
 
Article accepted on International Journal of Hydrogen Energy, 2019 

POST PRINT/DRAFT (AAM-Author’s Accepted Manuscript) 

Impact of hydrogen energy storage on California electric power system: Towards 
100% renewable electricity 
Paolo Colbertaldoa,b,*, Stacey Britni Agustinb, Stefano Campanaria, Jack Brouwerb 

a Department of Energy, Politecnico di Milano - Via Lambruschini 4A, 20156 Milan, Italy 

b National Fuel Cell Research Center, University of California, Irvine - Engineering Laboratory Facility, Irvine, CA, 92697-3550, United States 

Abstract 

Decarbonization of the power sector is a key step towards greenhouse gas emissions reduction. Due to the 
intermittent nature of major renewable sources like wind and solar, storage technologies will be critical in the 
future power grid to accommodate fluctuating generation. The storage systems will need to decouple supply 
and demand by shifting electrical energy on many different time scales (hourly, daily, and seasonally). 
Power-to-Gas can contribute on all of these time scales by producing hydrogen via electrolysis during times of 
excess electrical generation, and generating power with high-efficiency systems like fuel cells when wind and 
solar are not sufficiently available. Despite lower immediate round-trip efficiency compared to most battery 
storage systems, the combination of devices used in Power-to-Gas allows independent scaling of power and 
energy capacities to enable massive and long duration storage. This study develops and applies a model to 
simulate the power system balance at very high penetration of renewables. The study assesses hydrogen as the 
primary storage means for balancing energy supply and demand on a large scale: the California power system 
is analyzed to estimate the needs for electrolyzer and fuel cell systems in 100% renewable scenarios driven by 
large additions of wind and solar capacities. Results show that the transition requires a massive increase in both 
generation and storage technology, e.g., a combination of 94 GW of solar PV, 40 GW of wind, and 77 GW of 
electrolysis systems. A mix of technologies appears to reduce the total installation capacities required with 
respect to wind-dominated or PV-dominated cases. Hydrogen energy storage capacity needs are also assessed 
and possible alternatives are discussed, including a comparison with battery storage systems. 
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Highlights 

• A model simulates the hourly balance of demand and supply in the power grid 
• The role of storage is evaluated, focusing on hydrogen storage via Power-to-Gas 
• Options for 100% renewable electricity in California are analyzed 
• Constraints on operation of electrolyzer and fuel cell systems are discussed 
• Needs and possibilities for hydrogen energy storage are discussed 

Introduction 

Attention to climate change and sustainability has increased in recent years, and these topics are now widely 
researched and discussed. Driven by the concern for environment and human health, international agencies 
and organizations call for urgent actions from all actors: research entities, governments, citizens, and industry 
[1,2]. All sectors involved in energy conversion, storage, or end-uses of any form are called to a transition 
towards low-carbon and sustainable solutions that can preserve resources and avoid ecosystem damage. 
Decarbonization by shifting to renewable energy sources (RES) plays a key role in the transition. Indeed, fossil 
fuel use not only affects natural and urban environments, but also is limited by resource availability. Although 
the temporal scale is not clearly defined, a switch away from fossil fuels will be unavoidable in the long term – 
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either caused by inadequate supply or by excessive pricing. On the contrary, renewable resources are by 
definition unlimited. However, they are mostly intermittent and fluctuating. To overcome their uneven 
distribution and dynamic availability, increased storage resources and cooperation among regions will help 
manage local excess renewable power generation and supply shortages. 

Looking at the power sector, the system evolution to fully renewable generation is not trivial: intermittency and 
unbalancing affect grid behavior and energy price dynamics. Many technologies and solutions are likely to be 
part of the future system. Consumers will play a more active role, e.g., through demand side management [3], 
but increased complexity of system operation and social acceptance issues may arise. Large installed renewable 
capacity will produce short periods of very high priced peak generation, and substantial amounts of energy 
storage capacity will be needed to avoid significant electricity curtailment and manage demand-supply 
mismatches that occur over seconds, minutes, hours, days, and seasons. The magnitude of the challenge is big: 
California alone consumes 230 TWh of electricity per year, with a 50 GW peak load (2017 data [4]), currently 
managed mostly with fast-ramping natural gas-fired power plants. 

This work investigates Power-to-Gas (P2G) as a grid-scale storage technology option for California to 
complement a massive increase of wind and solar installed capacity. Indeed, the full development of a hydrogen 
economy seems a promising way to comply with a 100% renewable electric grid requirement as envisioned by 
many (e.g., California Senate Bill 100). After establishing a model, this paper analyzes options to achieve a fully 
renewable supply in the electricity sector alone. Sensitivities to operational constraints and possible 
alternatives are discussed, and a section investigates the hydrogen storage energy capacity issue. Moreover, an 
estimation of costs is provided. Subsequent papers will analyze the impact of sector integration, e.g., when a 
push for electrification occurs in the heating sector or when strong decarbonization is sought also in 
transportation. 

Background 

In recent years, the State of California has taken steps towards the decarbonization of its energy system by 
issuing multiple bills and passing many laws regarding renewable energy in the power sector, greenhouse gas 
(GHG) emissions control, and clean fuels for transportation. In September 2018, the Governor signed Senate 
Bill 100 (100 Percent Clean Energy Act) into law, thus officially establishing the objective of 100% clean and 
mostly renewable retail sales of electricity by 2045 [5]. Intermediate steps already codified into law are 33% 
renewable supply by 2020 and 50% by 2030. By 2020, California must reduce GHG emissions to 1990 levels and 
have 1 million zero-emission vehicles in service to comply with AB 32 [6] and SB 1275 [7], respectively. 
Renewable power generation and renewable fuels will aid compliance with these laws. 

Decarbonizing the energy system is not just a California issue, but a global one. In the European Union, the clean 
energy directives impose 27% renewable supply on final energy consumption, which includes but is not limited 
to electricity, and a 40% cut in GHG emissions against 1990 levels by 2030 [8]. The long-term 2050 Roadmap 
states that an 80% GHG emissions reduction from 1990 levels is due by 2050, with power generation emissions 
expected to decrease as much as 99% to balance sectors like agriculture where reductions are necessarily 
smaller [2]. 

The combined issues of depleting fossil fuel reserves, air quality, geopolitical instabilities, and climate change 
are pushing both Western and Eastern countries to study the conversion of their power systems to high RES 
percentages. The recent drop in the cost of photovoltaic and wind power generation technologies [9,10] is also 
encouraging RES adoption. A roadmap integrating North Africa and Europe has developed a technologically 
feasible pathway to reach 100% RES electricity supply by 2050; but, it has identified how the realization depends 
upon government policy, market, investments, and new infrastructure challenges [11]. A theoretical study on 
Australia has applied an energy balance model that uses historical data for wind, sun, and electrical demand to 
determine hourly RES power generation, showing that transformation of the power sector to 100% RES is 
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possible [12]. To assess the possibility of satisfying the electrical demand with wind and solar sources in the 
United States, a long-term study has evaluated 36 years of global hourly data to determine mean annual values, 
which are then used to identify various combinations of wind and solar capacities capable of meeting 150% of 
the 2015 demand, where the additional 50% generation is taken to account for reliability of the grid [13]. Using 
an in-house developed energy system modeling tool, researchers at Lappeenranta University of Technology 
(LUT) have studied the integration of power, desalination, and non-energetic industrial gas sectors in various 
Eastern countries (India, Iran, Pakistan, and Saudi Arabia). The model optimizes the least-cost mix looking at 
annual costs of installed capacities of various RES, dependent upon the availability of wind speed, solar 
irradiation, and precipitation (from historical weather data). Results show that 100% RES coverage of demand 
in integrated sectors can be accomplished by predominately PV and wind resources by the year 2050 [14–17]. 
A study from Stanford University explored the potential for meeting not just electricity by economy-wide energy 
demands with hydro, solar, and wind resources in 139 countries around the world [18]. At an international 
agency level, the European Renewable Energy Council has analyzed the economic and technological challenges 
of renewables and has concluded that deploying RES technologies is a promising effort humans can make to 
reduce climate change’s tremendous impact on their lives [19]. 

