen energy storage addition cases (% of annual 
load) in 2045 

The addition of hydrogen energy storage to the system reduces curtailed renewable energy from 5.6% of 
annual load equivalent to 5.1% of annual load equivalent due to enabling additional uptake of excess 
renewable energy. The relatively small total capacity of storage added limits the extent to which curtailed 
renewable energy is decreased. 
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Figure 57 - System-wide average cost of electricity for hydrogen energy storage addition cases in 2045 
[$/MWh] 

Adding hydrogen energy storage to the system increases system-wide costs of electricity, from 
$91.7/MWh (no storage addition) to $93.3/MWh (added hydrogen storage equivalent to 50% of pumped 
hydropower capacity). This primarily occurs due to the high capital cost of the hydrogen energy storage 
systems and somewhat limited benefit for reducing the need for natural gas resources due to its low 
round-trip efficiency.  

The sensitivity of the hydrogen energy storage addition cases to different projected resource mixes is 
presented in Figure 58 for zero-carbon penetration, Figure 59 for renewable curtailment, and Figure 60 
for system cost of electricity. Note that these values are presented as percentage deviations from the 
base (No added storage – 0% H2 Add) value achieved in each resource mix.  
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Figure 58 - Sensitivity of system-wide zero-carbon electricity penetration to different projected 
electricity resource mixes in 2045 for hydrogen energy storage addition cases [% of base value for each 
resource mix] 

For all four resource mixes, the addition of hydrogen energy storage increases the system-wide zero-
carbon electricity penetration due to enabling additional uptake of excess renewable generation. The 
SB100 mixes which exhibit higher availability of excess renewable generation show higher benefits. 
Overall, however, the low round-trip efficiency and relatively small total power capacity of added storage 
limit the extent to which zero-carbon electricity penetration is improved. 
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Figure 59 - Sensitivity of curtailed renewable energy electricity to different projected electricity 
resource mixes in 2045 for hydrogen energy storage addition cases [% of base value for each resource 
mix] 

Consistent with the results for zero-carbon electricity penetration, the addition of hydrogen energy 
storage reduces curtailed renewable energy in the electricity system due to enabling the additional uptake 
of excess renewable generation for all projected resource mixes. 
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Figure 60 - Sensitivity of system-wide average cost of electricity to different projected electricity 
resource mixes in 2045 for hydrogen energy storage addition cases [% of base value for each resource 
mix] 

Also consistent with the results for the SB100 Core resource mix, the three other resource mixes exhibited 
increased electricity costs when hydrogen energy storage was added to the system due to the high capital 
cost of hydrogen energy storage technology. 
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4. Discussion 

4.1. Key uncertainties and recommendations for future work 
This study investigated the effect of different alternative arrangements for the deployment of energy 
storage capacity in California’s electricity system on the achieved zero-carbon electricity penetration, 
curtailed renewable energy, and system average cost of electricity. This involved relying on many different 
data sources for cost and performance characterization of energy storage technologies, as well as making 
various assumptions about the behavior of these technologies on the electricity system. Here, we will 
discuss how changes in these parameters or assumptions may affect the results, as well as discuss how 
factors that were not included in the modeling may also change the results. These will also be 
accompanied by suggestions for future work. 

4.1.1. Grid Integration Costs 
One of the key potential benefits of some of the alternative energy storage configurations – behind-the-
meter (BTM), co-location at wind farms, and co-location at solar farms – is the potential to avoid separate 
grid integration costs. BTM energy storage can be connected directly to individual residential, commercial, 
or industrial customer facilities. This avoids the costs associated with connecting to the transmission 
system that utility energy storage may need to incur and, depending on the specific configuration, can 
avoid the costs associated with connecting to the utility distribution network. Energy storage co-located 
at wind and solar farms can use the existing electrical infrastructure of the generation facility and avoid 
the costs of separate interconnection to the transmission system and associated hardware.  

