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Article 
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Abstract: The integration of the increasing share of Renewable Energy Sources (RES) requires the availability 

of suitable energy storage systems to improve the grid flexibility, and Compressed Air Energy Storage (CAES) 

systems could be a promising option. In this study, a CO2-free Diabatic CAES system is proposed and analysed. 

The plant configuration is derived from a down-scaled version of the McIntosh diabatic CAES plant, where the 

natural gas is replaced with green hydrogen, produced on site by a Proton Exchange Membrane electrolyser 

powered by a Photovoltaic power plant. In this study, the components of the hydrogen production system are 

sized to maximize the Self-Consumption share of PV energy generation and the effect of the design parameters 

on the H2-CAES plant performance are analysed on a yearly basis. Moreover, a comparison between the use 

of natural gas and hydrogen in terms of energy consumption and CO2 emissions is discussed. The results show 

that the proposed hydrogen fuelled CAES can effectively match the generation profile and the yearly 

production of the natural gas fuelled plant by using all the PV energy production, while producing zero CO2 

emissions.  

Keywords: Compressed Air Energy Storage; Hydrogen; photovoltaic; energy storage; power 

flexibility; ancillary services; renewable; energy shift; energy independence; energy transition 

 

1. Introduction 

As well known, the current target of international policies for energy independence and clean 

energy transition [1–3], is the reduction of the dependence on fossil fuels and related emissions 

through the enhancement of Renewable Energy Sources (RES). The worldwide production from RES 

exceeded 7,857 TWh in 2021, with solar photovoltaic (PV) and wind power accounting for more than 

57% of installed capacity [4] and planned additions for 2023 of 290 GW for PV and 107 GW for wind 

turbines [5]. However, the increasing penetration of non-dispatchable renewables, such as solar and 

wind energy, is directly linked to more and more frequent cases of generation curtailment for grid 

safety reasons [6]. According to the International Energy Agency (IEA), the way to further increase 

the share of RES without simultaneously increasing generation curtailment is to improve the power 

system flexibility [7].  

Apart from structural improvements on the grid and the introduction of suitable energy 

management strategies applied to both demand and supply sides, the enhancement of the power 

system flexibility can be mainly achieved by the widespread diffusion of energy storage systems, 

which allow to shift the RES overproduction (typically during daytime) towards periods of 

overdemand (typically during night hours). What is more, in the context of grid congestion control 

through the so called “marked-based methods” [8], progressively more high tariffs are being offered 

for increasing the demand during moments of overproduction and decreasing it (or even supply 

energy) during moments of overdemand [9–11]. 

Currently, the ancillary services to the grid are mainly operated by thermal power plants based 

of the use of simple cycle and combined cycle gas turbine plants fueled by natural gas [12]. According 

to the International Energy Agency (IEA), about 22% of global CO2 emissions derived from natural 

gas combustion in 2021 [3], and same levels were maintained in 2022 [13]. A widely studied way to 

offer the same ancillary services of conventional gas turbines while avoiding CO2 emissions, is 
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represented by substituting natural gas with hydrogen [14–17]. Nowadays, a successful example of 

a gas turbine running on blends up to 100% hydrogen and low NOx brought the studies on this 

technology to a TRL of 4 [18]. Obviously, CO2 emissions can be effectively avoided only if the 

hydrogen is produced starting from renewable energy. 

On the other hand, many energy storage technologies are currently available or under 

development, each characterized by specific features in terms of maximum deliverable power, 

storage capacity, round-trip efficiency, lifetime etc. [19]. Among the energy storage technologies 

characterized by medium-high storage capacities Compressed Air Energy Storage (CAES) systems 

are one of the most interesting options, potentially more cost-effective compared to batteries and 

somehow comparable to pumping hydro systems. CAES technology is very similar to conventional 

gas turbine plants, but the compression and expansion processes are deferred in time and thus 

require a suitable reservoir to store the compressed air. Depending on the use of the heat generated 

during air compression, the different CAES configurations can be classified as Diabatic CAES (no 

heat recovery), Adiabatic CAES (the compression heat is recovered, stored, and subsequently used 

to heat the air before expansion) and Isothermal CAES (the compression and expansion processes 

occur at approximately constant temperature) [20]. 