With the increase of RES capacity connected to the grid, the need for energy storage arises to avoid curtailment 
and manage supply to meet non-concurrent demand. Indeed, power generation from major RES such as wind 
and solar is unpredictable, hence difficulties with the instantaneous balance of electricity supply and demand 
occur already at present installation levels [20]. Energy storage options to assist in load balancing include 
pumped hydroelectric storage, battery energy storage systems (BESS), compressed air energy storage, and P2G. 
Among them, pumped hydro is a well-established technology, but has a strong dependence on geography and 
climate. BESS and P2G are the most studied alternatives in the energy industry for new applications. With recent 
battery cost reductions and technology maturity, BESS are the next most popular systems that are being 
installed around the world for balancing electricity supply and demand [21]. P2G consists of hydrogen 
generation via water electrolysis powered by excess electricity and offers the advantage of multiple possible 
pathways for hydrogen use, among others: direct use as fuel (allowing decarbonization of transportation), 
transformation into liquid or gaseous fuels/chemicals, and reconversion to electricity [22]. The latter can be 
more precisely referred to as Power-to-Power (P2P) or Power-to-Gas-to-Power (P2G2P) and it is the most 
relevant for electric grid support applications; it is typically obtained by coupling the electrolyzer with a fuel cell 
system through local or distributed hydrogen storage [23]. Importantly, BESS and P2G/P2P technologies 
powered by renewable electricity both offer zero GHG and zero criteria pollutant emissions features. They differ 
in the energy-to-power ratio (kWh/kW). Batteries have a constant and fixed energy-to-power ratio, so that large 
energy capacity inevitably leads to additional unnecessary power capacity that must be installed. P2G/P2P 
systems can accept and release any amount of energy while designing the electrolyzer power capacity to a 
desired level, since the power and energy quantities are independently determined (i.e., power scales with 
electrolyzer size and energy scales with hydrogen storage facility size). Although BESS have a high nominal 
efficiency, their operation has shown highly variable and low average round-trip efficiencies1 around 50-55% in 
grid-support applications [24,25]. This relatively poor performance is due to cooling requirements (even during 
stand-by in the case of high-temperature batteries) and power conversion system parasitic loads that can 
perhaps be improved with modern BESS systems; but, it is also due to battery self-discharge, which is inevitable. 
Moreover, BESS used for large amounts of energy storage require a large land footprint and can become very 
costly [26], in addition to showing issues of reliability and lifetime [27]. P2G/P2P systems are interconnected 
with the electric grid through the same power conversion equipment (e.g., inverters) as BESS so that they can 
act just as rapidly to match supply and demand, while providing the same ancillary services. However, there are 

 
1 The round-trip efficiency of an energy storage system is defined as the ratio between the amount of energy withdrawn from and the amount of energy 
fed to the system, over a cycle that determines no variation of the stored energy. Reduction from input to output occurs due to losses during the charging 
and discharging processes, as well as consumption by auxiliaries to keep the balance-of-plant running and the self-discharge factor, where applicable. 
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issues about hydrogen storage, management, and distribution, and regulation uncertainty, in addition to 
relatively high costs due to the early market stage of P2G concepts. 

Studies on the use of P2G have explored both small- and large-scale systems. A 1999 study evaluated a family 
home in Switzerland operating on a privately owned PV-hydrogen generation and storage system that had been 
run since 1991, thus verifying how P2G could be a technically viable solution for small scale energy storage 
applications [28]. Another residential-scale study of P2P for a California residence was completed in the early 
2000s showing that grid-independent operation using a reversible fuel cell was possible [29,30]. Although 
small-scale systems are intriguing for residential energy management, large-scale P2G will be needed to attain 
the clean energy shift on a regional power grid or on a microgrid, as demonstrated also by recent EU project on 
grid-assisting proton exchange membrane (PEM) fuel cell power plants [31]. Recent work has looked at the 
possibility to integrate P2G with electrified heating (heat pumps) at urban scale, to reduce overall fossil fuel 
consumption [32]. Studies on whole countries (e.g., Spain [33] and Italy [34,35]) or regions (e.g., a Norwegian 
island [36] or an Alpine area [37]) have analyzed the integration of P2G at large scale. The Spanish study [33] 
used a numerical model to size the electrolyzers based upon the maximum power fed to them from wind and 
solar surplus energy, determined by historical load and wind and solar power profiles. The produced hydrogen 
is then used to reshape the power load curve by dynamic dispatch of a fuel cell. The Italian investigation [34] 
assessed the potential for P2G installation based upon a large increase in installed renewable power capacities, 
then comparing with Germany to show the differences in residual load profiles, and analyzing the recovered 
and curtailed energy related to high PV vs. high wind as main available resource. A second study on Italy [35] 
expanded the long-term analysis to sector integration and introduced a multi-node representation, assessing 
energy and environmental performance of different system evolution options based upon forecast scenarios 
with large RES installation and high shares of plug-in electric vehicles and fuel cell electric vehicles. In the study, 
hydrogen production recovers the excess electricity and provides a clean transportation fuel, seeking minimum 
curtailment rather than fully renewable supply, as the installed capacities are set from available forecasts and 
not solved by optimization. 

Methods and models 

This work proposes a model to simulate the power system behavior on large geographical scale, analyzing the 
effects of different installed RES capacities on the hourly system dynamics, looking at extended time frames 
(year-long behavior). Expected results include the estimation of power generation and energy storage 
capacities and dynamics needed to attain a very high share of renewable electricity supply. This study focuses 
on hydrogen as storage means, but no restriction to a specific storage technology is inherent in the model. 
Indeed, some simulations involve lithium-ion BESS, either as a complementary technology to deal with P2P 
capacity factor constraints or as the only option, for comparison. 

Before discussing the methods and results, it is important to highlight that this kind of study involves a large set 
of assumptions, from plant efficiencies to simplification of grid topology. Due to that, the significance of 
investigating future system evolution does not lay in the exact values obtained as simulation results, but rather 
in general trends, orders of magnitude, and mutual comparison found for the investigated variables, with the 
final aim of assessing the potential role of hydrogen-based storage technologies. The main underlying 
assumption is the priority use of renewable generation plants and storage devices up to installed capacity and 
resource availability, besides market mechanisms where competition acts. Results give an overview on the 
installed capacity of generation and storage devices required to fulfil the very ambitious targets of the energy 
transition. Also, incentives and policies will play a crucial role and may influence or direct the technological 
development towards different solutions (for this purpose, the reader may refer to studies on the topic like 
[38]). 



 
Article accepted on International Journal of Hydrogen Energy, 2019 

POST PRINT/DRAFT (AAM-Author’s Accepted Manuscript) 

Modeling approach 

The analyzed large-scale system includes electric loads, power plants, and storage devices as shown in Figure 
1. The model uses a lumped approach that considers the structure as a single node, with all generation and 
consumption points interconnected with no transmission limitations (copper-plate power grid assumption). 
Power exchange with neighboring regions (e.g., a different Independent System Operator (ISO) area) is 
modeled, but it is assumed to contain zero renewable energy when entering into the system, so that it belongs 
to the ‘non-RES power plants’ generation. Power transmission to adjacent areas is not considered because the 
primary aim is to satisfy the internal demand with local renewable resources and adequate storage. 

The model computes the balance of active power within the system at each time step, which is fixed to either 
1 hour or 15 min, depending upon data availability (at least 1-hour resolution is available for all resources and 
demands considered). 

Storage technologies considered are BESS and P2G/P2P. In its essential form, P2G is comprised of an 
electrolyzer for hydrogen production and a hydrogen storage tank; when coupled with a device that generates 
electric power from hydrogen (e.g., a fuel cell or a combustion-based engine like a gas turbine), the overall 
system is called Power-to-Power (P2P). While combustion turbines are currently less expensive [39], fuel cells 
exhibit higher efficiency (we are not referring in this comparison to the case of combined cycles, but rather to 
simple cycle gas turbines which are considered particularly suitable for very fast ramping grid support) and allow 
for generation of electricity at zero local and global emissions [40], so they are selected for this purpose in P2P 
designs. 

  
Figure 1 – Schematic of the power system structure that is simulated. 

The simulation reproduces the supply-consumption electricity balance over each time interval, prioritizing the 
use of renewables up to the maximum output capability, for each generation type, based upon the installed 
capacity and the generation profile (e.g., temporal availability of wind and solar). 