The parameters for grid integration costs used here range between $25-$31/kW for the year 2030 and 
$20-25/kW for the year 2045 as specified by Mongird et al. [3], accounting for “direct cost associated with 
connecting the energy storage system to the grid, including transformer cost, metering, and isolation 
breakers.”. Comparatively, the capital cost of lithium-ion batteries which are the cheapest among the 
energy storage technologies considered here, range from $1156/kW to $1266/kW in 2030 and $753/kW 
to $825/kW in 2045. The assumed grid integration costs are less than 2% of the capital cost for the 
cheapest energy storage technology. Therefore, accounting for the benefit of avoiding grid integration 
costs in the BTM and co-located energy storage cases by subtracting the grid integration costs from 
Mongird et al [3] provides relatively little benefit. However, these savings in combination with reduced 
losses from avoiding separate conversion to high voltage AC does limit increases in electricity costs, 
particularly in 2045. 

Grid integration cost parameters can vary between sources since different studies account for different 
factors in developing these parameters. The California Energy Commission report “Estimated Cost of New 
Utility-Scale Generation in California: 2018 Update” [7], for example, accounts for “Transmission 
Interconnection Costs” that are based on real filings by Southern California Edison for substation 
connection costs and transmission line costs depending on length from the Western Electricity 
Coordinating Council. This report estimates transmission interconnection costs for a 20 MW lithium-ion 
battery installed as utility energy storage to range between $236/kW to $1015/kW, one to two orders of 
magnitude higher than that estimated by Mongird et al [3] and translating to 18.6% to 80% of lithium-ion 
battery capital costs. Since these cost figures are based on actual filings, they may account for more than 
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the cost of hardware and include factors such as utility or balancing authority fees, reviews, etc…, and 
may be difficult to compare with the costs estimated by Mongird et al [3]. 

If this study used grid integration cost parameters from the CEC report as the avoided cost associated with 
deploying BTM or co-located energy storage, the BTM and co-located energy storage scenarios are likely 
to show significant cost benefits compared to the case where all energy storage is installed and operate 
as utility energy storage. However, careful consideration must be given to ensuring that the cost 
parameters used robustly account for real driving factors. 

For future work, we recommend: 

 Parametric analysis of grid integration costs and their effect on the comparison of electricity 
cost results between the utility energy storage, BTM, and wind & solar farm co-location energy 
storage cases. This will help determine how large the savings from avoiding grid integration 
costs need to be for BTM and co-located energy storage to provide electricity cost 
improvements over utility energy storage and compensate for the detrimental effects of the 
conflict in dispatch priority between BTM and co-located energy storage and utility energy 
storage. 

 Perform a systematic review of grid integration cost factors and harmonize results from 
different sources. This will help determine what the probable range for grid integration costs are 
expected to be and how these costs may change, improving the accuracy of modeling exercises 
to determine the effects of BTM and co-located energy storage. 

4.1.2. Individual customer vs. system-wide priorities 
Another major theme from the results is the conflict in dispatch priority between BTM energy storage, 
which charges and discharges to serve the needs of the individual customers to which these are 
connected, and utility energy storage, which charges and discharges to serve the needs of the broader 
electricity system. BTM energy storage can provide significant benefits for individual customers beyond 
normal operation for energy arbitrage or peak shaving, these systems also provide a source of backup 
power for critical functions in the event of a blackout or natural disaster.  

Utility energy storage, however, is best suited for responding to the operational needs of the broader 
electricity system. These units can charge using aggregated electricity generation from wind and solar 
resources and can discharge directly in response to broader electricity system needs for additional supply. 
Therefore, it is expected that substituting utility energy storage for BTM energy storage reduces the 
broader electricity system’s ability to manage renewable generation. 

Energy storage units can be connected in a BTM configuration and garner the benefit of avoiding some of 
the grid integration costs, but in day-to-day operation be dispatched to respond to the needs of the 
broader electricity system. This effectively provides the benefit of utility energy storage with the 
advantages of BTM installation. However, given that BTM energy storage will likely be paid for by 
individual customers, economic incentives for responding to the broader electricity system need to be 
sufficiently strong for this to occur. In practice, there will likely always be some level of conflict between 
energy storage dispatch for individual customer needs and that of the broader electricity system. 
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The result from this analysis that substituting utility energy storage capacity for BTM energy storage 
capacity, or adding BTM energy storage capacity on top of plans to deploy utility energy storage capacity, 
increases the cost of electricity does not mean that BTM energy storage should not be pursued. Many of 
the practical benefits of installing BTM energy storage were not accounted for and monetized in this 
analysis. Rather, the increase in system-wide electricity cost incurred by substituting in or adding BTM 
energy storage to the system should be interpreted as the threshold that the value of other BTM energy 
storage benefits – such as backup power, resilience, etc… - must exceed for BTM energy storage to be 
beneficial from a system-wide perspective. 

