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Abstract. Nowadays, the electric system is evolving towards 

a paradigm shift, with a constantly higher penetration of 

renewable generation, as well as the electrification of the transport 

and different industry sectors. This new scenario requires 

flexibility services to be provided to transmission and distribution 

grids, to allow their safe and reliable operation. From amongst the 

various options currently investigated, hydrogen technologies are 

demonstrating great potential in terms of lower energy costs for 

consumers/prosumers, lower emissions, and better levels of 

quality and security of supply. This paper provides a review of the 

latest state-of-the-art flexibility services that hydrogen-based 

technologies can provide to both DSOs and end-users. This 

review considers contributions from both academia and industry. 
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1. Introduction 
To reduce the Greenhouse Gas (GHG) emissions resulting 

from electricity generation, governments are raising the 

share of Variable Renewable Energy sources (VREs) in 

their energy mix. This paradigm shift makes grid balancing 

more challenging, which, in turn, increases both the long-

term and short-term flexibility demand. 

Flexibility is a concept inherent to all electrical systems. 

The International Smart Grid Action Network (ISGAN) 

defines flexibility as the “ability of power systems to 

manage changes”. Flexibility can be offered to 

Transmission and Distribution System Operators (TSOs 

and DSOs) from different products and markets, [1]. These 

include power balancing and frequency control, voltage, 

and reactive power control and, to a lesser extent, 

congestion management. 

Flexibility has been historically provided by conventional, 

fast-response gas- and hydro-powered plants. However, 

these traditional technologies are currently supported and 

are expected to be partially or even fully replaced by energy 

storage systems (ESSs) and/or new energy vectors. 

Many governments, including the EU, are moving within 

this framework by giving a major role to hydrogen as a 

flexibility provider, [2]. Indeed, hydrogen can provide 

flexibility with different technologies and in different 

ways, as it can be connected directly or indirectly to any 

electrical system. Electrolysers can provide flexibility by 

acting as flexible loads, [3]. Hydrogen can provide 

flexibility by acting as a short- or long-term storage 

system,[4]. Green Hydrogen, this is, hydrogen produced 

via electrolysis by renewable energy, can be injected 

directly into the gas grid, transferring renewable energy to 

sectors that otherwise could not be electrified (Power to 

Gas (PtG)), [5]. This type of flexibility can further improve 

the sector coupling between electricity and gas/hydrogen 

grids, [6]. As hydrogen can be directly used in heating, [7], 

transport, or industrial sectors there is no need to convert 

hydrogen to electricity again, improving the overall 

efficiency. Finally, Hydrogen can be re-converted to 

electricity using Hydrogen Fuel Cells (HFCs), [8], which 

can improve grid flexibility by generating electricity when 

needed and providing ancillary services, [9]. 

In this paper a review of each hydrogen technology is given 

to identify what type of flexibility service it can provide, 

adding references for each one of them. 

 

2. Hydrogen Technologies 

As discussed in the previous section, hydrogen can be used 

to provide flexibility with different technologies, each of 

them with some characteristics that make it more suitable 

for different types of services. In this section, an overview 

of the most common hydrogen-based technologies is 

provided. 

 

A. Electrolysers 

An electrolyser is an electrochemical device that converts 

electrical energy into chemical energy by splitting water 

into hydrogen and oxygen. During this process electrical 

energy is consumed, so not all the electrical energy gets 

converted into hydrogen, some of it is used in the process 

itself. In this way, in cases of surplus renewable energy 

production, this last can be stored in the form of hydrogen. 

Electrolysis technologies have reached their greatest 

commercial development in the last decade and there are 

currently three main types. 

