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Research Papers 

Modeling hydrogen storage at room temperature: Adsorbent materials for 
boosting pressure reduction in compressed H2 tanks 
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Energy Department, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy 
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A B S T R A C T   

Energy storage systems are required for an efficient integration of renewables into the grid to achieve a net zero 
energy system. Hydrogen compressed at 700 bar, is one of the key energy storage technologies. This study 
evaluates the effectiveness of solid-state hydrogen storage, particularly physisorption in porous materials, to 
enhance storage performance and safety at room temperature by reducing the operating tank pressure. We model 
dynamically the entire storage system, comparing adsorbent materials to traditional compression in terms of 
maximum tank pressure and round-trip storage efficiency. Different energy system applications with varied cycle 
frequencies and discharge durations were examined. Results indicate that porous material-based systems exhibit 
higher efficiency for long-duration energy storage services than the compressed hydrogen. Notably, bulk density 
plays a pivotal role in storage performance. For instance, IRMOF-1 with a bulk density of 500 kg/m3, shows a 70 
% pressure reduction compared to compressed hydrogen systems. In contrast, when its bulk density is reduced to 
130 kg/m3, the maximum tank pressure is even 30 % higher than the compressed tank. We emphasize the need 
for comprehensive material characterization, highlighting the significance of parameters like bulk density for 
determining the most performing hydrogen adsorbent material in terms of maximum tank pressure and effi-
ciency. As general outcome, the best performing material depends on the specific target or system requirements, 
such as pressure, volume, cost, or weight.   

1. Introduction 

In recent years, a growing number of nations have pledged to attain 
net-zero emissions. As of October 2023, the Net Zero Tracker [1] in-
dicates that 151 countries, accounting for over 90 % of global green-
house gas emissions, have declared net-zero targets. The IRENA reports 
that in 2022 [2], new renewables constituted 88 % of the annual power 
capacity expansion, marking a consistent upward trajectory since 2002. 
Given the inherently intermittent nature of renewable energy and its 
significant spatial distribution on the power grid, it’s crucial to develop a 
resilient energy system, capable of transporting and balancing energy 
between areas of high supply and high demand [3]. Storage systems 
therefore become crucial for the increase in penetration and integration 
of renewables, mitigating energy security issue [4]. 

Among various storage options - including batteries, thermochem-
ical, thermal, pumped energy storage, compressed air, hydrogen, and 

chemical storage - each providing unique features, advantages, and 
limitations [5], hydrogen emerge as viable green storage technology, 
given its capability to store energy generated directly from renewable 
sources [6], which might play a pivotal role in climate change mitigation 
[7]. Numerous studies conducted by the European Commission and the 
US Department of Energy (DOE) have identified hydrogen as a viable 
alternative energy vector, capable of contributing to meeting long-term 
energy demands in a variety of sectors including transportation, 
manufacturing, and residential [8]. 

The hydrogen economy is challenged by safety concerns, afford-
ability issues, technical limitations, and the absence of standardized 
regulations, which hinder its broader adoption. Hydrogen storage 
technologies are primarily divided into physical-based and material- 
based methods [9]. Physical storage include compressed-H2, liquid-H2, 
and cryo-compressed H2, where hydrogen is stored or released through 
pressure adjustments, temperature changes, or both. Material-based 

Abbreviations: MOF, Metal-Organic Frameworks; IRENA, International Renewable Energy Agency; LCOS, Levelized Cost Of Storage; NIST, National Institute of 
Standards and Technology. 
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storage, referred also as solid-state storage, involve adsorption of 
hydrogen by physisorption phenomena on porous materials like acti-
vated carbon, MOFs, COFs [10], herein called adsorbent materials, or 
absorption on metal hydrides to store hydrogen by chemisorption phe-
nomena [11,12]. 

Currently, high-pressure compression is the preferred method for 
hydrogen storage due to its technological readiness and maturity [13]. 
Compressed-H2 is typically stored in vessels designed to withstand 
pressures up to 700 bar (Type III, metal-lined tanks with full composite 
wrap). However, these high-pressure vessels face challenges and limi-
tations, such as hydrogen embrittlement in steels, blistering in polymer 
liners, and damage mechanisms in carbon fiber composite vessels, all 
dependent on the materials and construction process and materials [15]. 
Leaked hydrogen, when mixes with air, can create explosive gas clouds, 
a risk underscored by past pressure vessel incidents [13]. Moreover, 
hydrogen’s tendency to degrade materials that can lead to leaks poses 
serious hazards issues [14]. 

