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Abstract -In this paper, a brief review on technologies of electrolyser 

fed by renewable energy sources and specially by wind turbine to 

produce the hydrogen is presented. Indeed, one of the most 

developed technologies of renewable energy is wind energy to be 

integrated into power grids. However, wind power generation is 

highly dependent on weather conditions and so the intermittent 

production of electricity by wind turbines should be managed. 

Energy storage system may be a good solution in order to deal with 

their stochastic operation. Based on a brief review, this study 

reveals the potential role of hydrogen as a multifunctional storage 

application for wind energy among the different solutions. Clean 

hydrogen can be produced by a simple process of converting 

electricity into gas by water electrolyser, especially in regions which 

have potential in renewable energies. The capability of electrolysis 

could potentially answer the variable electrical load demand of the 

station by using of on-site hydrogen tanks because hydrogen can be 

stored and used when it is needed.  

 

Keywords-Hydrogen; Wind energy; Water electrolyser; Energy 
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I. INTRODUCTION 

  Primary energy consumption increases by about 2% per year 

and most energy is derived from fossil fuels, which has 

accelerated global warming as well as other elements of climate 

changes [1]. Multiple actions such as political decisions and 

technical solutions are needed to enable a rapid transition to a 

free CO2 production. According to the Paris Agreement adopted 

by consensus in 2015, a global transition to renewable and low-

carbon energy technologies is mandatory [1]. Among renewable 

energy technologies, offshore wind turbine is the most cost-

effective and one of the industrially mature renewable energy 

sources. This technology has undergone outstanding 

development in recent years, with wind farms rated up to 1000 

MW [2]. Wind power generation is weather-dependent and so, 

there are a large quantitative and temporal gap between 

electricity supply and the energy demand. Thus, to optimize the 

use of wind energy, it may be necessary to use energy storage 

technologies with the wind energy conversion system [3]. More 

precisely, to achieve an optimize integration of wind energy, it 

is necessary to have the possibility to store excess energy. Figure 

1 shows some technologies available for energy storage. While 

some technologies such as supercapacitors or flywheels are used 

to store a small amount of energy (up to 10 MW) for a short time 

(up to an hour) and release it quickly, it is necessary to use other 

technologies with the wind energy conversion system such as 

compressed air energy storage (CAES), pumped hydro energy 

storage (PHES) or hydrogen [3]. So far, the most common way 

to store large amounts of energy is PHES. The main 

disadvantage of this  

 
 

Figure 1. Current energy storage methods: SMES1: Superconducting 
Magnetic Energy Storage, PHES2: Pumped Hydro Energy Storage [3] 

 

technology is that it requires specific geographical features for 

installation. Currently, hydrogen production is gaining 

prominence due to its energy density, high energy capacity and 

transportability [2]. In this paper, a brief review of hydrogen 

technology including the hydrogen production by electrolysers 

is presented and some research studied and industrial projected 

are mentioned. 

II. HYDROGEN PRODUCTION SYSTEMS 

     Hydrogen has the highest energy content of conventional 

fuels per unit weight, i.e. the energy content of hydrogen is about 

three times that of gasoline [4]. In recent years, interest in 

production of hydrogen has increased. That is expected to play a 

major role in the world's current transition to a cleaner and more 

environmentally friendly place. Hydrogen is not a primary 

energy source, but an energy carrier capable of storing energy 

and delivering it whenever needed. Green hydrogen (i.e. 

hydrogen produced from renewable energy sources) has a great 

potential as it connects renewable electricity to a wide range of 

applications where direct electrification is not needed [5]. 

Hydrogen has been produced by electrolysis of water since the 

19th century. However, today the share of hydrogen produced 

by water electrolysis on a global scale is limited. If the electricity 

is produced from renewable sources, hydrogen can be produced 

with almost zero carbon emissions. The production of hydrogen 

by electrolysis of water is therefore called upon to play an 

important role in the process of energy transition [6].  