4.1.3. Future cost projections for early-stage technologies 
The cost results for this study are based on capital and fixed & variable operation and maintenance cost 
parameters compiled from various sources (academic literature, government reports, real deployments) 
and harmonized in the year 2020 analysis from Mongird et al [3] and projected forward to 2045 based on 
the study by Schmidt et al [8]. While these sources represent a robust review of existing literature, 
projecting these costs forward especially as far as the year 2045 carries significant uncertainty. 

Certain energy storage technologies are more mature than others, but all considered energy storage 
technologies are still constantly evolving in terms of performance and costs. Pumped hydropower and 
lithium-ion batteries are currently the most mature. Pumped hydropower energy storage has been 
deployed at scale for the longest amount of time of the energy storage technologies considered. Lithium-
ion batteries benefitted from significant public and private investment and co-motivation from the efforts 
to develop this technology for electric vehicles and consumer electronics as well as stationary energy 
storage. The other energy storage technologies considered, however, are decidedly less mature in terms 
of commercialization and cost reduction from large-scale deployment, meaning that their cost parameters 
can potentially change very quickly for better or worse.  

Moving into the future, costs for the different energy storage technologies may follow different paths 
than that projected by Schmidt et al [8]. Even relatively mature technologies such as lithium-ion batteries 
are still undergoing improvements and implementation of new chemistries, and pumped hydropower is 
being evaluated for improvements to allow it to provide benefits for a highly renewable electricity system. 
Therefore, different cost trajectories, as well as unforeseen disruptions (i.e. supply chain disruptions, 
etc…), will change the cost results presented in this study. 

4.1.4. Effect of considering flexible loads 
This study did not model the effect of flexible load capability that enables the timing of electric loads to 
be shifted to better align with zero-carbon electricity generation or low electricity price periods. Such 
examples include but are not limited to “smart” electric vehicle charging, thermal energy storage for 
meeting cooling loads, flexible heat pump operation, shifting water pumping loads, and more.  

One of the main purposes of stationary energy storage, regardless of technology, is to shift the availability 
of renewable or zero-carbon electricity generation to coincide with the timing of electric load. If electric 
loads are shifted to occur when zero-carbon electricity is plentiful, these loads can be met directly and 
less energy storage capacity is required to meet a given zero-carbon electricity penetration target. 
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Previous literature shows this effect especially when “smart” electric vehicle charging and vehicle-to-grid 
operation are implemented [9]. This implies that the benefits of adding or substituting energy storage 
technologies to the future electricity system will be reduced if it is assumed that flexible electric load 
capability is widely implemented and used. 

The extent to which flexible electric load capability will be implemented and actually used by residential, 
commercial, and industrial customers can be uncertain. Literature investigating this topic for the case of 
grid-responsive electric vehicle charging [10–12] implies that there may be a high participation rate of 
electric vehicle drivers in utility-controlled charging programs, but in practice, this may or may not be the 
case. If low participation in flexible load programs occurs, energy storage will be required to compensate. 

For future work, we recommend: 

 Leverage social science to study the probable range of consumer participation in flexible load 
programs and how these translate to increased or reduced needs for stationary energy storage 
and the types of such storage that will be most beneficial for the electricity system 

4.2. Year 2030 vs 2045 results 
A summary of the results for the effect of each of the energy storage scenarios on the system-wide zero-
carbon electricity penetration, system curtailed renewable energy, and the system average cost of 
electricity is presented in Table 1 for the year 2030 and Table 2 for the year 2045. 

Table 1 - Summary results of the energy storage scenarios for the year 2030. Orange = undesirable 
effect, Blue = desirable effect. 

Energy Storage 
Scenario 

Effect on System-wide 
Zero-Carbon 

Electricity Penetration 
 

(Increase = Desirable) 

Effect on System 
Curtailed Renewable 

Energy 
 

(Decrease = Desirable) 

Effect on System 
Average Cost of 

Electricity 
 

 (Decrease = Desirable) 
Substitute utility 

storage for behind-
the-meter storage 

Decreases Increases Increases 

Add behind-the-meter 
storage to utility 

storage 

Increases Decreases Increases 

Substitute utility 
storage for storage co-
located at wind farms 

Decreases Increases Increases 

Substitute utility 
storage for storage co-
located at solar farms 

Neutral Varied 
 

100% substitution 
causes a Decrease 

Varied 
 

100% substitution 
causes a Decrease 

Substitute utility 
lithium-ion battery 

storage for utility flow 
battery storage 

Increases Decreases Increases 

Add hydrogen energy 
storage to the 

portfolio 

Increases Decreases Increases 
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Table 2 - Summary results of the energy storage scenarios for the year 2045. Orange = undesirable 
effect, Blue = desirable effect. 