At each time step 𝑡𝑡, a balance equation is solved: 

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅,𝑡𝑡 +∑ 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡
𝑠𝑠

𝑠𝑠 + 𝑃𝑃𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒,𝑡𝑡 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑡𝑡 +∑ 𝑃𝑃𝑖𝑖𝑖𝑖,𝑡𝑡
𝑠𝑠

𝑠𝑠 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡 (1) 

where 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑡𝑡 is the electrical demand, and 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅,𝑡𝑡 is the generation from wind and solar power plants. For each 
storage technology 𝑠𝑠, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡

𝑠𝑠  and 𝑃𝑃𝑖𝑖𝑖𝑖,𝑡𝑡
𝑠𝑠  are the output and input power, respectively. The variable 𝑃𝑃𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒,𝑡𝑡 

represents the additional generation that must be called in to satisfy the demand after direct use of renewables 
and extraction from storage. Although its value will be zero as a result of the simulations for 100% RES supply, 
it must be taken into account in the calculations. 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡 is the overgeneration that cannot be accommodated 
by the storage. 

The time evolution of the storage energy content, to be repeated for any storage technology 𝑠𝑠, is expressed by: 

𝐸𝐸𝑡𝑡𝑠𝑠 = 𝐸𝐸𝑡𝑡−1𝑠𝑠 (1− 𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠 ) + 𝑃𝑃𝑖𝑖𝑖𝑖,𝑡𝑡
𝑠𝑠 · ∆𝑡𝑡 · 𝜂𝜂𝑖𝑖𝑖𝑖𝑠𝑠 − 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡

𝑠𝑠 ·∆𝑡𝑡
𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜
𝑠𝑠   (2) 
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where 𝐸𝐸𝑡𝑡𝑠𝑠 is the energy content (kWh) at the end of time step 𝑡𝑡, ∆𝑡𝑡 is the time step size, 𝜂𝜂𝑖𝑖𝑖𝑖𝑠𝑠  and 𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠  are the 
charging and discharging efficiency, respectively, and ε𝑠𝑠𝑠𝑠𝑠𝑠  is the self-discharge coefficient applicable to the 
selected time step. 

Model procedure 

The computational procedure follows the schematic in Figure 2. 

 

 
Figure 2 – Schematic of the model procedure. 

First, the residual load 𝑅𝑅𝑅𝑅 is determined for each time step 𝑡𝑡 as the difference between total load and RES 
generation: 

𝑅𝑅𝐿𝐿𝑡𝑡 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑡𝑡 − 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅,𝑡𝑡 (3) 

The power generation profile of each renewable source 𝑖𝑖 in the simulated case (‘future’) is obtained by linearly 
rescaling the corresponding historical one (‘reference’): 

𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑡𝑡
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑡𝑡

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (4) 

where 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑡𝑡 is the power generated at time 𝑡𝑡 and 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖 is the installed capacity. This approach maintains the 
value of the operating equivalent hours (EOH) of each technology, based on the consideration – not new in the 
literature [34,41] – that the capacity increment will enlarge installations at the currently exploited locations 
using improved technology, as the best areas have already been selected2. 

Second, the excess of generation (negative residual load) feeds the storage up to the installed capacity, and 
then is curtailed if the storage has reached maximum capacity. Any positive residual load is covered by 
extracting electricity from storage (considering appropriate conversion efficiency) or other dispatchable 
generation units. These are modeled to be any fast-ramping dispatchable plant that will be available as needed 
(e.g., natural gas- or biogas-fired combustion turbine), with no further technical detail, because the interest of 
the work is focused on analyzing 100% wind and solar renewable cases that avoid the contribution from these 
combustion-based technologies. 

The system simulation occurs within an optimization cycle that seeks the minimum generation capacity needed 
to attain the desired RES share (𝑥𝑥𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑚𝑚), as described by Eq. 5. The RES share is defined as the ratio between 
RES electricity that meets demand (directly or through storage) and total electricity demand (line 4 in Eq. 5). 

 
2 This is particularly realistic for wind resources in California, which are concentrated in a few places, and which currently have older technology installed 
that cannot extract as much power from the same wind resource. 
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The optimization algorithm could solve wind and solar PV capacities together, setting the wind/PV capacity ratio 
in advance. To allow comparison of various combinations of technologies, simulations presented in this paper 
assume a given value of wind installed capacity, instead, and use the optimization routine to determine the 
solar PV capacity under the RES share requirement. The installed power capacities of the storage systems (line 
7 in Eq. 5) are limited by the larger value of excess electricity occurring (from the 𝑅𝑅𝑅𝑅 time series) and by capacity 
factor (𝐶𝐶𝐶𝐶) constraints (see section Energy storage system features). A non-negative net balance of the storage 
content over the year is also imposed (hydrogen in P2P or electricity in BESS, line 8 in Eq. 5). Other input data 
are the electricity generation profiles to rescale (labeled ‘reference’ in Eq. 4) and the load profile. 

𝑚𝑚𝑚𝑚𝑚𝑚�𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑅𝑅𝑅𝑅𝑅𝑅�  𝑠𝑠. 𝑡𝑡.

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤  
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐸𝐸𝐸𝐸. 1)  ∀𝑡𝑡

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐸𝐸𝐸𝐸. 2)  ∀𝑡𝑡 ∀𝑠𝑠
∑ (𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅,𝑡𝑡−∑ 𝑃𝑃𝑖𝑖𝑖𝑖,𝑡𝑡

𝑠𝑠
𝑠𝑠 −𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡) ∙ ∆𝑡𝑡𝑡𝑡  + ∑ ∑ 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡

𝑠𝑠  ∙ ∆𝑡𝑡𝑠𝑠𝑡𝑡
∑ 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑡𝑡∙∆𝑡𝑡𝑡𝑡

≥ 𝑥𝑥𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃𝑖𝑖𝑖𝑖,𝑡𝑡
𝑠𝑠  ≤ 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠  ∀𝑡𝑡 ∀𝑠𝑠

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡
𝑠𝑠 ≤ 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠  ∀𝑡𝑡 ∀𝑠𝑠

𝑃𝑃𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠,𝑠𝑠 = 𝑓𝑓(𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶𝐶𝐶)  ∀𝑠𝑠
𝐸𝐸𝑡𝑡=𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠 ≥ 𝐸𝐸𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   ∀𝑠𝑠

 (5) 

Energy storage system features 

The profiles of generated and stored energy are used to calculate the storage size in terms of energy and power 
capacities: e.g., hydrogen, fuel cell, and electrolyzer capacities for P2P systems, or BESS energy and power 
capacities. For hydrogen storage, the minimum energy capacity is calculated as the maximum difference of 
stored hydrogen in the year-long profile. The storage power capacity depends upon the residual load profile 
resulting from the RES installed capacities and the imposed capacity factor constraints. 

In absence of constraints, the P2G storage is capable of accepting all the excess power generation, avoiding any 
curtailment; hence, the power capacity of the electrolysis systems is equal to the largest peak of excess 
electricity generation from RES (absolute value of the negative residual load). The addition of constraints (e.g., 
required capacity factor) limits the installation to a total capacity that satisfies as much of the power 
requirement possible to achieve a set capacity factor. Analogously, fuel cell system nominal power is equal to 
either the maximum peak of positive residual load (unconstrained) or the power that guarantees the desired 
capacity factor (constrained). Note that inevitable curtailment results in the constrained cases, because 
increased installation of RES is required to meet the RES share when the storage systems are forced to have a 
minimum capacity factor. 

The capacity factor (𝐶𝐶𝐶𝐶) is a parameter that summarizes the device utilization. It is defined as the ratio between 
the energy treated by the device and the maximum amount of energy that could possibly have been treated by 
that same device (i.e., operating at 100% rated power) in the time period considered, as follows: 

𝐶𝐶𝐶𝐶 = ∑ 𝑃𝑃 𝑡𝑡∙∆𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒
𝑡𝑡=0
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∙𝑇𝑇

 (6) 

where, considering an electrolyzer as example, 𝑃𝑃𝑡𝑡 is the power sent to the device at time 𝑡𝑡, ∆𝑡𝑡 is the size of a 
time step, 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the electrolyzer installed capacity, and 𝑇𝑇 is the total time period simulated. 