One critical approach to enhancing the safety of hydrogen storage is 
the reduction of tank pressure. The utilization of solid adsorbents has 
emerged as a promising solution [16] to reduce hydrogen tank pressure. 
Research into hydrogen adsorption on solid materials is gaining atten-
tion because these adsorbents have a high surface area and pore volume, 
which could significantly increase energy density [17]. However, 
physisorption is characterized by low enthalpy interactions, making this 
storage technique more effective at cryogenic temperatures [18]. 
Consequently, adsorption capacity is often characterize in the literature 
thorough adsorption isotherm measurements at 77 K, with gravimetric 
capacity (either excess or absolute) typically reported at the maximum 
apparatus pressure [21], often below 50 bar. There’s been a focus on 
developing new materials with higher adsorption capacities, including 
new classes of Metal-Organic Frameworks (MOFs), which have shown 
considerable potential in experimental and theoretical studies [19]. For 
example, MOF NU-100 has demonstrated an exceptional hydrogen 
storage gravimetric capacity of over 10 wt% at 77 K [20]. However, 
from an application standpoint, the volumetric capacity is more signif-
icant than the gravimetric capacity, though less frequently reported in 
the literature. Over time, to assess the applicability of materials, other 
metrics such as “net adsorption” and “useful capacity” have been pro-
posed [18]. Despite these efforts, such metrics fall short in providing a 
comprehensive insight of the materials performance at temperatures 
higher from 77 K, like ambient temperature, because of the non-linearity 
of the adsorption isotherms with the temperature. 

In terms of energy storage services, hydrogen storage can cover a 
broad spectrum of time-scale requirements [22]. In energy system ap-
plications, it can manage short-term needs like system frequency con-
trol, and it is equally adapted for balancing long-term (or seasonal) 
energy supply and demand. Schmidt et al. [23] provided a compre-
hensive assessment of the levelized cost of storage (LCOS) for nine 
electricity storage technologies and twelve power system applications 

(Table 1). This study concluded that lithium-ion is the most cost-efficient 
for most applications, especially those requiring less than 4 h of 
discharge and fewer than 300 annual cycles. While, for seasonal storage 
needs that surpass 700 h of discharge, hydrogen storage (compressed- 
H2) emerges as a the most economical choice. 

In this regard, a limited number of authors have explored the per-
formance of adsorbent-based hydrogen storage systems, and exclusively 
for specific energy applications. Zini et al. [24,25] modeled the use of 
activated carbon based hydrogen storage, operated at liquid nitrogen 
temperatures, demonstrating its feasibility for renewable energy- 
powered residential applications, such as wind and photovoltaic sys-
tems. Rozzi et al. [26] examined the advantages of incorporating 
adsorbent materials in hydrogen storage tanks at room temperature for 
stationary applications, such as photovoltaic self-consumption 
enhancement in energy communities. Anastasopoulou et al. [27] con-
ducted a techno-economic analysis, highlighting the potential of MOF- 
based hydrogen storage for onboard transportation applications. Peng 
et al. [28] performed a techno-economic analysis of stationary MOF 
hydrogen storage for backup applications. 

However, these studies often focus on narrow applications domains, 
leaving the broader potential and implications of adsorbent-based 
hydrogen storage systems across different energy services underex-
plored. This study aims to address this gap by presenting a systemati-
cally investigation into the performance of adsorbent-based hydrogen 
storage systems across a broad spectrum of power energy services, from 
renewable integration to seasonal energy storage. By dynamically model 
the entire storage system and simulating its performance for each energy 
service individually, this research offers a comprehensive analysis of the 
applicability of adsorbent materials in hydrogen storage across the 
entire spectrum of power energy services depicted in Fig. 1. 

The novelty of this analysis lies in the assessment of the effectiveness 
of adsorbent-based hydrogen storage system, operating at room tem-
perature, across various power energy services. Our contribution is 
twofold. Firstly, we elucidate the influence of material properties, 
particularly bulk density, on system performances (operating pressure 
and roundtrip efficiency). Secondly, we offer a methodology and 
demonstrate how to identify the most suitable adsorbent materials 
across diverse energy services. 

Table 1 
Power system: list and characteristics of energy services.  

Energy service Annual cycles [#] Discharge duration [hours/ 
cycle] 

1. Energy arbitrage  300  4 
2. Primary response  5000  0.50 
3. Secondary response  995  1 
4. Tertiary response  10  4 
5. Peaker replacement  50  4 
6. Black start  10  1 
7. Seasonal storage  3  700 
8. Renewable integration  300  8 
9. Congestion 

management  
300  1 

10. Bill management  500  4 
11. Power quality  100  0.5 
12. Power reliability  50  8  

Fig. 1. Power energy services domain explored through simulations. This 
figure illustrates the domain of energy services investigated, with discharge 
duration on the y-axis and annual cycles on the x-axis. Charge duration is 
denoted by the color scale. The oblique boundary delineates the condition 
where charge and discharge durations are equal. Some of the energy services in 
Table 1 are mapped within this domain (such as energy arbitrage, seasonal 
storage, renewable integration, and power reliability). 
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2. Materials and methods 

In our research, we aim to comprehensively test the performance of 
the hydrogen storage system under various energy storage services 
conditions. To achieve this goal, we have constructed a two-level 
simulation environment. The first level systematically simulates the 
storage response to different energy services by parametrically gener-
ating a charge/discharge profile for each point within the domain of 
energy services (described in Section 2.1). The second level simulates 
the dynamic behavior of a power-to-power storage system at room 
temperature within an operational pressure range up to 700 bar, given a 
timeseries of charge/discharge for the storage (described in Section 2.2). 