Energy Storage 
Scenario 

Effect on System-wide 
Zero-Carbon 

Electricity Penetration 
 

(Increase = Desirable) 

Effect on System 
Curtailed Renewable 

Energy 
 

(Decrease = Desirable) 

Effect on System 
Average Cost of 

Electricity 
 

 (Decrease = Desirable) 
Substitute utility 

storage for behind-
the-meter storage 

Decreases Increases Increases 

Add behind-the-meter 
storage to utility 

storage 

Neutral Neutral to Small 
Increase 

Increases 

Substitute utility 
storage for storage co-
located at wind farms 

Decreases Increases Increases 

Substitute utility 
storage for storage co-
located at solar farms 

Decreases Increases 
 

Varied 
 

100% substitution 
causes a Decrease 

Substitute utility 
lithium-ion battery 

storage for utility flow 
battery storage 

Increases Decreases Increases 

Add hydrogen energy 
storage to the 

portfolio 

Increases Decreases Increases 

 

The effects of implementing the different energy storage configurations on the broader electricity system 
are largely similar in both the years 2030 and 2045 from a qualitative perspective. The only difference is 
the scenario when utility energy storage is substituted for energy storage co-located at large-scale solar 
farms. For both the years 2030 and 2045, the fundamental drivers are the same: 

For BTM energy storage, the operation of BTM energy storage capacity to prioritize individual customer 
needs rather than system-wide needs decrease the performance of the broader electricity system.  

For replacing utility energy storage for energy storage co-located at wind farms, such storage can only 
charge with and respond to wind electricity and has little to no ability to help manage solar generation 
variability, decreasing the performance of the broader electricity system.  

For replacing utility energy storage for energy storage co-located at solar farms, such storage has limited 
ability to help manage the effects of wind generation variability but reduces losses for large-scale solar 
farms.  
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For replacing lithium-ion batteries with flow batteries, the larger energy-to-power ratio of the flow 
batteries increases the total energy capacity of the energy storage fleet, enabling larger uptake of excess 
renewable generation. 

For adding hydrogen energy storage to the system, this increases the total energy and power capacity of 
the energy storage fleet, enabling larger absorption of excess renewable generation. However, the low 
round-trip efficiency of these systems limits their ability to provide captured excess renewable energy to 
serve the electric load.  
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5. Summary and Recommendations 
This study investigated how alternative configurations for the deployment of energy storage in future 
California electricity systems affects their performance regarding zero-carbon electricity penetration, 
curtailed renewable energy, and system average cost of electricity. This investigation was accomplished 
by the following steps.  

We developed cost parameter datasets for near-term (year 2030) and long-term (year 2045) for energy 
storage technologies at different unit sizes, including lithium-ion batteries, vanadium redox flow batteries, 
pumped hydropower, and hydrogen energy storage, based on recent literature reviews and technology-
specific cost projections.  

We then developed scenarios for energy storage deployment configurations that differ from common 
results in electricity decarbonization planning studies consisting of lithium-ion batteries and pumped 
hydropower energy storage deployed as utility-scale energy storage. These alternative configurations 
include the substituting of utility energy storage capacity for behind-the-meter energy storage, adding 
behind-the-meter energy storage to utility energy storage, co-locating energy storage at wind or solar 
farms instead of directly to the broader electric grid, substituting lithium-ion batteries for flow batteries, 
and adding long-duration hydrogen energy storage to the electricity system.  

We then simulated these different energy storage configurations in the Holistic Grid Resource Integration 
and Deployment (HiGRID) electricity system dispatch model in electricity system resource mixes 
compliant with California’s Senate Bill 100 goal. These simulations model the dispatch of electricity system 
resources to satisfy time-varying electric load demand and provide sufficient ancillary services with an 
hourly resolution for a period of 1 year. From the electricity system dispatch modeling, the system-wide 
zero-carbon electricity penetration, curtailed renewable energy, and system-wide average cost of 
electricity were determined for each energy storage scenario. 