An alternative quantity that conveys the same type of information is the equivalent operating hours (EOH), 
which expresses the time (number of hours) that the equipment should have run at nominal power to treat the 
same total amount of energy that they actually treated over the total time period. It is also referred to as 
equivalent full-load hours (EFLH). It is equal to the ratio between the total energy treated and the installed 
capacity, as follows: 

𝐸𝐸𝐸𝐸𝐸𝐸 �ℎ
𝑦𝑦
� = ∑ 𝑃𝑃 𝑡𝑡∙∆𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡=0
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 (7) 
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An additional parameter that helps to define the feasibility of installing a device is the actual full-load hours 
(AFLH), which correspond to the time (number of hours per year) during which the devices operate at nominal 
power. A high AFLH characterizes installations whose nominal capacity is frequently exploited, thus helping 
achieve a high CF. To have an equivalent parameter that is expressed in relative terms, we also introduce the 
minimum capacity factor (min CF), which is defined as the smallest hourly capacity factor that may occur in any 
time step. As example, a 10% min CF corresponds to 876 AFLH. If we consider the excess electricity duration 
curves before setting the electrolyzers nominal power, imposing a minimum capacity factor leads to an installed 
electrolysis capacity equal to the negative residual load (in absolute value) whose occurrence (in percentage of 
total time) is numerically equal to the minimum capacity factor itself. Based on this definition, the P2G capacity 
can be identified by means of percentiles over the statistical distribution of values in the residual load profile, 
whose calculation is aided by the constant duration of the time steps. 

The CF and the min CF are related but distinct parameters. In particular, the obtained average CF over a year is 
expected to be larger than the set min CF. This is coherent with the lumped approach used, especially for 
modular systems that are characteristic of batteries, fuel cells, and electrolyzers: that is, the GW-scale total 
installed capacity (equal to the maximum power treated, even if only for one time step) is the sum of multiple 
kW- or MW-scale devices, where guaranteeing a min CF means that no device is present that runs for an 
extremely short period of time. In real applications, actual frequency of full- and part-load operation varies, 
hence each unit will have a different CF and dispatching methods control the overall system. 

A similar approach can be adopted for BESS, although only one value of power capacity is defined for both input 
and output. Moreover, the existence of a fixed ratio between energy and power capacities might require 
oversizing one of the two values to satisfy the storage demand. 

Note that, for any technology, applying a constraint on the storage-to-grid power capacity may lead to 
conditions in which it is impossible to satisfy the demand, as some rare load peaks could be greater than the 
allowed installed capacity. 

Data and assumptions 

Currently, the California electricity grid features about 6 GW of wind plants and 9 GW of utility-scale solar PV 
systems; behind-the-meter rooftop PV systems account for an additional 7 GW, hence a total solar PV capacity 
of 16 GW (end of 2017) [42,43]. Evolution of the installed capacities from 2010 is presented in Table 1, together 
with the estimated technical potential. The wind capacity value is evaluated combining available land area that 
guarantees a gross capacity factor above 35% (at 140 m hub height) [44] with 5-MW on-shore turbines and 
average capacity density of 4 MW/km2. Based on available land and solar irradiation, the potential for 
utility-scale solar PV has been estimated at over 4 TW, considering an average capacity density of 48 MW/km2 
[45]. Both evaluations exclude built environment and natural protected areas. The potential for rooftop PV 
amounts to 76 GW on small buildings, or 129 GW when considering all building types [45,46]. Existing 
concentrated solar power (CSP) plants in California have a total nominal power of 1.3 GW, mostly made of solar 
tower systems. Noticeably, no new capacity has been added since 2014 [43]. 

 

Table 1 – Recent evolution of installed capacity and estimated potential of RES power plants in California [43–45,47]. 

 
2010 

 
2015 

 
2016 

 
2017 

 
Technical 
potential 

Wind 3.18 GW 5.73 GW 5.73 GW 5.85 GW 231 GW 
Solar PV (utility scale) 0.12 GW 6.08 GW 8.62 GW 9.39 GW > 4 TW 
Solar PV (rooftop) n/a 3.90 GW 5.26 GW 6.60 GW 129 GW 
CSP 0.41 GW 1.29 GW 1.25 GW 1.25 GW undefined 
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The historical profiles used as reference by the model are taken from the California Independent System 
Operator (CAISO) [4] for the year 2016, and rescaled as described in section Model procedure. 

This work focuses on wind and solar as power generation. Existing behind-the-meter PV rooftop systems are 
accounted for as changes in the load (the available data from the transmission system operator is the net load). 
Nonetheless, the scaled solar profiles deployed could well simulate either transmission integrated systems or a 
combination of these with behind-the-meter PV. The calculations do not aim at determining the detailed 
dispatch of the future grid, but rather at offering an estimate of the magnitudes of the generation and storage 
capacities required for the transition to a clean power grid. The actual evolution will surely be more complex, 
and other renewable resources like hydro, biomass, and geothermal will play a role; but, they are not discussed 
here either because a small increment is foreseen (e.g., hydro and geothermal) or because their dispatchability 
makes them relevant for peak and reserve demand that are not investigated (e.g., biomass and biofuels). 

Storage involves P2G and BESS, either exclusively or in combination, looking at best available technologies and 
future predictions for performance parameters. The assumed efficiency of hydrogen generation from electricity 
is 65%, based on lower heating value (LHV) [48]. The main available technologies for electricity generation from 
hydrogen are fuel cells, gas turbines (as simple or combined cycles), or internal combustion engines. The first 
option has been in the spotlight lately and is undergoing intense research and development, at the moment 
featuring higher efficiency at higher cost [39]; the second and third choices are well-established devices that 
could be repurposed to hydrogen fuel. This work selects PEM fuel cell systems for electrical generation from 
the stored hydrogen, due to high efficiency and good fast-ramping capability. All losses involved with hydrogen 
storage (e.g., compression and cooling) are included in the electrolyzer and fuel cell efficiency values used. 
Possible self-discharge losses correspond to hydrogen leakage from tanks, pipes, or reservoirs. These leakage 
losses are neglected here, as both the studies on Lined Rock Caverns (LRC) [49] and the available measures from 
existing underground facilities have shown very low leakage rates (further investigation is expected with 
operation of the first installations, e.g., in the Houston, Texas area) [50]. Although nominal efficiency for 
batteries is usually given as high as 95% in charging and discharging, data from grid-connected BESS that include 
parasitic losses of transformation and cooling have shown smaller values (e.g., average round-trip efficiency 
between 44% and 74% [24,25]). To account for this while considering future expected improvements, BESS are 
modeled with a 75% round-trip efficiency. Furthermore, a self-discharge factor of 5% per month is taken into 
account to better represent the physical and electrochemical processes occurring within BESS. Relevant 
parameters of the considered storage technologies are listed in Table 2. 

 

Table 2 – Efficiency values for the various storage systems. 

Parameter Value Ref. 
Electrolyzer efficiency (LHV) 65 % [48] 
Fuel cell efficiency (LHV) 64 %  [51] 
BESS round-trip efficiency 75 % Own assumption, based on [24,25] 
BESS efficiency in 87 % Own assumption, based on [24,25] 
BESS efficiency out 87 % Own assumption, based on [24,25] 
BESS self-discharge 5 %/month [52] 

 

A fully renewable power system 

The developed model is applied to the California power system, based on data and assumptions defined in 
section Data and assumptions. The optimization routine first identifies different combinations of wind and solar 
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installed capacities that are able to meet 100% renewable coverage of the annual electricity demand, using P2P 
as energy storage technology. Then, varied capacity needs are compared after the model constrains the use of 
electrolyzer and fuel cell systems to guarantee reasonable capacity factors. As comparison, storage capacity 
requirements in the alternative case of lithium-ion BESS are estimated for meeting the same electrical system 
demand over the year. 

All cases involve the use of solar and wind as power generation sources, and deploy hydrogen storage (using 
electrolyzers and fuel cells) or battery storage systems. CSP plants are taken into account with an installed 
capacity equal to present value (1.25 GW). All solar capacity additions are considered to be PV panels (the least 
expensive option available today). Load values and the dynamics of electricity demand are assumed unchanged 
with respect to 2016 data. This is reasonable since electricity demand has been relatively flat in California for 
the last 20 years due to a combination of energy efficiency measures and less electricity-intensive industry that 
counterbalances increased population and economy. Hence, the results give the values of the required increase 
in RES capacity that would be required to switch to a fully renewable system in the short term, or, if current 
trends of relatively constant demand persist. In the long term, electric mobility, electrification of loads, or other 
major technology shifts may change both total consumption and hourly load profiles – these aspects will be the 
bases for future study. 