2.1. Energy services scenario and simulation framework 

The methodology adopted simulates the storage system’s behavior 
across different discharge durations and annual cycle counts by syn-
thetically generating energy demand and production profiles, investi-
gating its efficiency and capabilities. 

We model the single power energy service as a charge-discharge 
event having a specific duration and frequency over the year. To 
analyze the diversity of such services, we examine different combina-
tions characterized by their frequency, i.e., the number of cycles per 
year, and their discharge duration. Given that there are 8760 h in a year, 
the duration of the charging period (tc) for each cycle is determined by 
the following equation: 

tc =
8760

frequency
− td (1)  

where td represents the discharge duration, and frequency denotes the 
number of annual cycles. 

This model allows us to explore the operational dynamics of energy 
storage systems under different conditions of use. The investigated 
power energy service domain is illustrated in Fig. 1. 

The tank volume of 12.5 m3 is sized to store a maximum capacity of 
10 MWh of compressed hydrogen at 300 bar. Demand and energy sur-
plus profiles are parametrically generated using a synthetic load algo-
rithm. The algorithm output is a net load profile, derived from 
subtracting the load demand profile from the generation profile, which 
represents the power flow experienced by the storage system (see Fig. 2- 
left). The positive values of the net load profile represent excess energy 

fed into the storage, while negative values indicate energy demand 
requested from the storage. In each simulation, the excess energy per 
cycle is set at 10 MWh, and the energy demand is set at 4 MWh 
(considering a maximum roundtrip storage efficiency of 0.4). Synthetic 
net load profile used to generate the power energy service map are re-
ported in the open source database [29], while examples for energy 
arbitrage (4-h discharge and 300 cycles a year) and renewable inte-
gration (8-h discharge, 300 cycles a year) services are depicted in Fig. 2- 
right. 

The fuel cell size is determined to deliver the energy at a constant 
rate throughout the discharge phase. The charging phase can be of equal 
duration to the discharge or longer. Then, the electrolyzer is sized to 
charge at a steady power throughout the whole charging phase. 

2.2. Hydrogen storage simulation 

The hydrogen storage system is an extension of our previous work 
[26]. The storage system comprises the following zero-dimensional 
components: the electrolyzer, a multi-stage compressor, the hydrogen 
tank, and the fuel cell (see Fig. 3). The tank can either be empty or filled 
with adsorbent materials. Each component is dynamically simulated. 
The main characteristics of the modeled devices are summarized in 
Appendix A. For a comprehensive description of the storage system, its 
components’ equation, and validation, readers are referred to [26]. 

The storage is initialized under vacuum. During the charge phase, 
hydrogen supplied by the electrolyzer is compressed and filled into the 
tank. The electrolyzer, compressor, and fuel cell are equipped with a 
temperature management system to keep the components temperature 
within their operating range. Besides, the hydrogen injected into the 
storage is cooled before being introduced into the tank. The tank is 
assumed to be in thermal equilibrium with its surroundings, thus 
maintaining a storage temperature of 298 K. During the discharge phase, 
hydrogen is released from the tank to feed fuel cell stack at 2 bar. 

The Proton Exchange Membrane (PEM) electrolyzer model includes 
anode and cathode electrodes, a Nafion-117 electrolyte membrane, a gas 
diffusion layer, and an interconnector plate. The model employs prin-
ciples of mass balance, charge transport, and electrochemical kinetics. 
When operating above the thermoneutral voltage, it generates heat, 
necessitating cooling. The stack temperature is calculated using a 
simplified, quasi-steady-state thermal method. The hydrogen outlet 
pressure is set at 30 bar. 

Fig. 2. Illustration example of the outputs from the synthetic load algorithm. Left: The net load profile, derived from subtracting the load demand profile from the 
generation profile; Right: Synthetic net load profiles for three power energy services with identical annual cycle counts. Each profile delivers, during the discharge 
phase (negative power), the same amount of energy but at different rates. 
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The compression model elaborates the hydrogen coming from the 
electrolyzer. We represent the compressor as a multi-stage diaphragm 
compressor with interstage gas cooling. Hydrogen is compressed and 
cooled from its initial state at the electrolyzer’s outlet to the desired tank 
pressure and ambient temperature. The compressor’s outlet pressure 
maintains an overpressure of 5 bar compared to the storage tank’s in-
ternal pressure. The model determines the number of stages, ensuring 
each stage’s compression ratio doesn’t surpass 6 and the temperature 
stays below 423 K. Key parameters like compression ratio, isentropic 
efficiency, and mechanical efficiency are incorporated. 