 

A. Water electrolysis 

Water electrolysis from renewable resources is currently the 

most practical process for the production of hydrogen in 

industrial scales [7]. It is the process in which an electrical 
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voltage is applied into electrodes to break down water's molecule 

into its components [8]. The produced oxygen is transported and 

is eliminated from the cell. Indeed, protons produced from the 

oxidation reaction which occurs at the anode are transported 

through a membrane towards the cathode. Then, they are reduced 

to molecule of hydrogen according to the reduction reaction. The 

overall chemical reaction is given by equation 1 [9]: 

 

��� →   
�
�  �� � ��                           (1) 

 

B. Electrolyser Technologies 

 

There are different technologies for the electrolysis of water. 

In general, methods of producing hydrogen by electrolysis can 

be divided into three categories based on different electrolytes, 

including alkaline electrolysis, proton exchange membrane 

(PEM) electrolysis, and solid oxide electrolysis (SOE) [10] 

which are explained and compared in follows. 

 Alkaline electrolyser 

    Production of hydrogen by Alkaline Water Electrolysis (AWE) 

is now a well-established technology and electrolysis plants with 

electrical power up to one megawatt (MW) are commercially 

available [11,12]. Alkaline electrolyser operates at a current 

density of 0.2 to 0.4 A/cm2. The energy consumption is 

approximately 4.5 to 5.5 kWh/Nm3 of produced hydrogen. The 

efficiency of this process is 50% to 60% and the purity of the 

produced hydrogen is 99.5% to 99.9%. The main challenges of 

this process are the low load efficiency and the slow response 

time, so this technology does not easily adapt to renewable 

energy fluctuations [10,12,13]. The reversible cell voltage was 

expressed by equation (2). 

 

�	
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Where F is the Faraday constant (equals to 96485C/mol), T (in 

Kelvin) is the operating temperature, R is the universal gas 

constant (equals to 8.314 J/mol.K), Pa/c (in bar) is the 

anode/cathode operating pressure, PV,KOH (in bar) is the vapor 

pressure of the KOH solution and aH2O.KOH is the water activity 

of the KOH solution [14,15]. The term Vrev(T, P0) corresponds to 

the reversible voltage as a function of temperature in the standard 

reference pressure (1 bar) [14]. Figure 2 shows a typical voltage-

current characteristic for a 5kW electrolyser [17]. 

The activation potentials at the anode and at the cathode were 

calculated from the Butler-Volmer method which is given in 

equation (3) [15]: 

�$'($ �  )�
*$+  ,ln - .

.�$
/0 
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45�67                              (3) 

 

Where αa/c is the charge transfer coefficient, i (in A/cm2) is the 

operating current density and i0 (in A/cm2) is the exchange 

current density [16]. 

The Faraday's law which includes the Faraday's efficiency 

term may be used to assess the amount of hydrogen produced by 

the electrolyser [14]. 

 
 

 

Figure 2. An example for voltage-current characteristics of a 5 kW, 33-cells 
PEMEL with an active area of 700 cm2 [17]. 

  

 Electrolyser with proton exchange membrane (PEM) 

Proton exchange membrane electrolysis is a promising 

method for converting renewable energy sources into pure 

hydrogen. The main advantages of PEM electrolyser are flexible 

operation, high current density (0.5 to 2 A/cm2) and production 

of pure hydrogen [17,18]. They can operate with a greater 

flexibility and a quick respond, making them a suitable candidate 

for use in conjunction with renewables. The main bottlenecks of 

this technology are related to its cost, the complexity of the 

system and the high requirements for water purity [11,12,19]. 

The reversible cell voltage was expressed by equation (4). 

�'
88  �  ��,
8 � ��
�� ln �� %��%5.9

� %� & � �)
: � );!. �
                     ��

1#��  ln 3 4
456 � ��
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4=>?6                       (4) 

Where )@A is the equivalent electrode and interface resistance, )B is the membrane resistance and P is the pressure [17, 20, 21, 

22]. 