Unconstrained energy storage systems installation 

The first set of simulations looks for combinations of wind and solar PV installed capacities that allow a fully 
renewable supply of electricity in the state when no constraints are imposed on electrolyzer systems. The sizing 
of the hydrogen-generating devices assumes that their total installed capacity equals the greatest absolute 
value of the negative residual load that occurs during any one hour along the year, thus recovering all excess 
electricity and excluding curtailment. Analogously, the use of fuel cell systems is not constrained and their sizing 
results from the need to satisfy the demand at any rate, hence their power capacity corresponds to the highest 
value of positive residual load. 

Figure 3 depicts a set of 12 possible combinations, for wind capacity up to 120 GW (around half of the estimated 
potential in California). As expected, the more wind that is included in the electricity production mix, the less 
solar PV is needed. However, intermediate cases present a lower total installed power of RES plants and also 
smaller electrolysis system capacity, thus showing that a combined use of solar and wind power would be most 
effective for meeting annual demand. Indeed, P2G electrolyzer power capacity has a minimum, equal to 55 GW, 
in Case 8, which also features the lowest total installed RES capacity (80 GW wind and 37 GW PV). Very similar 
values of electrolysis and total RES capacities are found in Case 9 (90 GW wind and 27 GW), with differences 
below 0.2%. Fuel cell system power capacity is mainly determined by the positive residual load (i.e., power 
demand unsatisfied by direct use of RES generation) rather than by the energy consumption to be supplied by 
the storage, and the required value does not vary significantly (30 to 37 GW). Power generation sizing does not 
change much because the likelihood that one night-time hour of the year possesses nearly zero wind power is 
high, leading to minimum power capacity that is close to the average night-time load. 
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Figure 3 – Set of combinations of capacities (generation and storage) that are each able to achieve 100% RES electricity supply with 

P2P as storage technology. 

The constraint of non-negative net hydrogen generation over the year guarantees that hydrogen is available at 
the end of the simulated period to repeat the system behavior in the subsequent year. In case of positive net 
production, part of the stored fuel is in excess of the operational needs, so it is available for different uses (e.g., 
fuel for hydrogen transportation, feedstock for industrial processes). The excess hydrogen is a result of the 
numerical convergence of the optimization procedure and is nearly zero in all cases of this set of simulations 
(thus allowing a fair comparison), meaning that the installed capacities are just right to guarantee the overall 
balance. The black diamond markers in Figure 3 represent the minimum hydrogen storage size required to 
guarantee the yearly functioning of the system, referred to the right axis. Storage needs increase when the 
combination of wind and PV capacity is shifted towards the first, up to about a 30% higher capacity needed. 
Section Hydrogen storage capacity further discusses energy capacity needs. 

Constrained electrolyzer installation and capacity factor 

The calculations performed in the previous section assume unconstrained use of electrolyzers for P2G, meaning 
that no minimum load is assigned nor minimum capacity factor is imposed. While the former deals with a 
single-device analysis which is out of the scope of this large-scale analysis, the latter is relevant as no facility is 
reasonably expected to be installed if it is to operate only for a very short amount of time. Indeed, recovering 
all the excess electricity generated by wind and solar plants leads to very steep load duration curves for the 
electrolyzers, as shown in Figure 4 for four selected cases. To accommodate such amounts of power, the devices 
would have to be sized with large power capacity, part of which will be used only for a very limited amount of 
time (e.g., a capacity of more than 20 GW operates in less than 10% of the total time in the case ‘10 GW wind - 
154 GW PV’). On the opposite end of the x-axis in Figure 4, the fraction of time above which the duration curve 
flattens to zero depends upon the solar/wind ratio, as it represents the absence of excess electricity. The cases 
featuring low wind capacity and large PV installation have a natural limitation for 50% of the total time, as solar 
generation is only present for one-half day at most, while high-wind cases produce longer operating times for 
the electrolyzers. The lowest overall curve is obtained at 80 GW wind and 37 GW, which also has one of the 
lowest total RES installed capacity. 
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Figure 4 – Electrolyzer system load duration curve when they treat all excess electricity from wind and solar, in four selected cases. 

This section investigates how constraints on electrolyzer system operation affect the system ability to reach a 
fully-RES-based power sector, by performing a sensitivity analysis on the electrolysis system capacity factor.  

Figure 5 shows the electrolyzer system load duration curve at various minimum CF in two example cases of 
very low and very high wind capacity (10 GW and 120 GW, respectively). Cases with intermediate values of 
assigned wind capacity have analogous behavior when varying the constraint (appearing of a cap on capacity 
that increases at greater minimum CF), with differences in the absolute values and in the curve shape as 
outlined in Figure 4 for the unconstrained simulations. The effect of imposing a minimum capacity factor is 
straightforward: the power fed to the electrolyzers plateaus at a certain value that corresponds to the installed 
capacity, which numerically equals the load curve value of the assigned min CF. The overall shape of the curve 
does not vary significantly when increasing the min CF, but some differences exist as the reduction of 
electrolysis capacity impacts the hourly balances, by decreasing the availability of stored fuel and therefore 
increasing the need for RES installation. The right shift of the curves represents the increase in excess electricity 
recovery due to larger PV capacity (and then excess generation) at given installed wind power capacity. 
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Figure 5 - Electrolyzer system load duration curve, at different imposed min CF for electrolyzers sizing, in the two cases of wind capacity 

at: (a) 10 GW and (b) 120 GW. 

For the overall system, the presence of a constraint on P2G installation determines greater RES capacities to 
guarantee 100% clean electricity supply. Figure 6 depicts the values of generation and storage installed 
capacities at different imposed min CF on the electrolyzers, in four selected cases that feature small, moderate, 
large, or very large increases in wind capacity (10, 40, 80, or 120 GW, respectively). In these simulations, the 
fuel cell system nominal power is not restricted, so it is equal to the peak positive residual load. The variation 
of installed electrolysis capacity features a big step when first introducing a limitation (from 0% to 5% min CF) 
and is smaller thereafter. From a no-limitation case to a 20% min CF case, the electrolyzer system installed 
capacity decreases by 29-38% in the low-wind cases, while PV installed capacity increases only by about 9%. In 
the 80 GW case, a 60% electrolysis power capacity reduction is obtained with a 17% increment of PV nominal 
power. With 120 GW wind, the P2G system size could be halved if 5 GW of PV are added to the system – this 
corresponds to more than doubling the PV installation, but the total value is rather small compared with the 
quantities under consideration. Fuel cell system capacity does not vary with the assigned minimum electrolyzer 
CF due to the direct correlation to the positive residual load, which is only slightly affected by the small 
variations seen in the installed RES capacity. The 120 GW wind case is an exception to this. It can be explained 
by the high relative variation of PV capacity, which makes a significant profile change. Note that this analysis 
suggests that some amount of renewable energy installation that is greater than that required to meet RES 
goals – which leads to some curtailment of RES power, but much smaller energy storage systems – is likely the 
lowest cost option. 

The black diamonds in Figure 6 represent the electrolyzer average capacity factor, referred to the right axis. As 
expected, this quantity is always higher than the imposed minimum CF, and it increases when the latter 
increases. In absence of constraints, the average CF stabilizes around 20% (corresponding to 1800 EOH). When 
imposing a 10% minimum capacity factor, the average CF ranges from 30 to 36% (2600-3200 EOH). With an 
assigned 20% min CF, the average CF is always over 33% and peaks at 45% (almost 4000 EOH) in the case 
featuring 80 GW wind capacity. In general, smaller P2G capacity values come from the 80 GW wind capacity 
cases, which also feature higher average CF; this is due to a high wind/PV ratio that determines lower excess 
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electricity peaks due to the semi-complementary solar and wind dynamics, as observed also with unconstrained 
electrolyzers. 

