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Abstract. Renewable energy sources are the proper way to protect and preserve the natural re-

sources of the only planet we inhabit. The fuel cell is an interesting solution in the field of renewable 

energy sources. These devices convert the chemical energy from hydrogen and oxygen into electrical 

and thermal energy.  The present paper, therefore, focuses exclusively on their ability to generate 

electricity, their energy efficiency, quiet mode of operation, and environmental compatibility.  The 

polymer electrolyte membrane fuel cell coverts the energy at high density of power. The weight and 

cost of this cells are lower than the other kind of fuel cell. A reversible proton exchange membrane 

fuel cell is a kind of PEM fuel cell. It can operate in two modes - fuel cell mode and electrolyzer 

mode. Presented in the current paper are the experimental studies conducted into the operation of 

the fuel cell in electrolyzer and fuel cell mode. The relevant parameters and characteristics obtained 

from experiments are analyzed in relation to the mode of operation. 

 

Keywords: fuel cell, mode, proton exchange membrane, electrolyze, polymer electrolyte mem-

brane 

1 Introduction 

Renewable energy sources are the proper way to protect and preserve the natural resources of the 

only planet we inhabit. The development, improvement and increase of the reliability of the systems for 

production of electricity from renewable energy sources will remain a topical issue, constantly evolving 

and ever-changing. The diversity of design solutions and the combined sharing of different types of 

renewable energy sources is undoubtedly immense. An interesting solution in the field of renewable 

energy sources are fuel cells. From their invention in the 19th century to the present, their design solu-

tions have undergone many changes (Mitzel et al, 2021). Until recently, the cost of producing fuel cells 

was too high to be widespread. Of course, all this is gradually changing in recent years, when new 

developments of fuel cells with cheaper and more practical design have appeared. 

Fuel cells are devices that convert chemical energy directly into electrical and thermal energy. The 

present paper focuses exclusively on their ability to generate electricity, their energy efficiency, quiet 

mode of operation, and environmental compatibility.  

Recognised, so far, despite the ongoing extensive research, are more than 20 types of fuel cells (Giap 

et al, 2022), (Mitzel et al, 2021), (Ou et al., 2021), (Sharaf & Orhan, 2014) and the most popular and 

widespread, in view of their technical parameters, are (Akinyele et al., 2020) – polymer electrolyte 

membrane fuel cell (PEMFC), alkaline fuel cell (Gülzow & Schulze, 2008), phosphoric acid fuel cells 

(Fuller & Gallagher, 2008), solid oxide fuel cells (Alaswad et al., 2022), molten carbonate fuel cells 

(Rexed et al., 2015) and direct methanol fuel cells (Joghee et al., 2015).   

The polymer electrolyte membrane fuel cell converts the energy at high density of power. The weight 

and cost of these cells are lower than the other kind of fuel cells (Kui & Xianguo, 2011), (Munroe & 

Cheddie 2006), (Peng et al., 2007). 

A reversible proton exchange membrane fuel cell (PEM RFC) is a kind of PEM fuel cell. It can 

operate in two modes - fuel cell mode and electrolyzer mode (Rabih et al., 2008).  In the fuel cell mode, 

an PEM FC generates electrical and thermal energy from hydrogen and oxygen and produces water 

according to the following chemical equation: 
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2𝐻2 + 𝑂2 = 2𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 (1) 

 

In the electrolyzer mode, a fuel cell absorbs energy to divide water into hydrogen and oxygen, ac-

cording the following equation: 

 

2𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 = 2𝐻2 + 𝑂2 (2) 

 

The aim of the paper is to conduct a detailed study into the PEM RFC. Fully examined, to that effect, 

is the operation of the fuel cell in two modes – electrolyze mode and fuel cell mode. The parameters and 

characteristics of the device are analyzed in respect to the operation mode. 

2 Experiment 

The experiment was realized with the PEM Reversible Fuel Cell shown in Figure1. The technical 

specifications of the cell are given in Table 1.  

 
Fig.1. PEM Reversible Fuel Cell 

 
Table 1. Technical Data of PEM Fuel Cell. 

Fuel Cell Input Voltage Input Current Output Voltage Output Current Power 

RFC 1.8-3V 0.7A 0.6V 0.360A 0.210 W 

 

The experiment was conducted in two modes – electrolyze and fuel cell mode.  

The first part of the experiment was performed in the electrolyze mode. The supply voltage for the 

electrolyze process was ensured with stabilized DC source PSP1405. It can be observed that the voltage 

changes in 1.8-3.0V range.  For every step of the voltage range the electrolyze process produce 10ml H2 

and 5ml O2. The block diagram for the electrolyze mode is shown in Fig.2. 

 

PSP 1405FUEL CELL

AIR

+-
H2 O2 

~220V

 

Fig.2. Electrolyze mode block diagram. 
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In order to calculate the total efficiency of the electrolyzer, it is measured and reconciled by the 

parameter MMW (Streblau et al., 2014), which describes the volume of produced gas in milliliters per 

time in minutes and the power needed for the production in watts. Formula (3) represents the equation 

applied. 