The efficiency of a PEM water electrolysis cell can be 

expressed by equation (5): 

C'
88 �  CDC�                                   (5) 

With : 

CD �  �	
� �'
88E                                   (6)      

C� � 1 F ��
4  �GHI%,JKJ � 2 GHM%,JKJ!                    (7) 

 

GHI%,JKJ and 2 GHM%,JKJ  are the global rates of hydrogen and 

oxygen through the PEM membrane. In the above formula, it is 

assumed that all oxygen moving towards the cathode is 

electrochemically reduced with hydrogen generating water [14]. 

It is mentioned that the efficiency of a water electrolysis 

system can be represented by the equation 8 [17 ]: 

 

CPQ �  IIR 3STU
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In this equation, HHV is high heating value 

 

 

 Solid Oxide Electrolysis (SOE) 
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It is also a relatively new technology and it is still used on 

a laboratory scale [12]. SOE works at temperatures between 700 

and 1000◦C [11,24] which gives higher efficiencies (85% - 90%) 

than those of alkaline or PEM electrolyser due to better reaction 

kinetics. However, operation of the system at high temperature 

may lead to degradation of the materials [12,19]. 

Table 1 compares performance and maturity of the three 

hydrogen electrolysis technologies in terms of capacity, 

efficiency, cost and life of the electrolyser. From point of view 

of efficiency, SOE has the highest efficiency, followed by PEM, 

and alkaline electrolysis has the lowest efficiency [24]. However, 

alkaline electrolysis has the highest degree of industrialization 

than the other two electrolysis technologies [10]. 

Table 1. Performances and maturity of the three hydrogen 

electrolysis technologies [24] 
 

 

Comparison 

Indexes 

Electrolysis Types 

Alkaline 

electrolysis 

PEM SOE 

unit capacity 

(MW) 

≤5 ≤2 - 

Electrolysis 

efficiency (%) 

65-82 70-90 85-95 

current 

density 

(A/cm2) 

1~2 1~10 0.2~0.4 

Electricity 

consumption 

(kWh/Nm3 

H2) 

4.5~5.5 ~4.0 - 

Operating 

temperature 

(°C) 

70-90 55-80 700-900 

hydrogen 

purity (%) 

≥99.8 ≥99.99 - 

Cost 

(yuan/kW) 

1500 ＞4000 - 

Life (h) ＞90000 ＜50000 ＜1500 

degree of 

industrializati

on 

Fully 
industrialized 

Special 
applications, 

commercializati

on starts 

still research on 
lab 

 

C. Power Converters 

Hydrogen can be produced by electrolysis of water, which is 

considered the cleanest production system, especially when the 

electrolyser is fed by renewable energy sources (RES) [25]. 

Unfortunately, the electrical energy produced by RES may not 

be used directly to produce hydrogen, because the voltage 

supplied by an RES system is not adapted compared to the 

supply voltage of electrolysers [26]. Power electronics is 

therefore a key interface whose size and performance can be 

optimized to maximize economic benefits as well as 

functionality and reliability between source and load [27]. 

Therefore, power electronics (converters and/or inverters) plays 

an important role to adjust the input voltage of the electrolyser 

and the output voltage of the electrical source [27]. Usually, a 

DC-DC converter is needed to couple the electrolyser to the 

system, especially in the hybrid system [25]. Among DC-DC 

converters, Buck converters may be used to feed electrolysers 

due to their simplicity and low cost. However, these topologies 

have several drawbacks, especially from the point of view of 

current ripple, availability and conversion ratio [28]. However, 

depending on the electrical network and the characteristics of the 

electrolyser, different topologies of DC-DC converters can be 

used [25]. For example a Buck converter including a second  

 

 

Figure 3. typical structure of a hydrogen production system with different 
types of power converters [30] 

 

branch or compensation branch may be employed to minimize 

the output voltage ripple [26]. 

AC-DC power converters may be another choice for the 

flexible operation of electrolyser. However, if the electrolyser is 

coupled to the network through an AC-DC converter, special 

attention should be paid to the quality of the energy supplied to 

the cell in order to avoid additional losses [29]. 