Figure 6 also presents the RES electricity curtailment, i.e., the excess RES electricity that is not recovered by P2G 
and therefore lost. RES electricity curtailment is presented as absolute values (in the tables) and as a fraction 
of the total excess electricity (both in tables and as red dots in the graphs, referred to the right axis). Inevitably, 
the values increase when the minimum CF increases. The highest amounts of lost electricity occur in the low-
wind case, while the greatest relative losses are in the 80 GW wind case, which also corresponds to the smallest 
installed capacities (both RES plants and P2G electrolyzers) and the lowest amounts of excess electricity. 

 

 

 
Figure 6 – Power system characteristics at different imposed min CF for electrolyzer system sizing, in the four cases of wind capacity at: 

(a) 10 GW, (b) 40 GW, (c) 80 GW, and (d) 120 GW. Left axis: installed capacity of generation and storage; right axis: average 

electrolyzer capacity factor and curtailed electricity (as fraction of the excess generation after direct use of RES). 

Constrained fuel cell installation and capacity factor  

As was the case for the electrolyzer systems, fuel cell system installation may become uneconomical in case of 
underutilized capacity, i.e., low capacity factor. As an example, the green lines in the graphs of Figure 7 
represent the load duration curve of fuel cell systems in absence of capacity factor constraints. The curve shape 
varies with the wind/PV ratio, but a steep drop can be noticed between 0 and 5% of the total time in all cases, 
corresponding to about 10 GW of installed capacity used for less than 400 hours per year. 

This section analyzes the effects of constraining the installation of fuel cells with a minimum capacity factor. All 
the definitions introduced in section Energy storage system features and the remarks noted for constrained 
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electrolysis systems apply, with the difference that here the energy flows are the fuel cell system output and 
not the electrolyzer system input. 

Imposing a min CF on the fuel cell systems limits their installed capacity to a nominal power smaller than the 
highest peaks of positive residual load seen on the grid; therefore, it is impossible to satisfy 100% of the state 
electrical demand with any combination of wind, solar, and P2P. This leads to the need for either a 
complementary dispatchable generation device or an additional storage technology. The first could be a 
conventional combustion-based power plant (e.g., internal combustion engine, gas turbine, or combined cycle, 
depending on the EOH) fed with either fossil or renewable fuels (e.g., natural gas, the P2G-produced hydrogen, 
biomass, or biogas). The second option involves mainly BESS, which is the option considered here. This set of 
devices will have a low CF, as they are only required to cover the small fraction of demand that is unmet by the 
fuel cell systems. The drivers for the choice of storage or generation technology will most probably include the 
investment cost and the technical features, as well as the capability to dispatch other grid services that are not 
investigated here. 

We assume to feed BESS with excess renewable electricity not absorbed by electrolyzers. Total BESS power 
capacity depends upon the most limiting value between energy storage capacity needs and maximum power 
output required. The model implicitly assumes that P2G systems are sized independently of BESS and that P2P 
is always fed first by excess electricity, up to the electrolysis capacity. The simulation results presented in this 
section assume a 20% min CF (over 1750 AFLH) for the electrolyzer systems, which is well above the reference 
breakeven point (1000 AFLH) considered in literature when assuming mid-term prospective investment cost of 
electrolyzers [53]. 

Figure 7 shows the load duration curves resulting from the simulations under the assigned min CF for fuel cell 
system installation. The main effect is analogous to that seen for electrolysis devices in Figure 5. That is, for a 
fraction of time equal in value to the assigned minimum capacity factor, the fuel cells operates at constant load. 
Qualitatively, the reduction of the underlying area with respect to the green line (unconstrained case) 
represents BESS intervention to close the energy balance. 

Figure 8 depicts the variation in installed capacity of PV plants, electrolysis systems, fuel cell systems, and BESS 
as a function of the min CF assigned. As expected, the fuel cell system power capacity decreases when 
installation is constrained, while BESS come into the picture. Opposite to what happens for the electrolyzers, 
stricter constraints on fuel cell CF reduce the required RES power generation capacity. This is due to the 
presence of constrained electrolyzer system installation, so that the introduction of BESS helps recover part of 
the curtailed excess electricity. However, the BESS energy capacity rises quickly as the fuel cell system constraint 
increases. The reduction of P2P capacity is small with respect to electrolyzer system capacity (-3% to -13%), 
because they are already limited by the 20% min CF, whereas the fuel cell system installed capacity decreases 
more than 50%. At the same time, PV capacity varies within 4-9% in low-wind cases, while it halves in the very 
high wind case. The need for BESS energy capacity reaches up to 7 TWh when the fuel cell systems are 
constrained to guarantee 1750 AFLH (20% min CF). Halving the requirement (10% min CF, 900 AFLH) reduces 
BESS energy capacity by about 70%. The BESS power capacity depends upon the energy-to-power ratio of the 
specific technology (e.g., in range 2-10 for lithium-ion batteries); however, it is never a limiting factor as it only 
has to match the residual load after P2P, which is below 20 GW even at 20% imposed min CF on fuel cell system 
sizing. 
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Figure 7 - Fuel cell load duration curve, at different imposed min CF for fuel cells sizing, in the three cases of wind capacity of: (a) 10 

GW, (b) 40 GW, and (c) 120 GW. 
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Figure 8 - Power system characteristics at different imposed min CF for fuel cell system sizing, in the three cases of wind capacity at: (a) 

10 GW, (b) 40 GW, and (c) 120 GW. Left axis: installed capacity of generation and storage; right axis: BESS energy capacity. 

Comparison to BESS 

As a comparison exercise, the option of entirely substituting the proposed P2P systems with BESS is 
investigated. The same optimization routine is used, imposing zero installed capacity of electrolyzer and fuel 
cell systems. The same assumptions on performance parameters and system dynamics apply. No additional 
constraints are imposed upon BESS operation, as the system relies solely on them to guarantee the hourly 
electricity balance. The simulations identify combinations of wind, solar, and BESS capacities that guarantee 
100% renewable supply of electrical demand, minimizing the generation capacity and determining the needed 
storage capacity. In addition, sensitivity of the required BESS energy capacity to variations in the installed power 
generation capacity is analyzed: a second set of simulations is run that set wind and PV installed capacities 
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above the minimum values previously identified, replacing the objective function of the optimization with the 
minimization of BESS capacity. As expected, results depict a reduction of BESS energy capacity when greater 
power generation is present and curtailment is allowed. 

Figure 9 displays the results, with the BESS energy capacity identified by the color scale. Points on the black line 
represents the case of minimum PV installation for a given wind capacity. As was the case for hydrogen-based 
storage, a high wind/PV ratio among these solutions increases the storage energy capacity needed due to the 
less regular profile of wind compared to solar. The white area contains combinations of RES capacities that are 
not able to satisfy the RES share requirement, independently of how large BESS capacity is introduced. Points 
in the colored area in Figure 9 represent combinations of capacities that meet the RES share requirement with 
smaller BESS, while enlarging the need for wind and solar installation. Here, curtailment is present, or excess 
storage filling occurs (i.e., net variation of energy content is positive over the year). Contrary to P2G options, 
where excess hydrogen production could be exploited for other uses (e.g., as fuel or feedstock), this electricity 
cannot be easily redirected to other purposes, since the electrical demand is already fully satisfied. 

 
Figure 9 – Set of combinations of capacities (generation and storage devices) that are each able to guarantee 100% RES electricity 

supply with BESS as storage technology. 

The exclusive use of BESS allows reducing the RES installed capacity compared to the P2P cases. However, the 
size of the required battery installation is very large. In the simulations at minimum RES capacity (black line in 
Figure 9), the PV capacity with BESS is 24-40% smaller than with P2P (excluding the very high wind cases where 
it falls to zero). At the same time, the required BESS capacity ranges from 24 TWh in high-solar cases to 37 TWh 
in wind-dominated cases. Table 3 compares the generation and storage capacities needed for 100% renewable 
electricity when alternatively using BESS or P2P. In general, the BESS size increases when the total RES installed 
capacity decreases, while electrolyzer systems do the opposite. This is due to the different sizing method: BESS 
installation is mainly driven by the energy capacity requirements, whereas the relevant parameter to size the 
electrolyzer systems is the excess power generation. Interestingly, the amount of BESS obtained here is fully 
comparable with the values reported by [27] through a different approach. 