The tank pressure is modeled calculating the amount of hydrogen 
introduced into the storage by the compressor, or delivered to the fuel 
cell, and deriving it from the hydrogen volumetric total capacity 
isotherm at room temperature for the case of empty tank (compressed- 
H2) or filled with porous materials (adsorbed in the porous material). 
The volumetric total isotherm for an empty tank is sourced from the 
NIST database on thermochemical fluids, while adsorption materials 
have been selected from the NIST adsorbent database [30]. Due to 
scarcity of experimental data of adsorption capacity and bulk density, 
we selected three adsorbents - IRMOF-1 [31], C/Be2 [32], and NU-110 
[33] - for which experimental data where available within our opera-
tion range (up to 700 bar and room temperature). In Fig. 4, are reported 
the gravimetric total hydrogen adsorption isotherms for the IRMOF-1, 
C/Be2, and NU-110 adsorbents determined by fitting experimental 
data, using the Dubinin-Astakhov equation [30]. The adsorption/ 
desorption isotherms coincide as for these materials physisorption is 
fully reversible. Given the storage tank volume and the amount of 
storage material packed in the tank, the adsorbents volumetric isotherm 
is derived using the bulk density reported in the literature, and sum-
marized in Table 2. 

As for the electrolysis stack, the fuel cell electrochemical model in-
tegrates mass balance, charge transport, and electrochemical kinetics. 
The polarization curve is assessed across a temperature range (298–353 
K), capturing dynamic operation during cold start-ups. Both anode and 
cathode operating temperatures setpoint is 353 K. A circulating water 
extract the generated heat which released in the ambient thorough the 
heat exchanger. 

The simulation input is the net load profile, which is the difference 
between electricity generation and demand, where positive values 
represent energy supplied to the electrolyzer, while negative values 
indicate electricity requested to the fuel cell. The simulation output used 

to compare the solid-state hydrogen storage with the compressed-H2 are 
the storage system efficiency and the tank’s maximum pressure achieved 
during a year of operation. Where the round-trip storage system effi-
ciency is defined as: 

η =
EFC

EEC + Ecomp + Eaux
(2)  

where EFC is annual energy delivered by the fuel cell, and EEC, Ecomp, Eaux 

Fig. 3. Representation of the hydrogen storage system simulation framework.  

Fig. 4. Total hydrogen adsorption isotherms at 298 K for the investigated 
adsorbent materials; dots: experimental data from NIST database; solid line: fit 
of experimental data using the Dubinin-Astakhov equation. 

Table 2 
Bulk density values for IRMOF-1, C/Be2, and NU-110.   

IRMOF-1 C/Be2 NU-110 

Powder bulk density [kg/m3] 130; 
Ref. [34] 

– 222; 
Ref. [33] 

Optimized bulk density [kg/m3] 500; 
Ref. [34] 

500; 
[26] 

500; 
Ref. [34]  

F.D. Minuto et al.                                                                                                                                                                                                                               



Journal of Energy Storage 90 (2024) 111758

5

are the electrolyzer, compressor and auxiliary systems (inverters, cir-
culation pumps, blower) energy consumption. 

3. Results 

This section presents the findings of our analysis. We begin by 
examining the performance of adsorbent materials in comparison to 
compressed-H2 for a specific energy service, i.e. “renewable integration” 
(8 h – 300 cycles). Then we delve into how structural characteristics of 
the samples influence the overall outputs. Finally, we provide a 
comparative analysis between a IRMOF-1 based and a compressed-H2 
storage across the entire operational map of energy services. Last, we 
extend the comparison among all adsorbent materials to identify the 
best performing materials across the whole power energy service 
domain. 

Fig. 5-left displays the maximum pressure achieved by the storage 
system for compressed-H2 and the three adsorbent materials considered 
in this study: IRMOF-1 (also known as MOF-5), C/Be2, and NU-110. A 
tank filled solely with compressed hydrogen reaches a pressure of 
approximately 200 bar to store 10 MWh of energy in a 12.5 m3 volume 
at ambient temperature. It is evident that configurations with adsorbent- 
filled tanks significantly reduce pressure. Specifically, there’s a pressure 
reduction of − 60 % (75 bar) for NU-110, − 70 % (55 bar) for IRMOF-1, 
and − 80 % (40 bar) for C/Be2. 

This pressure behavior directly influences system efficiency (Fig. 5- 
right). As pressure decreases, the efficiency proportionally increases. 
Compared to the 32 % efficiency achieved by compressed-H2, there’s a 3 
% efficiency increase due to the reduced pressure from the adsorbent 
materials. 

Among the adsorbent materials measured IRMOF-1 exhibits prom-
ising performance, surpassed only by the theoretical performance of the 
C/Be2 material, which has not yet been synthesized and experimentally 
characterized. Besides, it’s worth investigating how the structural 
characteristics of materials, especially the bulk density, impact the 
simulation outputs. Bulk density, also known as apparent density or 
pack density, represents the physical volume occupied by the material. 
Given the known volume of the tank, it determines the amount of 
adsorbent material that can be contained within the storage. Table 3 
presents two distinct bulk density values for IRMOF-1 reported in 
literature. An intermediate value of 350 kg/m3 is introduced for sensi-
tivity analysis. 