𝑀𝑀𝑊 =
𝑉

𝑡. 𝑃
         (3) 

The second part of experiment was performed in fuel cell mode. The generated electricity was in-

sured with the produced oxygen and hydrogen from the electrolyze mode. The block diagram for the 

electrolyze mode is shown in Fig.3. The process is finished when the fuel cell converts 4ml H2 and 2ml 

O2. The amount of converted gases in electricity is relative to the possibility of extracting the gases from 

the containers back into the cell. 

 

RENEWABLE 
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V, A, W

FUEL CELL RL

AIR

+-
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H2 O2 

 

Fig.3. Fuel cell mode block diagram. 

3 Experimental Results  

Described in the figures below (Fig, 4,5,6,7) are the characteristics for the electrolyze and fuel cell 

modes. For the electrolyze mode the following characteristics are analyzed– duration of electrolysis 

process, the electrical power and energy, and MMW with regard to the supply voltage of the cell. 

 

  

Fig. 4. Electrical Energy as to the supply voltage in 

electrolyze mode 
Fig.5. MMW as to the supply voltage in electrolyze 

mode 
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Fig. 6. Electrical Energy as to the supply voltage in 

electrolyze mode 
Fig.7. MMW as to the supply voltage in electro-

lyze mode 

 

The starting supply voltage of the cell in electrolyze mode is 1.8V, which, in turn, defines the initial 

point for supply voltage range. Clearly, from the characteristics obtained, the higher the voltage, the 

shorter the duration of the process. Correspondingly, an increase in the electrical power triggers a de-

crease in the electrical energy.   

Explored, as for the fuel cell mode, are the electrical voltage, electrical current, the electrical power 

and electrical energy relative to the duration of the fuel cell mode (Fig.8,9). The maximum energy 

change is noticed at 2.21V. The MMW increases throughout the entire range of the voltage and its 

maximum is obtained at the end of that range. 

 

  

Fig.8. Variation of voltage and current. 
Fig.9. Variation of electrical power and energy. 

4 Conclusions 

The study of the PEM RFC, proposed hereto, is conducted in two modes – electrolyze and fuel cell 

mode. The electrolyze mode is capable of producing a certain amount of gas. The characteristics ob-

tained refer to the electrical power and energy, the electrolyze process duration and the efficiency of the 

process. The efficiency of the process is defined by the MMW parameter. 

The fuel cell mode is realized with the oxygen and hydrogen produced from the electrolyze mode. 

Account is taken of the following characteristics – voltage variation, current variation, electrical power 

variation and energy variation with the process of duration being determined by the part of the produced 

gases. It has been found, however, that the consumption of the entire amount of gases obtained in the 

electrolyze mode is practically unfeasible due to the pressure exerted on the gas cylinders.  The average 

fuel cell mode efficiency is 14% based on the consumed energy from the electrolyze mode.   

0

50

100

150

200

250

1.50 1.75 2.00 2.25 2.50 2.75 3.00

E,
 J

U, V

Electrolyze mode 

0.0

0.1

0.2

0.3

0.4

0.5

1.50 1.75 2.00 2.25 2.50 2.75 3.00

M
M

W
, m

l.W
/m

in

U, V

Electrolyze mode 

0.0

0.2

0.4

0.6

0.8

0 100 200 300

U
, V

; I
, A

t, sec

Fuel Cell Mode

U I

0.00

0.05

0.10

0.15

0.20

0 100 200 300

P
, W

; E
, J

t, sec

Fuel Cell Mode

P E

https://doi.org/10.29114/ajtuv.vol6.iss1.263


 

 

https://doi.org/10.29114/ajtuv.vol6.iss1.263  

Vol. 6 Issue 1 (2022)  

ISSN 2603-316X (Online) 
Published:   2020-07-30  

 

 Page | 32  

 

   

Acknowledgments 

This paper is developed within the framework of the project „ Investigation of Fuel Cell Operation for Elec-

tricity Production " – KD1/2021, at Technical University of Varna. 

References 

Alaswad, A., Baroutaji, A., Rezk, A., Ramadan, M., & Olabi, A. G. (2020). Advances in Solid Oxide 

Fuel Cell Materials. In Encyclopedia of Smart Materials (pp. 334-340). Elsevier. 

https://doi.org/10.1016/B978-0-12-803581-8.11743-6 

Akinyele, D., Olabode, E. & Amole, A. (2020). Review of Fuel Cell Technologies and Applications 

for Sustainable Microgrid Systems. Inventions, 5(3), 42.                                                         

https://doi.org/10.3390/inventions5030042 

Cheddie, D. & Munroe, N. (2006). Three dimensional modelling of high temperature PEM fuel cells, 

Journal of Power Sources, 160(1), 215-223.                                              

https://doi.org/10.1016/j.jpowsour.2006.01.035 

Fuller, T. F., & Gallagher, K. G. (2008). Phosphoric acid fuel cells. In Materials for fuel cells (pp. 