The resulting utilization factor of BESS (measured as equivalent operating cycles per year, EOC3) is really low: 
no case along the black line in Figure 9 features more than 7 EOC and the highest value in the whole plot is 
around 40 EOC, found in correspondence of 85 GW wind, 140 GW PV, and 1.1 TWh BESS capacities. 

 
3 The EOC is equal to the ratio between the total energy input and the energy capacity. 
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Table 3 – Comparison of installed capacities of PV and storage in the two alternatives of P2P or BESS as exclusive technology for 

storage, in five cases of assigned wind capacity. 

Wind capacity 
P2P storage BESS storage 

PV capacity Electrolysis capacity PV capacity BESS capacity 
10 GW 153.6 GW 117.7 GW 109.3 GW 24.8 TWh 
40 GW 94.3 GW 77.0 GW 70.7 GW 27.0 TWh 
80 GW 37.3 GW 55.1 GW 26.0 GW 32.4 TWh 

100 GW 18.8 GW 57.5 GW 6.9 GW 36.4 TWh 
120 GW 3.7 GW 68.9 GW 0.0 GW 32.8 TWh 

 

Varying the RES share requirement 

Although decarbonization of the power sector is a key step for GHG emissions reduction and large use of RES is 
an effective way to approach it, the proposal of ‘100% supply by wind and solar’ might look like a very ambitious 
goal, which could be lowered when taking into account other options (e.g., bioenergy, waste-to-energy, carbon 
capture). Furthermore, even if the PEM electrolysis itself has demonstrated the ability to offer a wide range of 
grid services [54], flexibility and reserve requirements may require longer to switch away from conventional 
dispatchable plants, like gas turbines and combined cycles. 

A sensitivity analysis evaluates the variation in the required installation of wind, solar, and P2P storage when 
setting the RES share to values below 100% (e.g., 80% or 90% of total demand). For this analysis, no capacity 
factor constraint is applied to the electrolyzer systems. As the constraint of full demand coverage by wind and 
solar is removed, the installed capacity and the operation of fuel cell systems are no longer a direct consequence 
of residual load profile and hydrogen availability, but they rather depend upon the dispatch, which is also 
related to the operation of the other dispatchable power plants (‘dispatchable RES’ and ‘non-RES’ in Figure 1). 
The model focuses then on cumulative quantities. The optimization routine constrains the fraction of total RES 
electricity delivered (sum of direct use and P2P reconversion) over the total demand to be greater than or equal 
to the required share. The generation and load hourly profiles determine the direct use of electricity or its 
redirection to storage. The re-electrification of stored hydrogen via fuel cells appears in cumulative terms, 
constrained by the annual hydrogen production and the efficiencies of the P2P components. The remaining 
electrical generation is also accounted for in cumulative terms, without attempting to define specific operating 
profile and capacity. Simply, a combination of dispatchable resources is assumed to always be available to meet 
the demand when solar and wind are not available (up to the maximum peak of residual load, which is in the 
range 30-38 GW). 

Figure 10 presents the obtained combinations of solar PV and wind capacity together with required electrolysis 
size (through the color scale) for different imposed RES shares. The smallest wind capacity value considered is 
the current installation. The curve shape is similar for all the values of RES share: at growing wind capacity, the 
needed PV installation decreases. As noticed in Figure 3, the required electrolysis capacity varies with the 
wind/PV ratio and presents an intermediate minimum, which appears at lower wind installation when the 
desired RES share decreases. In other words, it is possible to minimize the required electrolysis capacity by 
targeting an appropriate mix of PV and wind. The range of electrolysis capacity is wide. Installations as low as 
32 GW are compatible with an 80% RES scenario, whereas electrolyzer system capacities above 100 GW are 
required at low wind installed capacity when RES shares larger than 90% are imposed. At high installed capacity, 
wind power is able to meet a RES share up to 95% without any solar PV. However, such a high capacity level 
should be considered a stretch goal that is not as realistic as a mix of technologies. 
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Figure 10 – Sets of combinations of capacities (PV, wind, and electrolysis systems) that guarantee a specified RES share. 

Hydrogen storage capacity 

All results presented so far assume that adequate capacity is available to hourly, daily, and seasonally store 
hydrogen. In this section, the hydrogen energy storage capacity is evaluated, discussed, and then compared to 
some existing natural gas delivery and storage infrastructure. 

Figure 11 shows the annual profiles of stored hydrogen in 9 simulated cases. The stored amount at the end of 
the simulated period is equal to the quantity at the start, thus enabling a balanced hydrogen storage in 
subsequent periods and allowing a fair comparison. For each curve, the maximum corresponds to the needed 
storage capacity, which ranges from 770 kt to 1080 kt (equivalent to 25-36 TWhLHV, based on LHVH2). As a 
reference, 1000 kt of H2 have the same energy content (33.3 TWhLHV) as 3.6 billion Sm3 of methane. 

The required hydrogen storage capacity increases with the installed wind power capacity, due to the greater 
seasonal dependence of wind generation. On the contrary, capacity needs in high-solar cases benefit from the 
more predictable generation profile across seasons (see Figure 12). Generally speaking, the storage system is 
filled up during the months of more intense RES availability (left part of Figure 12), then emptied in the winter 
period and filled up again in spring. Also, a shift in time of the storage-filling period occurs when PV is the 
dominant technology, showing a later start of the discharge corresponding to a longer high-yield period of PV. 
While solar-dominated cases present daily fluctuations continuously along the year, high-wind cases feature 
some intermediate spikes related to the more irregular generation profile. In general, introduction of limitations 
on P2P capacities is beneficial because they shift down the storage profile by reducing the production, in spite 
of higher installed RES capacity and curtailment. This is consistent with the previous finding that some amount 
of RES power curtailment is likely desired to minimize cost. 
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Figure 11 – Hydrogen storage profiles in 9 simulated cases, at 3 values of wind capacity; percentage values in the legend are the 

assigned minimum capacity factors for electrolyzers (P2G) and fuel cells (FC). Time axis starts on June 1st. 

 

 
Figure 12 – Monthly generation by wind and solar in three simulated cases of assigned wind capacity of 10 GW, 40 GW, and 80 GW (in 

order of increased fading, respectively). 

To assess the magnitude of the hydrogen storage capacity required in our analyses, the quantities may be 
compared to other energy storage solutions deployed in the same region. Table 4 lists the most relevant storage 
options available in California, detailing their capacity both as LHV energy content and as electric-equivalent 
energy4. Pumped hydro storage plants are a mature technology; but, with about 4 GW of power capacity [55] 
and less than 3 TWhel of energy capacity, they can play only a limited role as alternative to new technologies 
like P2P and BESS (increase is unlikely due to lack of sites and difficult social acceptance). Existing natural gas 
storage facilities are mostly depleted oil and gas fields and have a working capacity of about 10 billion Sm3 (total 

 
4 Fuel-to-electricity conversion efficiency is assumed equal to 64% in both cases, corresponding to the value used in the calculations for fuel cell systems 
and also demonstrated in the most recent developments for combined-cycle power plants [68]. 
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storage capacity is 17 billion Sm3). Further capacity may become available in future when currently operating 
wells will end production. Natural gas is also stored as linepack in the transmission and distribution grid, with 
the former capable to host as much as 4 TWhLHV of natural gas when assuming to entirely fill it at 7.5 MPa. Table 
4 includes also estimates of the potential for hydrogen storage in natural gas infrastructures. Indeed, various 
studies have given a positive answer when assessing the suitability of either a partial admixture [56] (e.g., up to 
20%vol [57]) or a complete switch [58]. 

Other typical bulk hydrogen storage options include salt caverns [59] and lined rock caverns. There is no known 
availability of salt caverns in California [60]. Ongoing research is investigating lined rock caverns as a promising 
future technology that shows wider adaptability to different terrains [49,61]. 

 

Table 4 - List of storage capacities in California, as of currently used and in case of hydrogen introduction. Electric-equivalent values 

assume a fuel-to-electricity conversion efficiency of 64%. 