Fig. 6-left compares the maximum pressure between compressed gas 
and IRMOF-1 across the three considered bulk densities. The previously 
observed − 70 % pressure reduction for IRMOF-1 with a bulk density of 

500 kg/m3 decreases to − 56 % for a density of 350 kg/m3 (labeled as 
IRMOF-1 (b)). Intriguingly, for an apparent density of 130 kg/m3 the 
maximum pressure surpasses that of compressed-H2 (+30 %), reaching 
260 bar. As depicted in Fig. 6-right, when using the efficiency of com-
pressed-H2 as a reference, pressure increases efficiency in the cases of 
IRMOF-1 (a) and (b). However, efficiency decreases for IRMOF-1(c). 

To get a broader perspective on these results, we present a side-by- 
side comparison of the maximum pressure achieved by the tank with 
compressed-H2 (Fig. 7-left) and IRMOF-1 (a) (Fig. 7-right) across the 
entire operational map of energy storage services. The color map scale 
indicates the pressure, the yellow color refers to the highest value ob-
tained in the respective configurations. Specifically, yellow represents a 
pressure of 213 bar for the compressed tank and 64.5 bar for IRMOF-1 
filled tank. For compressed-H2, the peak of the color scale is at 213 
bar, corresponding to a 2-h service cycled 2048 times annually. The 
lowest pressure, 189 bar, is observed for 16-h services with 512 annual 
cycles. In contrast, IRMOF-1 peaks at 64.5 bar for 2-h services with 2–8 
annual cycles. The predominant pressure, represented by the most 
extensive uniform color area on the map, stands at 200 bar for com-
pressed-H2 and 60 bar for IRMOF-1. The maximum pressure across the 
whole energy service map fluctuates by 11 % for compressed-H2 and 15 
% for IRMOF-1. Interestingly, the pressure disparity between the two 
tank configurations at parity of operational conditions remains rela-
tively stable, with a consistent difference of approximately − 70.6 ± 0.8 
%. 

Upon examining both maps, we understand that for a given 
discharge duration, the maximum pressure often remains independent 
of the number of annual cycles. However, for discharge durations less 
than a day, a lower number of cycles corresponds to a higher maximum 
pressure requirement. 

Fig. 8 compares the overall efficiency of the storage system between 
the two configurations. Here, the color scale is normalized to 42 % for 
both maps, offering a direct comparison. 

The efficiency appears constant in values based on discharge dura-
tion. The highest efficiency values, up to 40 %, are achieved for longer 
discharge durations typically seen in the long-term energy storage ser-
vices sector. Conversely, shorter discharge durations result in reduced 

Fig. 5. Comparison of storage performance for renewable integration energy service (8 h – 300 cycles) with different tank fillings: Compressed-H2 (empty tank), 
IRMOF-1, C/Be2, and NU-110. Left: Maximum tank pressure. Right: Storage system efficiency. 

Table 3 
Bulk density values of IRMOF-1 utilized in the sensitivity analysis.   

IRMOF-1 (a) IRMOF-1 (b) IRMOF-1 © 

Bulk density [kg/m3] 500 
[34] 

350 130 
[34]  
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efficiency, with a minimum of 18 % for durations less than 2 h and 1 
cycle per year. 

While the efficiency for compressed-H2 and IRMOF-1 appear similar 
in terms of average values and distribution across the map, a closer 
examination reveals a distinct advantage for IRMOF-1. Specifically, the 
IRMOF-1 tank showcases a broader operational region with superior 
efficiency compared to compressed-H2 tank. This region is highlighted 
by the dashed black triangle in Fig. 8. 

In Fig. 9, we introduce a representation of the power energy service 
domain, where each point of the map indicates the best performing 
material among the three investigated in this study, in comparison to 
compressed-H2. Fig. 9-left focuses on identifying the best-performing 
material based on round-trip storage efficiency, while Fig. 9-right em-
phasizes the optimal material in terms of pressure. The color indicates 
the percentage variation compared to the compressed hydrogen tank. 

Upon examining efficiency (Fig. 9-left), it’s evident that no single 
material consistently outperforms compressed-H2 across the entire 
operational area. However, specific zones emerge where certain 

materials have a clear advantage. For instance, in the region of long- 
duration energy storage services, IRMOF-1 tends to be superior. In 
other regions, C/Be2 often emerges as the top performer. NU-110 only 
takes the lead in select areas of the map. The color scale reveals that the 
efficiency improvement over compressed gas typically ranges between 
1 % and 5 %, with peaks reaching up to 12 %. 

Turning to the pressure map (Fig. 9-right), C/Be2 stands out as the 
dominant material across the entire operational spectrum. The pressure 
difference between C/Be2 and compressed-H2 spans between 155 and 
185 bar. 

4. Discussion 

In this study, we systematically analyzed the performance of a 12.5 
m3 hydrogen-based storage system operating at ambient temperature 
and fed with 10 MWh/cycle of surplus generated energy. By varying 
discharge length and annual cycles, we investigated various operational 
conditions corresponding to specific energy services that a storage 

Fig. 6. Comparison of storage performance for renewable integration energy service (8 h - 300 cycles) with different tank fillings: Compressed-H2 (empty tank) and 
IRMOF-1 at varying bulk densities. Left: Maximum tank pressure. Right: Storage system efficiency. 