Within this framework, the present study proposes a new energy storage concept based on a 

Diabatic Compressed Air Energy Storage plant fueled with green hydrogen, produced directly on 

site through a Proton Exchange Membrane (PEM) electrolyzer powered by a PV plant. Although 

CAES technology is not new, its integration with various RES forms [21–26] and its related 

management represents a promising research field for energy storage [27,28]. What is more, the 

proposed H2-CAES plant can provide high flexibility to the grid and effectively addresses all the 

previously described issues. In fact, it is able to: 1) shift the RES production towards the night hours, 

2) eliminate the dependency on both fossil fuel and gas pipelines, 3) provide ancillary services (time 

shift, peak shaving, spinning power delivery and frequency regulation), 4) operate with zero CO2 

emissions 5) reduce grid congestion not only by varying its power production, but also its 

consumption profile.  

The proposed plant layout is derived from a conventional diabatic CAES system [20]. Currently, 

the McIntosh [29] and the Huntorf [30] plants are the only two examples of operative CAES 

technology. The Huntorf plant, originally built with a 270 MW power capacity, started its operation 

in 1978 and was later retrofitted in 2006 with a 321 MW turbine to increase its electricity generation. 

The McIntosh plant was built later in 1991, with a turboexpander power of 110 MW [20]. 

Since one of the main targets of the European Union (EU) directives is the promotion of 

sustainable energy communities (such as a small town, a small industrial district, etc.), energy storage 

systems of medium size storage capacity will play a fundamental role to enhance the flexibility of 

mini grids powered by renewable electricity [31]. For this reason, as well as to avoid unreasonable 

sizes of the PV plant, the proposed layout is originated from a down-scaled version of the McIntosh 

plant.  

In this paper, the main features of this new energy storage concept and the results of the 

performance analysis are reported and discussed. In particular, the H2-CAES performance was 

evaluated with the aim to optimize the Self-Consumption (SC) share of the PV energy generation as 

a function of the main design parameters (nominal power of both PV system and electrolyzer, 

discharge time and energy storage capacity).  

2. Methods 

A schematic diagram of the proposed H2-CAES plant configuration is illustrated in Error! 

Reference source not found.. The H2-CAES plant here analyzed includes two main sections: the 

CAES section fueled with hydrogen and the hydrogen production section. The latter includes a PV 

power plant, a PEM electrolyzer and the hydrogen storage tanks. 

In particular, the CAES section here considered is originated from a downscaled version of the 

McIntosh plant (used as reference case and from now on named “CH4-CAES”). The original McIntosh 
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CAES configuration consists of a compression train with four compressors, an air storage unit, a 

turboexpander train with two turbines, two combustion chambers and a regenerator. 

 

Figure 1. Scheme of the proposed H2-CAES system. 

The operational strategy of the McIntosh plant is based on a weekly cycle, repeated throughout 

all 52 weeks of the year. A single cycle consists of a 40-hour charge phase, which occurs during the 

nighttime and weekends, and a 24-hour discharge phase, which occurs during daytime of working 

days. The 40 hours of charge, as well as the 24 hours of discharge, are not consecutive but rather 

distributed across the working days of the week (around 5 hours of discharge per day). It's important 

to consider that the McIntosh plant was designed during the late 1980s, when RES penetration was 

very low, excesses of energy production occurred during the night, while peaks of demand occurred 

during daytime. For this reason, the plant’s operational strategy included a nocturnal charge phase 

and a diurnal discharge phase. Clearly, such a strategy is no longer appropriate in a global scenario 

of high, and growing, RES penetration, where the charge and discharge periods must follow the RES 

production and are typically reversed. For this reason and considering the current scenario, the 

operational strategy of the proposed H2-CAES plant involves a nocturnal discharge phase and a 

diurnal charge phase, where the air cavern and the hydrogen tank are charged independently each 

other. In particular, the air cavern is charged depending on the overproduction of the electrical grid, 

while the hydrogen tank is charged according to the energy availability of the PV power plant. 

The power output of the turboexpander train was set to be equal to that of the McIntosh plant, 

downscaled by a factor of 2.62. The main parameters of the original and downscaled McIntosh plants 

are reported in Error! Reference source not found.. 

Table 1. Original and downscaled McIntosh plant parameters. 