• Alkaline Electrolysers (AEC)[10] 

• Polymeric Membrane Electrolyte Electrolysers 

(PEM), [11] 

• Solid Oxide Electrolyte Electrolysers (SOEC), 

[12] 

 

B. Hydrogen as Energy Storage  

Hydrogen possesses a high mass-energy density but also a 

low volume energy density so that it must be compressed 

or stored in a concentrated state to achieve a high-volume 

energy density. For electricity generation, the most used 
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method is to store it in pressurized steel tanks in the range 

of 350-700 Bar. Still, there exist more advanced 

technologies used today, such as cryogenic cooling 

systems, underground storage, or the so-called solid 

storage, where hydrogen is stored via intercalation into the 

structure of the material, either via adsorption into its 

surface, or with the formation of chemical compounds 

where hydrogen is weakly bonded. [13]. 

 

C. Power to Gas, [14] 

In certain applications, it is better to use green hydrogen 

gas than using renewable electricity, for example in 

processes that cannot be electrified. To solve this issue, the 

concept of Power-to-gas was born. PtG allows massive 

electricity storage through the interconnection between the 

electricity grid and the gas grid, as renewable electricity 

can be transformed into hydrogen and stored in the gas grid. 

PtG, in turn, allows obtaining interactive benefits from both 

infrastructures. Hydrogen can also be blended with natural 

gas and injected into the gas grid up to certain amounts, 

several studies suggest that up to 15–20%, [15]. It can 

thereby contribute to reducing emissions related to natural 

gas combustion. Some of the technologies that could 

greatly benefit from PtG are as follows: 

 

• Gas Turbines, [16]: hydrogen-powered gas 

turbines could provide the necessary stability to 

the grid while generating significantly less CO2 

emissions. since combined cycle plants offer one 

of the fastest responses to the variation in demand.  

• Combined Heat and Power (CHP) systems, 

[17]: Similar to gas turbines, hydrogen can be 

used as a substitute fuel or combined with natural 

gas to produce heat and electricity, eliminating the 

emissions associated with current cogeneration.  

• Sector Coupling, [18]: Integrating heating, 

transport and electricity sectors would allow 

better and more efficient use of them. Unified 

management of gas and electric grids, as seen in 

Figure 1, would provide flexibility and better 

adaptation to changes in demand or future 

technological innovations. This could make 

renewable energy used in processes that are 

difficult to electrify.  

 

 

D. Hydrogen-Powered Boilers 

Gas boilers that use renewable gases such as hydrogen 

mixed in different proportions can be used instead of 

electric heaters, [19]. Hydrogen could be mixed with 

natural gas or biomethane or even synthetic natural gas, or 

in the most extreme case boilers could run on 100% 

hydrogen. 

 

The world's first hydrogen-based domestic boiler has been 

put into operation in a real situation in Rozenburg, the 

Netherlands, in 2019 by BDR Thermea Group, [20]. It was 

the first time that the use of pure hydrogen to power a high-

efficiency condensing boiler to heat the central heating 

system of a residential building has been applied in a real-

life situation.  

 

E. Hydrogen Fuel Cells, [21] 

A fuel cell is a device that makes it possible to generate 

electricity from the chemical energy of hydrogen and 

oxygen without combustion. The main advantage is that it 

has much higher efficiencies than combustion. 

Currently, there are 5 main groups of fuel cells, classified 

according to their operating temperature, on the market. 

The output power of these fuel cells ranges from systems 

that allow a few watts to be obtained, to power plant-type 

systems that produce MW, although all of them are based 

on the same technology, an electrochemical cell. 

Hydrogen fuel cells could be used as energy sources for 

domestic purposes and help with the implementation of 

distributed generation with renewable energy and PtG 

integration. A better hydrogen value chain, Figure 2, would 

be needed to bring closer hydrogen technologies to the end-

user and reduce its overall cost. 

 

3. Flexibility services 

This section provides a more in-depth analysis of how 

hydrogen technologies can be used to provide flexibility to 

the grid. To this end, the most relevant flexibility services 

are analysed one by one. Moreover, Table I provides a 

useful recap of the flexibility services that each technology 

can provide and, should it be the case, caters to the most 

relevant references. 