Most of papers which deal with DC-DC converters and their 

controls for electrolysis applications only contain simulation 

results. Therefore, new contributions including experiments with 

electrolysers are needed to evaluate the real performance of the 

developed DC-DC converters and their control [26]. Figure 3 

shows a typical structure of a distributed hydrogen energy 

system with energy conversion which uses the different types of 

power converters according to the energy supply nature [30]. 

 

III.    STUDY OF AGING MECHANISMS OF ELECTROLYSERS 

 

To use clean energy sources in the electrolysis of water, 

behavior of electrolysers should be evaluated. More precisely, 

fluctuations of the renewable source effect on the life time of 

electrolysers. In [31], authors have studied how the residual 

ripples of thyristor-based power supplies influence the operation 

load of the system, and how these ripples effect on the efficiency 

of alkaline electrolyser. For this purpose, they developed a 

simulation model and then, a model which is able to minimize 

the effect of ripple on the hydrogen production of alkaline 

electrolyser was proposed.  

Paper [32] looked at the effects of ripples on the energy 

efficiency of the PEM electrolyser cell. The published results 

show that in the case of a sinusoidal current ripple and a thyristor 

bridge power supply, the average or RMS values of the voltage 

do not give a reliable estimation for the power quality. It is better 

that the waveform of voltage be monitored.   

Reference [33] has investigated the effect of power supply 

converters on the specific power consumption of a MW-scale 

alkaline electrolyser and has compared it to an ideal DC power 

supply. The simulated modifications in power consumption of 

the alkaline electrolyser stack outweigh the losses that occur in 

the rectifiers. In addition, AC voltage level may have a more 

negative effect on power consumption with thyristor-based 

rectifier than with transistor-based rectifier. 

Several studies have been carried out within the framework of 

the behavioral model of the electrolyser; however, the field  
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Figure 4. cell voltage under different operating modes: (a) constant current 
at 1 A/cm2, (b) current variations from 2 to 1 A/cm2 each 6 h, (c) current 

variations from 2 to 0 A/ cm2 each 6 h, (d) current variations from 2 to 0 A/cm2 

each 10 min. [34]. 

 

remains open for the improvement of the production of energy 

through renewable sources. For PEM electrolysis, similar results 

can be concluded. This means that efficiency of the PEM 

electrolysers decrease at low load if thyristor-based rectifiers are 

used. This point is important since PEM electrolysis is often 

presented as the electrolysis technology which is well adapted 

into flexible operation [31]. 

Reference [34] summarizes fluctuating power characteristics 

for operation and system restrictions, for efficient operating 

methods and for configurations of water electrolysers, system 

requirements, lifetime, catalyst degradation and universal 

electrolyser performance. More precisely, it describes current 

achievements and challenges related to water electrolysers to 

promote the realization of a hydrogen-based society. 

It should be mentioned that researches on start-stop operations 

of a single cell PEM water electrolyser has been clearly shown 

significant degradation on life-time. Figure 4 shows some test 

results with fluctuating power. In this figure, current variations 

from 1 to 2 A/cm2 each 6 hours or current variations from 0 to 2 

A/cm2 each 10 minutes are presented. It is shown in this paper 

that the degradation could be occurred by an increase in titanium 

porous transport layer (PTL) contact resistance and by catalyst 

degradation in cathode (e.g., increased particle size and 

agglomeration). Conversely, no performance degradation was 

observed under a constant current of 1 A/cm2 (i.e. steady mains 

supply) or during the switching between constant currents from 

0 to 2 A/cm2 each 6 hours. These results indicate that the PEM 

electrolyser can operate stably using constant power supply. 
 

IV. SOME SCIENTIFIC AND INDUSTRIAL PROJECTS IN THE 

WORLD 

As it is mentioned in above, utilization of wind energy 

which is essential for the development of a green energy system, 

may cause critical issues for the electricity grid. Indeed, the 

questions due to intermittency, fluctuation and variability of this 

resource should be answered [1]. To improve the flexibility of 

systems, production and storage of hydrogen is a good choice [1]. 