Parameter Original 
Downscaled 

“CH4-CAES” 

Turboexpander power (MW) 110 42 

Compressor power (MW) 53 21 

Minimum cavern pressure (bar) 46 46 

Maximum cavern pressure (bar) 75 75 

HP turbine inlet temperature (°C) 538 538 

HP turbine inlet pressure (bar) 42 42 
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LP turbine inlet temperature (°C) 871 871 

LP turbine inlet pressure (bar) 15 15 

Weekly discharge time 24 24 

Average daily discharge time 5 5 

Weekly discharge time 40 40 

Energy output (MWh) 2,640 1,008 

Compressor consumption (MWh) 2,120 840 

2.1. Mathematical model 

The mathematical model of the H2-CAES system was developed using the MATLAB software 

[32]. Simulations were carried throughout one year with a time step of 1 hour. 

2.1.1. CAES plant model 

The turboexpander train was modelled assuming steady-state conditions [17] and constant 

isentropic efficiency for the turbines (80%). The efficiency of the combustion chambers was set equal 

to 98%. In addition, all sub-components were considered adiabatic and without any pressure losses. 

The turbines inlet temperatures and pressures, as well as the regeneration level, were set equal to 

those of the McIntosh plant (THP = 811K; PHP = 42 bar; TLP = 1144K; PLP = 15 bar; R=68%). The Lower 

Heating Values LHVs of methane and hydrogen were assumed equal to 50 MJ/kg and 120 MJ/kg, 

respectively. The power output of the turboexpander train was set to be equal to that of McIntosh, 

downscaled by a factor of 2.62. The design mass flow rates of both air and hydrogen were calculated 

by solving the mass and energy balances for the two combustion chambers. The masses (and 

volumes) of air and hydrogen to be stored were calculated, according to Sadreddini et al [3], to ensure 

the supply of the discharging mass flows of air and hydrogen for the required time (tୢ,୫ୟ୶). The 

compressor train, which was designed to replicate the configuration of the McIntosh plant, consists 

of four multistage compressors, with a design polytropic efficiency of 85 %, with intercooling and 

aftercooling. The compressors design and off-design performance were calculated according to the 

Casey-Robinson method [33] 

2.1.2. Green hydrogen production system 

The energy production of the PV system was simulated as suggested by Duffie et al. [34], 

considering solar panels inclined at 30° from the horizontal plane (tilt=30°) and oriented towards the 

south (azimuth=0°). Typical weather conditions provided by Meteonorm software [35] for a latitude 

of 39.21° were considered. The PEM electrolyzer was modelled by using the steady state model 

proposed by Zhao et al. [36]. 

3. Results and discussion 

In this chapter, the results of the study are reported and discussed. The design parameters here 

investigated include the nominal power of the PV system (P୔୚), assumed within the range 40-100 

MW, the nominal power of the PEM electrolyzer (P୔୉୑) , assumed within the range 40-85 MW, the 

minimum discharge time (tୢ,୫୧୬), assumed within the range 5-9 h, and the maximum discharge time 

(tୢ,୫ୟ୶), assumed within the range 5-15 h. 

Error! Reference source not found. is useful to better explain the difference between the two 

discharge time parameters tୢ,୫୧୬ and tୢ,୫ୟ୶ here considered. The ancillary services of the H2-CAES 

plant considered in this study refer to the provision of a power generation profile, as the one 

represented in Error! Reference source not found., given by a constant output power (P୓୙୘) for a 

certain discharge time of the CAES section (tୢ). In order to best highlight the high flexibility of the 

H2-CAES, instead of considering only a fixed value of tୢ, in the present study results are also shown 

by assuming that the power generation profile of the H2-CAES can vary between a minimum (tୢ,୫୧୬) 

and a maximum (tୢ,୫ୟ୶) discharge time. Given that, the fixed value of tୢ occurs when tୢ,୫୧୬ = tୢ,୫ୟ୶.  
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Figure 2. Power output profile of the H2-CAES plant. 

The H2-CAES performance was evaluated with the aim to optimize the self-consumption (SC) 

share of the PV energy generation. Therefore, for a given values of the design parameters, higher 

values of SC indicate a more performing system. Moreover, the performance of the H2-CAES plant 

is compared with that of the CH4-CAES plant, which is characterized by a yearly net electrical energy 

production of 52.5 GWh and a discharge time of 5 h. 