 

A. Grid Congestion 

Saturation or congestion exists when power flows exceed 

the asset, lines or transformers, design threshold, either 

temporarily or permanently. [22] 

Restrictions in the assets can be identified mainly due to 

non-compliance with the permanent security conditions, 

insufficient power or capacity reserve to balance the 

system, or a breach in the security conditions. 

  

Figure 1.  Sector Coupling through Power to Gas. Electricity 

(green) and gas (blue) exchanges. 

 
Figure 2.  Green Hydrogen Value Chain (NYISO) 
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A relevant aspect of technical constraints is their 

predictability. In some cases, they are structural and 

therefore occur in a certain predefined time and are 

geographically stable, while others occur sporadically and 

are more difficult to predict. 

The hydrogen technologies previously mentioned can help 

cope with renewable energy’s inherent intermittency that 

can cause grid congestions. In [23] and [24], electrolysers 

are used to produce hydrogen to avoid curtailment in 

excess generation situations. These electrolysers can 

function as flexible loads, but when functioning with other 

technologies higher flexibility can be achieved. An 

Electricity Heat Hydrogen Multi-Energy Storage System 

(EHH-MESS) is used in [25] to improve flexibility. 

Hydrogen storage systems are usually combined with PtG 

systems, [26], [27] and [28] a combination of these two 

technologies is done to improve flexibility and avoid 

curtailment. 

This increase in flexibility can bring also economic 

savings, [29] where a P2P energy market is enhanced with 

hydrogen storage, PtG, and the use of Fuel Cells. 

This combination of technologies can also work to enhance 

the functioning of controllable power plants as combined 

heat and power cycle, as explained in [17]. 

 

B. Voltage Control 

The reactive power in the grid must be always kept in 

equilibrium. Maintaining the reactive power under 

equilibrium means maintaining voltage inside restriction 

limits, [22].  

The set of actions on reactive power generation and 

absorption resources and other voltage control elements are 

aimed at maintaining voltages at the nodes of the 

transmission grid within the specified margins to guarantee 

compliance with the safety and quality criteria of the 

electricity supply. 

Similar to grid congestions, hydrogen technologies could 

help to solve voltage problems improving grid flexibility. 

In [30] a fleet of electrolysers is used to solve voltage 

fluctuations due to solar PV penetration by modifying its 

operating instructions. Hydrogen storage and PtG can also 

help in reducing voltage fluctuations. In [31], a PtG system 

combines the gas and electric grids to solve voltage 

deviations. A similar study is done in [32], although this 

time the PtG system is with natural gas instead of hydrogen. 

Usually, PtG systems rely on hydrogen fuel cells to provide 

this flexibility service [33]. 

 

C. Controlled island operation 

The islands consist of isolated sections of the distribution 

grid where one or more generation facilities are supplying 

demand facilities that, for this reason, are separated from 

the rest of the system. Currently, the technology of power 

electronics has improved a lot making renewable energy 

easier to manage in distributed generation systems. This 

represents an opportunity for the DSO because it allows the 

creation of controlled islands, based on the installation of 

certain grid protection and control systems. These islands 

guarantee supply in the event of the unavailability of main 

grid sections. 

Some studies focus on the optimization of the integration 

of PV generation with the use of hydrogen or battery, [34] 

while others focus on increasing renewable generation with 

hydrogen storage and Electric Vehicle batteries to function 

isolated from the network, [35]. 

Some studies made a similar approach but with a higher 

focus on maintaining energy quality in the grid, one 

emphasizes the maintaining of a stable power supply, [36] 

while the other aims at frequency control of the grid, [37]. 

D. Black Start 

Restoration of electrical service is necessary after the 

electrical system, or part of it, has suffered a voltage 

collapse. This flexibility service aims to return to the 

normal operating status in the shortest possible time. This 

objective can be achieved by considering aspects such as 

the optimal location of resources capable of restoring the 

service considering aspects such as critical loads, 

maximizing restored loads and grid reconfiguration 

options. 