Fig. 7. Maximum tank pressure across the entire power energy service domain. Left: Compressed-H2 (empty tank). Right: IRMOF-1 filled tank.  
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system might offer to the grid. The primary objective is to investigate 
whether incorporating adsorbent materials within the tank could 
enhance the storage system’s performance in terms of maximum 
required pressure and overall round-trip efficiency, with respect to 
traditional compressed hydrogen storage. Our analysis did not aim to 
exhaustively examine a broad range of adsorbents to identify the best 
materials for various power applications. Instead, it focused on 
demonstrating a methodological approach by using three materials, 
found in the literature, with well-documented adsorbent properties 
within the operational range. 

To contextualize our findings, it’s important to note that while 
ambient temperature hydrogen storage is a key goal for many applica-
tions [35], the literature often associates hydrogen adsorption on 
adsorbent materials with cryogenic conditions, where adsorbent mate-
rials exhibit their highest adsorption capacities. At higher temperatures, 
such as at room temperature, achieving the maximum adsorption ca-
pacity necessitates very high pressures. This leads to a storage capacity 

often ranging between 0.5 and 1 wt%, at moderate pressure, which is 
generally considered insufficient for hydrogen storage applications. For 
these reasons, most research on adsorbent-based hydrogen storage has 
focused on cryogenic temperatures rather than room temperature. 

Contrary to this conventional viewpoint, our research presents a 
scenario in which adsorbent materials, operated at ambient tempera-
ture, are capable to enhance the performances of compressed hydrogen 
storage, as illustrated in Fig. 5 and Fig. 7. Specifically, the three adsor-
bent materials are evaluated in our study—IRMOF-1, NU-110, and C/ 
Be2 — with their adsorption capacities at room temperature reported as 
1.1 wt%, 0.9 wt%, and 2.8 wt% respectively at 20 bar. These materials 
significantly reduce tank pressure by more than 50 %, and system’s ef-
ficiency increase of about +3 %. However, it’s important to note that 
these promising results are highly dependent on the bulk density of the 
materials (Fig. 6). As bulk density decreases, the amount of material that 
can be physically inserted into the tank reduces, impacting the total 
physisorbed hydrogen and the gaseous hydrogen volume in the tank. 

Fig. 8. Efficiency of the storage system across the entire power energy service map. Left: Compressed-H2 (empty tank). Right: IRMOF-1 filled tank. The black dashed 
triangle is added as guide for the eye. 

Fig. 9. Best performing material for efficiency and pressure across the entire power energy service map. Left: Efficiency improvement with top performing adsorbent 
over compressed-H2 (empty tank). Right: Optimal material by pressure reduction. Adsorbents legend: ‘I’ for IRMOF-1, ’C’ for C/Be, ’N’ for NU-110. 
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While, the efficiency gains are primarily attributed to the reduced need 
for compression to achieve high pressure. 

By expanding our analysis across the entire power energy services 
domain (illustrated in Fig. 8) - namely, by varying the storage charge 
and discharge duration and number of cycle per year - we observed a 
reduction in system efficiency for application with shorter discharge 
durations. This decrease can be due to the suboptimal performance of 
both the electrolyzer and fuel cell, primarily caused by cold-start losses. 
Indeed, the frequent cycles of start-up and shutdown, combined with 
short operational time, prevent the electrochemical devices from 
reaching and maintaining their optimal operational temperature of 353 
K, resulting in an efficiency decline. As a general outcome, we can 
highlight that the enhancement of energy efficiency through adsorption 
phenomenal appears limited and more pronounced within the domain of 
long-term energy service. These findings confirm that hydrogen storage 
is suitable for long-duration or seasonal storage and less so for inter-
mittent renewable integration into the grid. 

The main results highlighted in Fig. 9 indicate that adsorbent ma-
terials outperform the compressed hydrogen in terms of both operating 
pressure and system efficiency across all investigated energy services. 

Our findings are consistent with those in the literature that concen-
trate on a single energy service, yet we offer a comprehensive overview 
across all energy services. In particular, Zini et al. [24] model a 
hydrogen storage using adsorbent materials for residential use, powered 
by a photovoltaic system, using AX-21 activated carbon with a bulk 
density of 300 kg/m3 as the adsorbent. Their system, operating through 
swing adsorption between 77 K and 153 K, achieves about 3 cycles 
annually with a discharge lasting over 500 h, thus serving as seasonal 
storage. They reported a storage efficiency of 36 %, similar to our results 
presented in Fig. 8 for a 500-h discharge at 3 cycles per year. However, 
when accounting for the energy needed for thermal management at 
cryogenic temperature, this efficiency drops to 9.5 %. In another study, 
Zini and Tartarini [25] evaluate the performance of a self-sufficient 
microgrid (with a 6.4 MWh/year load demand) powered by wind en-
ergy and balanced by an adsorbent-based hydrogen storage system. 
Given the variability of the wind resource, the storage system undergoes 
about 8 cycles per year with discharges of approximately 500 h, cate-
gorizing the storage service within the domain of “Renewable integra-
tion” (see Table 1). The storage is filled with AX-21 and it is operated in a 
swing mode, being charged up to 60 bar at 77 K and discharged by 
increasing the temperature to 153 K. Similar to the previous work, the 
overall system efficiency is 13.5 %, primarily due to the thermal man-
agement of storage at cryogenic temperatures. 