The influence of each design parameter (P୔୚, P୔୉୑, tୢ,୫୧୬, tୢ,୫ୟ୶) on the H2-CAES performance 

was assessed starting from the design parameters of the reference H2-CAES configuration, reported 

in Error! Reference source not found.. In this configuration, the design parameters were calculated 

by assuming a yearly energy production (E୭୳୲) equal to that of the CH4-CAES plant and a minimum 

discharge time (tୢ,୫୧୬) equal to the average discharge time of the CH$-CAES plant. For clarity, it is 

important to highlight a difference between the production profiles of the CH4-CAES and the H2-

CAES plants: while in the CH4-CAES case the production profile remains the same throughout the 

year (tୢ=5 h repeated N=52 times), in the H2-CAES case (when td,min ≠ td,max) the production profile 

can vary during the year (with tୢ,୫୧୬ ≤ tୢ ≤ tୢ,୫ୟ୶ and N=variable), but always with an annual 

production identical to that of the CH4-CAES.  

Table 2. Design parameters of the reference H2-CAES plant configuration. 

Parameter Value 

Minimum discharge time (tୢ,୫୧୬) (h) 5 

Maximum discharge time (tୢ,୫ୟ୶) (h) 10 

Photovoltaic system nominal power (P୔୚) (MW) 70 

PEM electrolyzer nominal power (P୔୉୑) (MW) 55 

3.1. Influence of minimum and maximum discharge times  

Error! Reference source not found. (a-b) show the influence of the minimum (tୢ,୫୧୬ ) and 

maximum (tୢ,୫ୟ୶) discharge time on the Self Consumption (SC) and on the energy output (E୭୳୲) of 

the H2-CAES plant. In Error! Reference source not found. (b), the dashed line represents the energy 

production E୭୳୲ of the CH4-CAES plant.  

It is generally notable that different combinations of tୢ,୫ୟ୶  and tୢ,୫୧୬  are able to obtain SC 

values around 1, as well as values of E୭୳୲ equal to that of the CH4-CAES.  

For a given tୢ,୫୧୬, the lowest values of each curve represent the SC and the E୭୳୲ when tୢ,୫୧୬ =tୢ,୫ୟ୶. In these cases, the shape of the power profile of the H2-CAES is always the same, SCs are 

within the range 0.68-0.82 and E୭୳୲ < E୭୳୲,େୌସ େ୅୉ୗ. As tୢ,୫ୟ୶ increases, SC and E୭୳୲ increase up to 

a maximum of SC=1 and E୭୳୲ = E୭୳୲,େୌସ େ୅୉ୗ.  

0 td,min td,max 24

Pout
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For a given tୢ,୫ୟ୶, increasing tୢ,୫୧୬ results in a decrease of SC and of E୭୳୲. This means that 

power profiles with longer minimum durations entail reduced shares of self-consumption and, 

consequently, energy production. 

Results of this analysis allow to conclude that the H2-CAES design parameters can be chosen by 

fixing the most appropriate values of tୢ,୫୧୬ and tୢ,୫ୟ୶, according to the service to be provided by 

the energy storage plant, also considering that small values of tୢ,୫ୟ୶ and tୢ,୫୧୬ implicate short and 

frequent discharges while high values of tୢ,୫ୟ୶ and tୢ,୫୧୬ entail less frequent but longer discharge 

phases.  

  

(a) (b) 

Figure 3. (a) 𝑆𝐶 as a function of 𝑡ௗ,௠௔௫  for different values of 𝑡ௗ,௠௜௡(𝑃௉௏=70 MW and 𝑃௉ாெ=55MW); 

(b) 𝐸௢௨௧ as a function of 𝑡ௗ,௠௔௫  for different values of 𝑡ௗ,௠௜௡ (𝑃௉௏=70 MW and 𝑃௉ாெ=55MW). 

3.2. Influence of PV system size and PEM electrolyzer size 

Error! Reference source not found.(a-c) shows the SC of the H2-CAES plant as a function of P୔୚ 

and P୔୉୑ for tୢ,୫୧୬=5h and three different values of tୢ,୫ୟ୶: 8h (a), 10 h (b) and 12h (c). Obviously, 

results are shown for values of P୔୉୑ ≤ P୔୚. Similarly, Error! Reference source not found.(a-c) reports 

the energy production (E୭୳୲) of the same H2-CAES plants of the CH4-CAES plant.  