209-247). Woodhead Publishing.                                           

https://doi.org/10.1533/9781845694838.209 

Giap, V.-T., Lee, Y.D., Kim, Y. S., Bui, T. & Ahn, K. Y. (2022).  New definition of levelized cost of 

energy storage and its application to reversible solid oxide fuel-cell. Journal of Energy, 239, 

Part C, 15 January 2022, 122220.                                                                  

https://doi.org/10.1016/j.energy.2021.122220 

Gülzow, E., & Schulze, M. (2008). Alkaline fuel cells. In Materials for Fuel Cells (pp. 64-100). 

Woodhead Publishing.                                                      

https://doi.org/10.1533/9781845694838.64 

Joghee, P., Malik, J. N., Pylypenko, S., & O’Hayre, R. (2015). A review on direct methanol fuel cells–

In the perspective of energy and sustainability. MRS Energy & Sustainability, 2. 

https://doi.org/10.1557/mre.2015.4 

Kui, J. & Xianguo, L. (2011). Water Transport in Polymer Electrolyte Membrane Fuel Cells. Progress 

in Energy and Combustion Science, 37(3), 221-291.  

https://doi.org/10.1016/j.pecs.2010.06.002. 

Mitzel, J.,Zhang, Q., Gazdzicki, P., & Friedrich, K. (2021). Review on mechanisms and recovery pro-

cedures for reversible performance losses in polymer electrolyte membrane fuel cells. Journal 

of Power Sources, 488, 22937.                                       

https://doi.org/10.1016/j.jpowsour.2020.229375 

Ou, M., Zhang, R., Shao, Z., Li, B., Yang, D., Ming, P., Zhang, C. (2021). A novel approach based on 

semi-empirical model for degradation prediction of fuel cells, Journal of Power Sources. 488, 

229435.                                                                                                         

https://doi.org/10.1016/j.jpowsour.2020.229435 

https://doi.org/10.29114/ajtuv.vol6.iss1.263
https://doi.org/10.1016/B978-0-12-803581-8.11743-6
https://doi.org/10.3390/inventions5030042
https://doi.org/10.1016/j.jpowsour.2006.01.035
https://doi.org/10.1533/9781845694838.209
https://doi.org/10.1016/j.energy.2021.122220
https://doi.org/10.1533/9781845694838.64
https://doi.org/10.1557/mre.2015.4
https://doi.org/10.1016/j.pecs.2010.06.002
https://doi.org/10.1016/j.jpowsour.2020.229375
https://doi.org/10.1016/j.jpowsour.2020.229435


 

 

https://doi.org/10.29114/ajtuv.vol6.iss1.263  

Vol. 6 Issue 1 (2022)  

ISSN 2603-316X (Online) 
Published:   2020-07-30  

 

 Page | 33  

 

Peng, J., Shin, J. & Song, T. (2007). Transient response of high temperature PEM fuel cell. Journal of 

Power Sources, 179, pp. 220-231.                                                         

https://doi.org/10.1016/j.jpowsour.2007.12.042 

Rabih, S., Rallieres, O., Turpin, C. & Astier S. (2008). Experimental study of a PEM Reversible Fuel 

Cell.  RE&PQJ, 1(6), 216-221.                                                                                                                  

https://doi.org/10.24084/repqj06.268 

Rexed, I., della Pietra, M., McPhail, S., Lindbergh, G. & Lagergren, C. (2015). Molten carbonate fuel 

cells for CO2 separation and segregation by retrofitting existing plants – An analysis of feasi-

ble operating windows and first experimental findings. International Journal of Greenhouse 

Gas Control, 35 pp.120-130.                         

https://doi.org/10.1016/j.ijggc.2015.01.012 

Sharaf, O. & Orhan, M., A. (2014). An overview of fuel cell technology: Fundamentals and applica-

tions. Renewable and Sustainable Energy Reviews, 32, pp.810-853. 

https://doi.org/10.1016/j.rser.2014.01.012 

Streblau, M., Aprahamian, B., Simov, M. & Dimova, T. (2014). The influence of the electrolyte pa-

rameters on the efficiency of the oxyhydrogen (HHO) generator. In 2014 18th International 

Symposium on Electrical Apparatus and Technologies (SIELA) (pp. 1-4). IEEE.   

https://doi.org/10.1109/siela.2014.6871898 

 

 

https://doi.org/10.29114/ajtuv.vol6.iss1.263
https://doi.org/10.1016/j.jpowsour.2007.12.042
https://doi.org/10.24084/repqj06.268
https://doi.org/10.1016/j.ijggc.2015.01.012
https://doi.org/10.1016/j.rser.2014.01.012
https://doi.org/10.1109/siela.2014.6871898