Not all energy storage systems are suitable for Black Start’s 

flexibility service. Thus, hybridization, this is, the 

combination of two or more energy storage technologies, 

should be developed, [38]. This hybridization mitigates the 

disadvantages of individual energy storage methods and 

makes possible the use of hydrogen technologies as 

storage, [39], where a Hydrogen Storage Power Plant can 

offer flexibility services like voltage and frequency control, 

as well as black start capabilities. The combination of 

hydrogen storage and Fuel Cell technologies can increase 

the ability to provide this service. In [40], an autonomous 

wind/hydrogen energy demonstration system located on 

the island of Utsira in Norway is prepared to offer black 

start capabilities in case of power loss, as well as operate in 

a controlled island mode thanks to hydrogen storage, a 

hydrogen engine, and a fuel cell. Although the system had 

also grid stabilizing equipment installed consisting of a 

flywheel (5 kWh) for frequency control and a master 

synchronous machine (100 kVA) for voltage control. In 

[41] a fuel cell is used for Uninterruptible Power Supply in 

case of blackouts in a telecommunications tower having 

also the ability to be used as a black start if needed. 

 

E. Balancing Services 

The balancing services fulfil the function of 

frequency/power regulation. Balancing services are 

purchased and managed by the System Operator. 

Currently, the following services are defined in the Spanish 

electricity system, functioning after a frequency offset: 

• Primary regulation reserve: the power margin 

in which the generator sets can modify their 

generated power automatically in seconds. 

• Secondary regulation reserve: the power 

variation margin in which the secondary regulator 

of the Spanish system can act automatically 

starting from the operating point where it is in 

every moment and actuate in 150 seconds. 

• Tertiary regulation reserve: constituted by the 

maximum variation in power to go up or down of 

all the generating groups of the system that can be 

mobilized in a time not exceeding fifteen minutes. 

Hydrogen technologies can contribute to the balancing 

services by either demanding power from the grid acting as 

a flexible load (electrolysers) or providing power to the 

grid acting as a generator (fuel cell). In [42] PEM 

electrolysers and Fuel Cells are examined to partake in 

European electrical ancillary services markets. A case 
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study based on a realistic representation of the transmission 

grid in the north of the Netherlands for the year 2030 aimed 

to ascertain the effectiveness of PEM electrolysers and fuel 

cells for the provision of primary frequency reserves. 

Some other studies focused mainly on the use of 

electrolysers as a variable load to help regulate grid 

frequency, [43]. A dynamic model of the electrolysers 

stack, power-electronics interface, and downstream 

hydrogen process operational constraints is modelled to 

study the Fast Frequency Response capability of the 

system, [44]. 

As said before, Fuel Cells can also help regulate grid 

frequency. In [45], the feasibility and economics of using 

fuel cell backup power systems in telecommunication cell 

towers to provide grid services are studied.  

Hydrogen technologies can also work in combination with 

other storage technologies such as batteries to improve 

their capability in providing frequency regulation. In [46] 

battery and hydrogen storage are hybridized for this 

purpose. The proposed control method was demonstrated 

to be able to control random changes in input and output 

power. The battery compensated for high-frequency 

fluctuations in power demand, whilst the electrochemical 

cell and fuel cell handled the remaining low-frequency 

ones. 

 

F. Inertia 

Proper levels of system (physical) inertia allow operators 

to maintain a stable frequency. However, with less 

synchronous generation connected to the system, the level 

of inertia available to the system decreases. 

The inertial response provided by large rotating masses 

provides the response time for the system operator to take 

balancing actions. In the event of a power disturbance or 

imbalance, system operators with low (physical) inertia in 

their system would have less time to react due to a larger 

change in frequency. 