Figure 4(a-c) demonstrates that several combinations of P୔୚, P୔୉୑ and tୢ,୫ୟ୶ allow to obtain 

very high values of SC, sometimes around 1. Moreover, it is generally notable that, for a given P୔୉୑, 

the increase of P୔୚  results in a decrease of SC, despite the growth of E୭୳୲  represented in Error! 

Reference source not found.(a-c). Apart from case (a), where the storage is clearly undersized for P୔୚ values greater than 55 MW, for cases (b) and (c) it is noticeable that as P୔୚ increases, SC decreases 

with a steeper slope for lower P୔୉୑ values. This means that, for storages with an adequate capacity, 

the lower the PEM size, the worse the harnessing of energy from the PV system. The SC worsening 

is also reflected in the decrease of the rate of growth of E୭୳୲ for lower values of P୔୉୑  as P୔୚ 

increases.  

For a fixed value of P୔୚, it is evident that highest SC rates can be obtained only for P୔୉୑ sizes 

above a certain value and that values of SC around 1 can be generally achieved for P୔୉୑ P୔୚ <  1⁄ .  

Considering the values of P୔୚ and P୔୉୑ of the reference H2-CAES configuration reported in 

Error! Reference source not found. (P୔୚ = 70MW – P୔୉୑ = 55MW), the comparison between (a-c) 

subfigures of Error! Reference source not found. and Error! Reference source not found. allows to 

observe that a storage capacity tୢ,୫ୟ୶=8h is not sufficient to reach a SC above 0.95 nor to match E୭୳୲ = E୭୳୲,େୌସ େ୅୉ୗ and a storage capacity tୢ,୫ୟ୶=12h does not results is an increase of SC nor E୭୳୲ 
with respect to tୢ,୫ୟ୶=10h. 

Aiming to identify the minimum combination of the design parameters required to achieve the 

highest values of Self-Consumption (SC) under the previously reported assumptions (E୭୳୲=52.5 GWh, 
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tୢ,୫୧୬= 5 h), it is interesting to note that E୭୳୲=52.5 GWh can be obtained for the different combinations 

of P୔୚, P୔୉୑ and tୢ,୫ୟ୶ reported in Error! Reference source not found. together with the SC share. 
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Table 3. Different combinations of P୔୚, P୔୉୑, tୢ,୫ୟ୶ and SC for E୭୳୲=52.5 GWh. 

Combination 𝐏𝐏𝐕 (MW) 𝐏𝐏𝐄𝐌 (MW) 𝐭𝐝,𝐦𝐚𝐱 (h) SC 

α 100 40 8 0.69 

β 70 70 10 1.00 

γ 70 55 10 0.99 

δ 85 40 10 0.82 

ε 70 70 12 1.00 

ζ 70 55 12 0.99 

ϑ 85 40 12 0.82 

Configurations ε, ζ and ϑ are characterized by the same P୔୚  and P୔୉୑  values of the 

configurations β, γ and δ, respectively. However, configurations β, γ and δ exhibit higher values of tୢ,୫ୟ୶ without any improvement in SC. In fact, SCக= SCஒ = 1.00 ; SC஖= SCஓ = 0.99 and SC஬= SCஔ =0.82.  Moreover, β and γ configurations achieve substantially the same SC (SCஒ = 1.00; SCஓ = 0.99) 

obtained, for the configuration γ, with a lower P୔୉୑ value (P୔୉୑,ஓ = 55 MW; P୔୉୑,ஒ = 70 MW ). When 

comparing configurations α, γ and δ, it becomes evident that configurations α and δ employ a smaller 

PEM electrolyzer (P୔୉୑,஑ = P୔୉୑,ஔ = 40 MW; P୔୉୑,ஓ = 55 MW ), at the cost of a considerably larger PV 

plant. This results in lower SCs, which in turn implies less flexibility on the supply side (since surplus 

energy should be fed into the grid). Therefore, configuration γ is the solution that achieves the highest 

values of energy self-consumption (SC) for E୭୳୲=52.5 GWh and tୢ,୫୧୬= 5 h. 

  

(a) (b) (c) 

Figure 4. SC as a function of P୔୚  and P୔୉୑  for tୢ,୫୧୬ =5h and tୢ,୫ୟ୶ =8h (a), tୢ,୫ୟ୶ =10 h(b) and tୢ,୫ୟ୶=12h (c). 