Recent researches have highlighted the importance of integrating 

hydrogen into power systems. For example, Mazloomi et al. 

discussed the prospects and challenges of hydrogen as an energy 

vector by explaining current hydrogen generation technologies 

and cost potentials [11]. Strachan et al have evaluated the role of 

hydrogen in the UK energy system with a focus on infrastructure 

[4]. Endo et al, Dodds et al, Ball et al, and Contreras et al have 

studied the decarbonization of the transport sector (especially 

road transport) in Japan, in the UK, in Germany and in Spain, 

respectively [4]. Abdin and M'erida carried out a technical and 

economic feasibility study for a hydrogen production plant for 

nine system configurations which use different renewable 

energy sources and storage technologies. The analysis was 

carried out using the HOMER software, for five different sites 

spread all over the world: United States of America (USA), 

Canada and Australia, with the aim of studying the minimum 

cost of the energy in the considered sites and systems [10]. 

Apostolou and Enevoldsen have reviewed several systems based 

on wind energy coupled with the production of hydrogen by 

electrolysis of water. The authors identified three wind/hydrogen 

applications, namely grid-connected systems, stand-alone 

applications, and transportation support systems. For these 

applications, the level cost of hydrogen varies from 0.3 to almost 

27 € per kg of produced hydrogen [6]. 

There are also the important projects which go in the same 

direction as the studies carried out in the scientific world. Some 

of them are listed in below: 

 

INGRID Project (Italy) is started in 2014. This industrial 

demonstration project includes the hydrogen production by 

electrolysis of water and renewable electricity. The hydrogen is 

then store in the solid form for the two mentioned applications: 

Converting to the electricity via a fuel cell or supplying to the 

hydrogen market. This project has a nominal capacity of 39MWh 

including a 1.2 MW hydrogen generator and solid hydrogen 

storage of more than 1 ton of hydrogen [35].  

 

H2BER project (Germany) is proposed to smooth the 

fluctuations and surplus of the Enertrag wind farm, an 

electrolyzer for hydrogen production dedicated to the fuel cells 

buses and cars running. In addition, solid hydrogen storage will 

provide the demand of electricity or heating [36]. 

 

JUPITER 1000 project (France) is a 1MW installation 

composed of two electrolyzers (PEM and Alkaline) which will 

be fed by renewable energy to produce hydrogen. It will be 

injected directly into the gas network and/or used to capture CO2 

gas in industrial chimneys to form methane. Methane will then 

be injected into the natural gas network according to the defined 

standards [37]. 

 

The objective of GRHYD project (France) is to evaluate and 

validate the injection of hydrogen into the natural gas networks 

of a new district and Hythane into a bus station (CNG) in the 

Urban Community of Dunkerque [38].  

 

The AUDI E-GAS plant: Located in Werlte (Germany) 

since 2013. An offshore wind farm in the North Sea of 4x3.6 

MW turbines feeds 3x2 MW alkaline electrolyzers to produce 

hydrogen. The required carbon dioxide is separated from the raw 

biogas of a biomethane plant [39]. 
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These projects show that researchers and governments are 

interested in issues of hydrogen energy. They also allow to see 

the big guidelines that are advanced. 

V. CONCLUSIONS 

Hydrogen can play an important role in reducing 

greenhouse gas emissions. Efforts have been made to accelerate 

the process of turning this potential into the real projects. This 

document reviews the key technologies that facilitate hydrogen 

production. The potential of hydrogen for energy storage in 

scientific researches and industrial projects is reviewed specially 

in the case in which electrolysers are fed by wind turbine. The 

improvement in the technology makes installations of green 

hydrogen electrolysers more interesting in future. However, cost 

of hydrogen production system is still not competitive. In 

addition, the efficiency and life time of electrolyser systems 

should be improved. 
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