Since inertia is provided to the system by the rotating 

masses of synchronous machines, technologies connected 

to the power system through power electronics converters 

are electrically decoupled from the grid and therefore do 

not naturally contribute to the inertia of the system. For this 

reason, all the technologies explained above cannot 

contribute to the system (physical) inertia, as they do not 

have rotatory parts, except Hydrogen Gas Turbines, which 

may function with green hydrogen obtained from 

renewable sources as part of the PtG concept. With the use 

of these turbines, a great amount of physical inertia can be 

sustainably added to the grid as hydrogen can be obtained 

with electrolysis with surplus renewable generation.  

Various companies are working on hydrogen gas turbine 

prototypes. One of the most advanced ones is General 

Electric, [16], which currently has prototypes that can work 

with 100% hydrogen. Other companies such as Siemens, 

[47] or Mitsubishi, [48], are currently developing 

prototypes that can work with a 75% and 30% hydrogen-

Natural Gas mix and are expected to be working with 100% 

hydrogen by 2030.  

 

4. Conclusion 
It could be said that hydrogen has a bright but uncertain 

future, as hydrogen competes directly with other energy 

storage technologies. Nonetheless, fossil-based hydrogen, 

hydrogen obtained by reforming natural gas, represents 

most of the hydrogen produced currently. To change this 

trend, global investments in electrolysers have recently 

increased considerably. On the other hand, renewable and 

low-carbon hydrogen are not yet cost-competitive 

compared to fossil-based hydrogen. 

To solve this issue, Europe has developed “A hydrogen 

strategy for a climate-neutral Europe”, [2], where present 

tendencies and future steps are analyzed. The priority of the 

EU is indeed to increase renewable hydrogen generation as 

much as possible in the coming years. To this cause, 

Europe has made considerable efforts and investments 

towards the improvement of the electrolysers, whose costs 

have already been reduced by 60% in the last ten years. 

Table I. – Hydrogen Technologies to provide flexibility services 

 

Hydrogen Technologies to provide flexibility 

Technology/ 

Flexibility 

service 

Electrolysers, [3] 

Hydrogen as 

Energy Storage, 

[4] 

Power to 

Gas,[5] [6] 

Hydrogen-

Powered Boilers, 

[20] 

Hydrogen Fuel 

Cells, [7] [8] 

Grid Congestions Yes,  [23], [24] 
Yes (**), [25], 

[26], [28], [29]   

Yes, [24], [26], 

[27], [28] 
Yes, [30], [33] Yes, [17], [29] 

Voltage Control Yes, [3], [31] Yes (**), [39] Yes, [30], [33] Yes, [30], [33] Yes (*), [32] 

Control Island 

Operation 

Yes (*), [34], [35], 

[36], [37] 

Yes (**), [34], 

[35], [36], [37] 

Yes (*), [34], 

[35], [36], [37] 
Yes (*) 

Yes (*), [34], 

[35], [36], [37] 

Black Start No 
Yes (**), [39], 

[40] 

Yes (*), [39], 

[40] 
No 

Yes (*), [40], 

[41] 

Balancing 

Services 

Yes (*), [42], [43], 

[44] 

Yes (**),  [39], 

[46] 

Yes (*), [16], 

[47], [47] 
No 

Yes (*), [9], [37], 

[45] 

Inertia No 
Yes (**), [16], 

[47], [48] 

Yes (*), [16], 

[47], [48] 
No No 

 

Note: “Yes” means that there is a direct capacity of the resource to provide the service; “No” means that there is no direct capacity of the resource to 

provide the service; “Yes (*) means that the capacity of the resource may be partial or conditioned to future technological developments, “Yes(**) 

means that it is conditioned how the energy storage is used, gas or electricity, and how it is converted. 
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In addition to storing energy, hydrogen also possesses 

some unique characteristics that make it more suitable for 

certain situations and can help solving grid instability 

issues due to the intermittent nature of renewable energies. 

In this paper, a review of both academic and industrial 

works on hydrogen technologies, as well as flexibility 

services has been provided. Then, all references have been 

gathered in Table I, in such a way as to highlight the 

correlation between all hydrogen-based technologies and 

the flexibility services that they are capable of providing. 
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