 

(a) (b) (c) 

40 45 50 55 60 65 70 75 80 85 90 95 10
0

SC

40 45 50 55 60 65 70 75 80 85 90 95 10
0

SC

40 45 50 55 60 65 70 75 80 85 90 95 10
0

SC
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Figure 5. E୭୳୲  as a function of P୔୚  and P୔୉୑  for tୢ,୫୧୬=5h and tୢ,୫ୟ୶=8h (a), tୢ,୫ୟ୶=10 h(b) and tୢ,୫ୟ୶=12h (c). 

3.3. Influence of PV system size and PEM electrolyzer size on monthly 𝑡ௗ and system start-ups 

Since the power output P୭୳୲ is constant, the yearly energy production E୭୳୲ directly depends on 

the yearly discharge time, that is on the average discharge time tୢ and the number of turboexpander 

start-ups. The influence of P୔୚  on the average monthly discharge time tୢ  is reported in Error! 

Reference source not found.(a-c) and the monthly number of start-ups is reported in Error! 

Reference source not found.(a-c). The cases of Error! Reference source not found. and Error! 

Reference source not found. are representative of a parameter configuration of P୔୚ =55 MW(a), P୔୚=70 MW(b), and P୔୚=85 MW(c), tୢ,୫ୟ୶=10 h(a-c), tୢ,୫୧୬=5 h(a-c) and P୔୉୑=55 MW(a-c). As the PV 

size increases, a greater amount of energy can be stored. As a result, even if the monthly average 

discharge time tୢ does not show a significant increase, the monthly maximum tୢ and the number 

of start-ups of the turboexpander increase, resulting in the greater energy production shown in Error! 

Reference source not found.. It is interesting to notice that the average tୢ is greater than tୢ,୫୧୬: 

therefore, these configurations of the H2-CAES plant are averagely able to provide a longer power 

generation profile with respect to the CH4-CAES one. 

 

(a) (b) (c) 

Figure 6. Mean and maximum discharge time per month for tୢ,୫ୟ୶=10 h, tୢ,୫୧୬=5 h, P୔୉୑=55 MW 

and a) P୔୚=55 MW, b) P୔୚=70 MW and c) P୔୚=85 MW. 

 

 

(a) (b) (c) 

Figure 7. Number of turbine start-ups per month for tୢ,୫ୟ୶=10 h, tୢ,୫୧୬=5 h, P୔୉୑=55 MW and a) P୔୚=55 MW, b) P୔୚=70 MW and c) P୔୚=85 MW. 
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The influence of the PEM electrolyzer size on the average monthly discharge time tୢ and on the 

monthly number of start-ups was analyzed by fixing the maximum discharge time to tୢ,୫ୟ୶=10 h, the 

minimum discharge time to tୢ,୫୧୬=5 h and the nominal power of the PV plant P୔୚=70 MW. 

Error! Reference source not found.(a-c) and Error! Reference source not found.(a-c) show the 

monthly average and maximum discharge time and the number of start-ups of the turboexpander 

per month, for P୔୉୑=40 MW, P୔୉୑=55 MW, and P୔୉୑=70 MW. 

Increasing P୔୉୑, it becomes evident that the number of start-ups rises, particularly during the 

summer months. Moreover, this affects the maximum discharge time, which increases as well. 

However, it is important to notice that the average tୢ per month, which is always greater than 5 h, 

does not increase significantly with the PEM nominal power. This behavior results in a general 

increase in the energy production of the H2-CAES, until the PEM reaches 55 MW. 

 

(a) (b) (c) 

Figure 8. Mean and maximum discharge time per month for tୢ,୫ୟ୶=10 h, tୢ,୫୧୬=5 h, P୔୚=70 MW and 

a) P୔୉୑=40 MW, b) P୔୉୑=55 MW and c) P୔୉୑=70 MW. 

 

(a) (b) (c) 

Figure 9. Number of turbine start-ups per month for tୢ,୫ୟ୶=10 h, tୢ,୫୧୬=5 h, P୔୚=70 MW and a) P୔୉୑=40 MW, b) P୔୉୑=55 MW and c) P୔୉୑=70 MW. 

3.4. Comparative results between CH4-CAES and H2-CAES 

Error! Reference source not found. illustrates the results of the comparison carried out between 

the CH4-CAES plant and the three H2-CAES configurations γ, δ and α of Error! Reference source 

not found., able to match the CH4-CAES energy output (E୓୙୘). Results are shown in terms of electric 

energy production during the discharge phase, energy consumption during the charge phase (air 

compression and hydrogen production), fuel consumption (hydrogen or natural gas), carbon dioxide 

emissions during operation and other energy performance indicators.  