 Unit Value Ref. 
Pumped hydro storage plants Electric-equivalent energy 2.59 TWhel [62] 

Existing NG underground 
storage facilities 

Working volume 10.52 billion Sm3 

[60] 
NG LHV energy 93.20 TWhLHV 
NG electric-equivalent energy 59.64 TWhel 
H2 LHV (100% substitution) 29.95 TWhLHV 
H2 electric-equivalent energy (100% substitution) 19.17 TWhel 

Natural gas grid 
(linepack at 7.5 MPa) 

NG LHV energy 4.04 TWhLHV 

[63] 

NG electric-equivalent energy 2.59 TWhel 
H2 LHV energy (20%vol admixing)  0.26 TWhLHV 
H2 electric-equivalent energy (20%vol admixing)  0.17 TWhel 
H2 LHV energy (100% substitution) 1.30 TWhLHV 
H2 electric-equivalent (100% substitution) 0.83 TWhel 

Natural gas grid yearly 
transported amount 

NG volume 61.66 billion Sm3 

[60] 
NG LHV energy  546.59 TWhLHV 
NG electric-equivalent energy 349.82 TWhel 
H2 LHV energy (at 20%vol mix) 35.11 TWhLHV 
H2 electric-equivalent energy (at 20%vol mix) 22.47 TWhel 

 

Preliminary economic outlook 

Although an economic analysis is beyond the scope of this work, it is interesting to roughly estimate the 
cumulative cost of the proposed storage systems. Table 5 presents the investment cost related to the sets of 
generation and storage capacities that could attain a 100% renewable electricity supply when 40 GW of wind 
capacity are installed, in the P2P-only and in the BESS-only cases. Future cost estimates vary significantly in 
different literature sources. Here, the assumed specific costs are taken from medium-term estimates with 
either a US or a global perspective. In particular, studies by IRENA investigated the expected global average 
investment cost for wind and solar PV plants [64] and the projected capital cost reduction for BESS [65]. A 
review of studies about investment cost for electrolysis systems narrows the range to 397-955 €/kWHHV in the 
2030 timeframe [66], and the mean value is considered for the calculations (after conversion to USD assuming 
1.16 $/€ as the exchange rate). Stationary fuel cell systems and underground hydrogen storage have been 
investigated by Sandia National Laboratories [67]. The total investment cost for the storage system amounts to 
$73 billion when using hydrogen as storage means, or more than $4 trillion for BESS as the exclusive storage 
technology. For comparison, we note that the estimates for BESS reported by a recent study [27] is also on the 
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order of a few $ trillion. These types of results are expected due to the fundamental difference between battery 
energy storage and hydrogen energy storage systems, that is, power capacity (electrolyzer and fuel cell 
capacities) and energy capacity (hydrogen storage capacity) scale independently for hydrogen storage, whereas 
they are completely coupled for battery energy storage systems. 

 

Table 5 – Estimation of investment costs for the generation and storage systems in the simulated scenario, at wind capacity equal to 40 

GW (1 G$ = $1 billion). 

 Specific cost Ref. 
P2P BESS 

Capacity Cost Capacity Cost 
Wind 1370 $/kW [64] 40.0 GW 54.8 G$ 40.0 GW 54.8 G$ 
Solar PV 790 $/kW [64] 94.3 GW 74.5 G$ 70.7 GW 55.9 G$ 
Total cost (RES power generation) - - - 129.3 G$ - 110.7 G$ 
Electrolysis systems 600 $/kWel [66] 77.0 GW 46.4 G$ - - 
Fuel cell systems 500 $/kWel [67] 33.3 GW 16.7 G$ - - 
H2 storage (underground) 0.3 $/kWh [67] 1022 kt 10.2 G$ - - 
BESS 150 $/kWh [65] - - 27.0 TWh 4046.2 G$ 
Total cost (storage) - - - 73.3 G$ - 4046.2 G$ 

 

Keeping in mind the preliminary scope of these economic considerations, it is possible to see how the P2P 
storage system based on hydrogen technology may be orders of magnitude less expensive than a BESS system. 
Even if one assumes a halving of the BESS cost and a doubling of the P2P cost, the hydrogen-based system 
would still show a 14x lower cost. In the proposed scenario, the complete P2P storage system would imply an 
investment cost which adds almost 60% of the wind+PV RES power generation system costs required to reach 
the ambitious 100% RES scenario. With the cost trends associated with wind and solar power generation that 
predict 30-60 $/MWh as levelized cost of electricity [64], such an economic impact should be considered 
reasonable and achievable (leading to levelized costs of electricity in the range of 47-94 $/MWh). 

Summary and conclusions 

A model has been developed to simulate the energy balance within a large-scale regional electric system, under 
the assumption of a single-node power grid. It focuses on the calculation of residual load after renewable energy 
sources are deployed, and integrates hydrogen storage into the system, based on the use of electrolyzers, fuel 
cells, and hydrogen storing facilities. The aim is to assess the requirements to maintain grid operations (balance 
load with generation) while achieving complete coverage of electric load by means of only wind and solar 
resources. The model scales combinations of historically measured solar and wind power dynamics to very large 
installed capacities. 

Simulations of the California power system show that reaching 100% renewable electricity supply is technically 
feasible within the available RES resource potential in the state. However, wind and solar installation needs to 
grow very significantly from current capacities, and significant electric energy storage capacity is needed. 
Assuming we can exploit Power-to-Power systems to produce hydrogen during overgeneration and reconvert 
it to electricity when needed, the complete elimination of fossil fuels from the power system would require 
high-PV combinations like 94 GW PV + 40 GW wind or a high-wind mix such as 37 GW PV + 80 GW wind, to be 
coupled with hydrogen energy storage as large as 77 GW of electrolysis capacity and 33 GW of fuel cell capacity 
in the first case, or 55 GW of electrolysis capacity and 30 GW fuel cell capacity in the second case. Real operation 
of electrolyzers and fuel cells is likely to limit the installed capacity in order to guarantee a high capacity factor. 
Sensitivity analyses on the imposed actual full-load hours (i.e., minimum CF on an hourly basis) show that 
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limited and somewhat beneficial variations occur. In the alternative case of BESS as the only storage technology, 
their higher efficiencies allow the power system to meet 100% renewable electricity supply with lower RES 
installed capacities, while requiring to  complement them with around 30 TWh of BESS energy capacity. 

A reduction of the required share of wind and solar from 100% to 90% would reduce the installed PV capacity 
by 15-25% in the low-wind cases (10-40 GW wind capacity) or by up to 75% in the high-wind case (120 GW wind 
capacity). The corresponding electrolysis system capacity reduction is in the order of 18-27%, while total fuel 
cell system capacity depends rather upon specific dispatch choices. To guarantee clean electricity supply, this 
requires the identification of complementary energy storage and dispatchable power generation technologies, 
e.g., dispatchable renewable power systems such as those that operate on biomass or biofuels. 

Furthermore, a preliminary economic analysis shows the potential attractiveness of the hydrogen-based P2P 
storage system compared to a BESS-based system. It also indicates that the overall capital cost of the proposed 
P2P storage system is equal to about 60% of the investment cost of the required RES power generation 
infrastructure. In contrast, an alternative purely electric BESS-based storage system would increase costs 
massively. 

Long-term evolution of the energy system will involve stronger interactions among sectors, like residential 
heating, industrial fuel demand, and transportation. A foreseen development of the study aims at analyzing the 
effects of electrical load and hydrogen demand variations from the introduction of innovative transportation 
modes like plug-in electric vehicles and hydrogen fuel cell vehicles. 
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Nomenclature and acronyms 

AFLH  Actual Full-Load Hours [h/y] 

BESS  Battery Energy Storage System 

CAISO  California Independent System Operator 

CF  Capacity Factor [%] 

CSP  Concentrated Solar Power 

EFLH  Equivalent Full-Load Hours [h/y] 

EOC  Equivalent Operating Cycles [cycles/y] 

EOH  Equivalent Operating Hours [h/y] 

FC  Fuel Cell 

GHG  Greenhouse Gas 

HHV  Higher Heating Value 

H2  Hydrogen 

IRENA  International Renewable Energy Agency 

ISO  Independent System Operator 

LHV  Lower Heating Value 

NG  Natural Gas 

PEM  Proton Exchange Membrane 

PV  Photovoltaic 

P2G  Power-to-Gas 

P2G2P  Power-to-Gas-to-Power 

P2P  Power-to-Power 

RES  Renewable Energy Sources 

RL  Residual Load 
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