In a previous work [26], we explored the use of an adsorption-based 
hydrogen storage system as seasonal storage (1 cycle per year with 4300 
discharge hours) for an energy community of 100 members (with a 200 
MWh/year load demand), powered by a photovoltaic system generating 
350 MWh/year. The storage is operated at room temperature and 
pressures up to 350 bar, with volumes ranging from 50 m3 to 300 m3. 
Depending on the operating conditions, such as adsorbent material, 
pressure, and tank volume, the energy storage capacity varied from 35 
MWh to 47 MWh, while round-trip storage efficiency ranged from 39 % 
to 43.5 %. These results are consistent with the outcomes of this work in 
terms of storage efficiency for long term storage service (reported in 
Fig. 8). 

This work addresses a gap left by previous studies, which did not 
systematically evaluate performance across various energy services or 
compare the pressure reduction advantages of using adsorbents with 
those of compressed hydrogen storage for an equivalent amount of 
stored energy. 

Another contribution of this study is the methodology for selecting 
the most suitable adsorbent material across the diverse energy services. 
In our analysis appears that while some materials excel in certain con-
ditions, no single material consistently outperforms others across all 
operational scenarios. Furthermore, considering that adsorbent mate-
rials may increase the cost or weight of the storage system, selecting the 

best material for a particular application should also take into account 
specific system requirements, such as tank pressure, system volume, 
additional costs, round-trip system efficiency, and added weight. 

Acknowledging the limitations of this study, the accuracy of our 
findings is dependent on the specified boundary conditions and the ac-
curacy of the input data, for example adsorption isotherm and bulk 
density data. Therefore, our results should not be viewed as definitive. 
Despite these limitations, the essential contribution of our research is to 
show how storage performance differs across various energy services 
and to illustrate the unique responses of materials under different 
conditions. 

One limitation of our study is the use of constant generation/demand 
profiles during charge or discharge periods. This has implications for the 
optimal sizing of the electrolyzer and fuel cell, which then operate at 
nominal power without transients. These conditions yield the highest 
obtainable efficiencies, which would be lower under intermittent energy 
conditions. 

Another factor, as reported in literature but not considered in our 
results, is the significant measurement error on adsorption isotherms at 
ambient temperatures, especially for pressures above 100 bar. Besides, 
our adsorption model does not account for the kinetics of adsorption/ 
desorption or potential variations in these kinetics with changes in the 
bulk density of the materials. It is worth noting that experimental data at 
room temperature are scarce, for example, bulk density or adsorption/ 
desorption kinetic measurements are not consistently documented in the 
literature. As final remarks, we want to clarify that our benchmark is 
limited to only three adsorbent materials, mainly to illustrate the pro-
posed methodology. A more exhaustive benchmarking analysis would 
ideally utilize extensive adsorption databases featuring hundreds of 
different adsorbent materials. 

5. Conclusions 

This research evaluates the effectiveness of adsorbent materials in 
lowering the operating pressure of stationary hydrogen storage system 
at room temperature for various power services applications, from 
arbitrage to long-term storage. To test out hypotheses we use in our 
simulations three adsorbent materials whose adsorption properties were 
reported in the literature at room temperature up to high pressures. 
Compressed hydrogen storage served as the benchmark for our com-
parison. This investigation has reported the following evidence:  

• The use of adsorbent materials in hydrogen storage tanks at room 
temperature can lead to a significant reduction of operational pres-
sure, i.e. up to − 70 % for a IRMOF-1 with a 500 kg/m3 bulk density. 
Such reductions might improve safety, longevity, and costs associ-
ated with hydrogen storage.  

• The bulk density of the adsorbent materials play a critical role on 
storage system’s performance, i.e. for the same energy service an 
IRMOF-1 with a 130 kg/m3 bulk density would increase the oper-
ating pressure up to +30 % with respect to the compressed config-
uration. Therefore, bulk density is identified as a key parameter, 
equally important as the material’s adsorption capacity, in the se-
lection of materials for hydrogen storage applications.  

• We demonstrate, using three adsorbent materials as an example, that 
selecting the best material depends on the specific operational con-
ditions and requirements of the system, such as roundtrip efficiency, 
operational pressure, and other, like to system weight, or costs.  