The compression train consumption (Eେ ) is the same for all cases, but the green hydrogen 

production system of the H2-CAES requires around 110 GWh/year of electricity from the PV plant 
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( E୔୚ ), for all three H2-CAES configurations. Almost 100% of E୔୚  is consumed by the PEM 

electrolyzer for the γ H2-CAES configuration, which produces on site 1,874 tons of hydrogen per 

year. The hydrogen production of the other δ and α configurations is almost the same. The natural 

gas consumption of the CH4-CAES plant is 2.4 times higher (4,538 t/year), due to the lower LHV. 

With reference to carbon dioxide emissions, calculated as suggested by Egware et al. [38], the H2-

CAES (γ, δ, α) avoid emitting 34,125 tons of CO2 per year. For the three H2-CAES configurations, the 

PEM to compressor energy ratio shows that the energy consumption of the PEM is 2.65 times higher 

than the energy consumption of the compressor train. The output to input electricity ratio, that is the 

ratio of the 𝐸௢௨௧ and the sum of the electrical energy required by the compressor and the PEM, equals 

about 0.35, meaning that the H2-CAES plant is able to shift towards the night hours around 35% of 

the electricity it consumes.  

Table 4. Comparative results between CH4-CAES and H2-CAES. 

Case CH4-CAES 
H2-CAES 

(γ) 

H2-CAES 

(δ) 

H2-CAES 

(α) 

PV plant nominal power (MW) - 70 85 100 

PEM electrolyzer nominal power (MW) - 55 40 40 

Minimum discharge time (tୢ,୫୧୬) (h) 5 5 5 5 

Maximum discharge time (tୢ,୫ୟ୶) (h) 24 10 10 8 

PV system energy production (E୔୚) (GWh/year) - 110.8 134.55 158.3 

PEM electrolyzer consumption (E୔୉୑) (GWh/year) - 110.4 110.8 109.5 

Self-consumption (SC) (%) - 99.6 82.3 69.2 

Compression train consumption (Eେ) (GWh/year) 41.6 41.6 41.6 41.5 

Energy output (E୓୙୘) (GWh/year) 52.5 52.5 52.5 52.3 

Fuel consumption (t/year) 4,538 1,874 1,878 1,868 

CO2 emissions during operation (tCO2,eq) 34,125 0 0 0 

PEM to compressor energy ratio - 2.65 2.66 2.64 

Output to compressor energy ratio 1.26 1.26 1.26 1.26 

Output to PEM energy ratio - 0.47 0.47 0.47 

Output to input electricity ratio - 0.35 0.34 0.35 

Output to PV energy ratio - 0.47 0.39 0.33 

4. Conclusions 

In this study, a CO2-free diabatic Compressed Air Energy Storage (CAES) plant was proposed 

and analysed. The plant originates from the McIntosh diabatic CAES plant, downscaled by a factor 

of 2.62, where the natural gas required for combustion is replaced by green hydrogen, produced on 

site by a PEM electrolyzer powered by a PV plant. The H2-CAES compressor train is connected to 

the grid, while the hydrogen production system operation depends on the PV power profile. The 

plant’s components and its performances were analysed based on a yearly simulation, in order to 

maximize the self-consumption share of the PV energy production for the same energy production 

of the CH4-CAES plant. The components of the hydrogen production system were sized according 

to the maximum and minimum discharge times, and the influences of the size of the PV plant and 

the PEM electrolyzer were analysed in detail.  

The H2-CAES configuration that minimizes the size of the hydrogen production system requires 

a 70 MW PV plant coupled to a 55 MW PEM electrolyzer, resulting in a minimum and maximum 

discharge times of 5 h and 10 h respectively. The comparison of the H2-CAES plant to the CH4-CAES 

plant demonstrates that the proposed configuration can match the performances of the conventional 

plant with no CO2 emissions, shifting about 35% of the electrical energy used during the charge phase 

by the air compressor train and by the PEM electrolyzer, towards the nighttime and utilizing about 
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100% of the available PV energy. Moreover, the study demonstrated how different configurations 

allow to provide diverse services to the grid, increasing the flexibility of the plant.  
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