A summary of the key results and their driving factors are as follows: 

 All of the alternative energy storage deployment configurations act to increase the cost of 
electricity relative to the base scenario consisting solely of utility-scale lithium-ion and pumped 
hydropower energy storage. 

o This is expected, since the energy storage deployments in the base scenario are derived 
from capacity expansion modeling that selects resources on the basis of minimizing 
electricity cost. 

 Substituting utility energy storage for behind-the-meter (BTM) energy storage provides benefits 
for individual customers, but reduces the zero-carbon electricity penetration and increases the 
curtailed energy and cost of electricity for the broader electricity system. 

o This occurs due to conflicts in the priority for how energy storage operates. BTM energy 
storage charges and discharges to serve the needs of individual customers to which it is 
connected, which may differ from and conflict with how energy storage would operate 
to serve the needs of the broader electricity system. 
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 The system-wide electricity cost increases brought about from deploying BTM energy storage 
does not mean BTM energy storage should not be pursued, as many of the practical benefits of 
BTM energy storage were not accounted for (i.e. value of backup power). 

o Additionally, the savings that BTM energy storage deployment incurs from avoiding grid 
integration costs is highly uncertain and narrowing down the expected range of avoided 
grid integration costs should be a priority in future research. 

 Adding energy storage capacity, whether as BTM energy storage or as additional utility-scale 
energy storage capacity, expectedly improves zero-carbon electricity penetration and reduces 
curtailed renewable energy. This comes at the cost of increased electricity costs for the resource 
mixes considered here. 

o Here, added energy storage capacity was modeled in the form of additional BTM 
storage or relatively expensive utility-scale hydrogen energy storage, contributing to 
increased costs.  

o However, even if the added storage was utility-scale lithium-ion batteries, the marginal 
benefit of adding that capacity in terms of enabling the electricity system to reduce the 
use of expensive peaking resources needs to exceed its capital cost. This depends on the 
availability of excess renewable generation: if significant excess renewable generation is 
present, adding energy storage can provide significant marginal value. But if excess 
renewable generation is limited, adding more energy storage has a marginal effect. 

 For short-duration energy storage, the benefits of the higher energy-to-power ratio of vanadium 
redox flow batteries do not outweigh their increased capital costs relative to lithium-ion 
batteries when it comes to effects on the system average cost of electricity. 

o However, vanadium redox flow batteries are relatively high cost due to the price of 
vanadium pentoxide. Other flow battery chemistries may be capable of exhibiting lower 
capital costs while providing the same technical benefit and may compete better with 
lithium-ion batteries. 

 Co-locating energy storage capacity at wind or solar farms limits their ability to respond to the 
needs of the broader electricity system relative to installing the same capacity as utility energy 
storage. 

o While energy storage co-located at wind or solar farms enables them to be more 
predictable as a generation resource for balancing authorities, these energy storage 
units can only charge with electricity generation from the wind or solar farm that they 
are connected to. This limits their effectiveness in improving grid operations or excess 
renewable energy uptake, since energy storage co-located at a wind farm cannot 
manage solar variability and energy storage co-located at a solar farm cannot manage 
wind variability, unless the wind or solar farm is allowed to act as a grid load during 
certain hours. 
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Regarding recommendations for energy storage procurement to meet SB100 goals, the result of this 
analysis shows that the planned course in California electricity system decarbonization studies of 
expanding utility lithium-ion battery energy storage capacity and complimenting it with pumped 
hydropower energy storage yields the lowest costs of electricity. This result is consistent with the outputs 
of cost-minimizing capacity expansion studies and is perhaps unsurprising.  

However, this result also has significant uncertainty since many of the benefits of BTM energy storage (i.e. 
providing backup power, avoiding grid integration costs, avoiding the need for entirely new transmission 
buildout, etc…) were not accounted for comprehensively or at all due to uncertainty in their monetary 
value. Other benefits, such as improved predictability from solar or wind farms from co-located energy 
storage, were also not accounted for in a monetized way.  

To provide more comprehensive insight into the advantages and disadvantages of different energy 
storage deployment configurations, the key uncertainties described in Section 4 must be addressed. 
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