• The study reaffirms the viability of hydrogen storage for long- 
duration or seasonal storage where the roundtrip efficiency exhibi-
ted its maximum around 40–42 %. In other energy applications, like 
in the domain of “renewable energy integration” applications the 
usage of suitable adsorbents materials can improvement the round- 
trip efficiency up to +3 % (i.e. 35 % efficiency) with respect to 
compressed hydrogen storage (32 %). 
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The insights derived from this research can inform future adsorbent 
material development and optimization, guiding the path towards 
enhanced hydrogen-based energy storage solutions. In our perspective, 
future research should focus on several key aspects:  

• Conduct systematic experimental research on materials adsorption 
performances operating around room temperature and up to 300 bar. 
This would help in creating a comprehensive database required for 
simulating adsorbent-based stationary hydrogen storage operating at 
ambient temperature. 

• Ensure that experimental studies on materials’ adsorption perfor-
mance should report systematically the materials’ bulk density. This 
information is crucial to assess the volumetric storage capacity. 

• Conduct a systematic exploration of a wide range of adsorbent ma-
terials, using the methodology proposed in this work, to sort out the 
most promising adsorbent material for various energy service 
applications.  

• Investigate experimentally the interplay between electrolyzer and 
fuel cell efficiencies when adsorbent materials are used, to under-
stand how these elements can be optimized together.  

• Reveal the specific mechanisms by which bulk density and diffusion 
kinetics affect storage performance, to guide material selection and 
system design for optimal efficiency. 

CRediT authorship contribution statement 

Francesco Demetrio Minuto: Writing – review & editing, Writing – 
original draft, Visualization, Methodology, Investigation, Data curation, 
Conceptualization. Elena Rozzi: Writing – review & editing, Visuali-
zation, Software, Methodology, Investigation, Data curation. Romano 
Borchiellini: Writing – review & editing, Supervision, Funding acqui-
sition. Andrea Lanzini: Writing – review & editing, Supervision, 

Methodology, Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Francesco Demetrio Minuto reports financial support was provided by 
FSE REACT-EU - PON Ricerca e Innovazione 2014–2020. Andrea Lanzini 
reports financial support was provided by Italian Ministry of the Envi-
ronment and Energy Security. Elena Rozzi reports financial support was 
provided by Italian Ministry of the Environment and Energy Security. If 
there are other authors, they declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

F.D. Minuto carried out this study within the Ministerial Decree no. 
1062/2021 and received funding from the FSE REACT-EU - PON Ricerca 
e Innovazione 2014-2020. 

A. Lanzini and E. Rozzi carried out this study within the National 
Recovery and Resilience Plan (PNRR) and received funding by the 
Italian Ministry of the Environment and Energy Security, project “Novel 
Materials for Hydrogen storage (NoMaH)”, ID RSH2A_000035, CUP: 
F27G22000180006. 

This manuscript reflects only the authors’ views and opinions, 
neither the European Union nor the European Commission can be 
considered responsible for them.  

Appendix A  

Proton exchange membrane electrolyzer 

Feature  • Electrochemical model based on mass balance, mass and charge transport, and electrochemical kinetics.  
• Polarization curves at temperature between 298 K and 353 K (in step of 1 K)  
• Stack thermal management 

Representative Equation Vcell(i) = OCV + ηact,an(i) + ηact,cat(i) + ηdiff ,an(i) + ηdiff ,cat(i) + ηohm(i) [26] 
Input/Output Input: electric power, storage state-of-charge, stack temperature 

Output: water supplied, hydrogen flow rate, stack efficiency, thermal fluxes, stack temperature 
Multi-stage compressor 
Feature  • Mechanical compression with intercooling  

• Compression ratio not exceed 6 and discharge temperature not exceed 423 K 
Representative Equation 

Wactual =
nH2

ηmηis

∑

i
k

k − 1
ZavgRTs

[(
Pd

Ps

) k − 1
k − 1

]

[26] 

Input/Output Input: hydrogen flow rate, tank pressure, hydrogen temperature 
Output: compression power requirement, number of stages, mechanical and thermal losses 

Hydrogen storage 
Feature  • Compressed hydrogen storage modeled as a function of stored hydrogen density and temperature  

• Hydrogen adsorption into solid materials modeled as a function of total adsorption isotherms 
Representative Equation Hydrogen density: ρ =

p
Z(p,T)RT

=
p

1 +
∑9

i ai

(
100K

T

)bi( p
1MPa

)ci 
[26] 

Total adsorption isotherm: ntot = nmaxexp

[

−

(
RT

α + βT

)2
ln2

(
P0

P

) ]

ρ̃H2

(
1

ρbulk
−

1
ρHe

)

[26] 

Input/Output Input: storage state-of-charge, hydrogen flow rate 
Output: hydrogen pressure into the tank and storage state-of-charge 

Proton exchange membrane fuel cell 
Feature  • Electrochemical model based on mass balance, mass and charge transport, and electrochemical kinetics  

• Polarization curves at temperature between 298 K and 353 K (step of 1 K)  
• Stack thermal management 

Representative Equation Vcell(i) = OCV − ηact,an(i) − ηact,cat(i) − ηdiff ,an(i) − ηdiff ,cat(i) − ηohm(i) [26] 
Input/Output Input: electric power, storage state-of-charge, stack temperature 

Output: air supplied, hydrogen flow rate, stack efficiency, thermal fluxes, stack temperature  
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