
Abstract-This paper describes the effect of 
temperature on the production of hydrogen in a 
regenerative fuel cell (RFC). It also addresses the 
effects of the applied voltage/current on the production 
of hydrogen in a RFC. The optimum working voltage 
was found by experiments performed on a custom built 
three cell stack.   

Index Terms—Regenerative fuel cell, Temperature, 
Voltage vs. current, Optimal working voltage. 

I. INTRODUCTION

The first Fuel Cell (FC) was demonstrated in 1839 by 
William Grove. Since the 1950’s the interest in FC’s grew 
rapidly, particularly in the generation of electricity for 
spacecraft using safe, compact and relatively lightweight 
technology. The FC’s used in the early space programs 
stored the hydrogen and oxygen on-board, but it was soon 
realised that a reversible cell capable of both power 
generation and electrolysis could be the central component 
of a closed-loop system. Early proof of the reversibility of 
a FC was introduced by General Electric in 1973, when a 
FC with one cell showed that reversible operation was 
feasible without significant deterioration of the cell 
membrane and catalyst. The hydrogen generated could be 
stored for use at a later stage to generate electricity, and the 
only input to the system would be solar energy [1]. 

When the RFC is in its normal mode, hydrogen and 
oxygen can be produced by introducing water to the anode 
electrode chamber and applying a DC potential across the 
anode and cathode. This will cause the decomposition of 
the water to produce oxygen at the anode and hydrogen at 
the cathode. The chemical reaction taking place in the RFC 
mode is endothermic, meaning that it absorbs energy 
during the reaction in the form of  heat and electricity from 
the power source [2]. 

II. CHEMICAL THERMODYNAMICS A FC/RFC 
The operation of a RFC revolves around the chemical 

reaction taking place within the cell. The reactions of the 
FC and RFC modes are: 

2 (Electric+heat) 2 2(g)
1H O+Energy H + O
2

�

Gibbs energy, or the Gibbs function, is the chemical 
potential that minimises when a system reaches equilibrium 
at a constant pressure and temperature. The Gibbs energy 
equation is given by [3]: 
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Where: 
oG� ≡    Gibbs standard free energy ( kJ.mol-1 ) 

R   ≡ Universal gas constant ( 8.314 J.mol.K-1) 
T ≡  Absolute temperature in Kelvin ( K )  

m n
M NP P ≡ Pressure of reactants in kPa 
a b

A BP P ≡   Pressure of products in kPa 

The enthalpy ( H� ) (being the preferred expression of 
the system energy) changes in many chemical, biological, 
and physical measurements, because it simplifies certain 
descriptions of energy transfer. This is because a change in 
enthalpy takes into account the energy transferred to the 
environment through the expansion of the system under 
study. The total enthalpy of a system cannot be measured 
directly. Thus, a change in enthalpy, is a more useful 
quantity than its absolute value. The change in enthalpy is 
positive in endothermic reactions, and negative in 
exothermic processes. The enthalpy of a system is equal to 
the sum of non-mechanical work and the heat supplied [3]. 
The theoretical energy required for the reaction to proceed 
can be expressed through the following equation:           

H G T S� � � � �

Where: 
H� ≡ Enthalpy change of reaction 
S� ≡ Entropy change 

T ≡  Absolute temperature in Kelvin ( K )  

Standard temperature and pressure (STP) are standard 
sets of conditions for experimental measurements, to allow 
for comparisons to be made between different sets of data. 
Under STP, the enthalpy change of reactions based on 
liquid water is H� = 285.8 kJ/mol. The corresponding 
change in Gibbs free energy at STP is G� = 237.2 kJ/mol 
[4]. In other words 237.2 out of 285.8 kJ/mol (or 83 %) of 
the minimum energy required to electrolyse liquid water 
under standard conditions must come from electricity. The 
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other 17% could theoretically be supplied by heat or by 

electricity. International Standard Metric Conditions for 

natural gas and similar fluids is 273.15 K and 100 kPa [5]. 

Two distinct cell voltages can be calculated from the 

change in Gibbs free energy and the reaction enthalpy. The 

first is called the reversible voltage ( oE ) where F is 

Faraday’s constant (96485 Coulombs/mole) and is 

calculated as follow:  

 V
2
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The second one is called the thermoneutral cell voltage 

( tnE ) given as: 

 V
2
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The minimum voltage necessary for the RFC electrolysis 

process is oE . If the supply voltage to the RFC is above 
tnE then the process becomes exothermic, meaning that 

heat is generated inside the RFC and all the energy 

required comes from electricity. When the RFC is operated 

between oE and tnE , the process is endothermic and part 

of the energy required for the electrolysis operation comes 

from heat [5]. The oE and tnE of the RFC will be 

calculated under STP conditions and the values of G� and 

H� are found on the list of thermodynamic properties of 

various substances [6]. 
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At temperatures higher than 100ºC, the water will have a 

lower free energy value as steam will form. If the 

temperature changes, the Gibbs free energy will also 

change. The following calculation proves that if the 

temperature increases the required potential for the 

electrolysis process will subsequently decrease: 

2

o GE
F

���

(228200)

2(96485)

oE ��

1.183 VoE �

The voltage required by a RFC for the decomposition of 

water is theoretical 1.229V, but there are a number of over-

voltages active on each of the electrodes. This will 

influence the voltage value as it will oppose the current 

flow or prevent the reactants/products from reaching the 

active catalyst sites. The voltage necessary for the 

decomposing of water for the RFC thus increases to a 

much higher value of 1.5 V where gas molecules are 

produced [7].  

III. EFFECT OF TEMPERATURE ON THE RFC 

The temperature at which the reaction takes place to 

produce hydrogen has an effect on the rate of the reaction. 

Higher temperatures will increase the rate at which the 

reaction takes place, but are only effective up to 100°C. 

Below freezing point, the reaction will not occur owing to 

the fact that the water molecules inside the membrane 

freezes, and no proton conduction can take place [7].  

In the thesis of Aksakal [8] it was observed that an 

increase in temperature of the RFC decreased the potential 

required to maintain a constant current. The RFC was 

tested at 30°C, 40°C and 50°C. Figure 1 shows the results 

obtained by Aksakal [8]. 

Figure 1 Effect of temperature on the RFC 

From the graph it is clear that increasing the operating 

temperature of the RFC decreases the supply voltage which 

is required to maintain a constant current.  

IV. EXPERIMENTAL SETUP

A three cell RFC stack was constructed and used for 

experimental purposes. A complete RFC rig was also 

constructed (Figure 2) in order to test the operation of the 

RFC. The block diagram of the experimental setup is 

shown in Figure 3. A 15 V 10 A variable DC supply was 

used along with distilled water, as normal water would 

cause contamination of the Membrane Electrode Assembly 

(MEA). The indirect tank-in-tank water heating method 

was used to heat the distilled water for the RFC. The 

reason for choosing the indirect method to heat the water is 

to prevent contamination. If the distilled water is 

contaminated, the MEA of the RFC will be damaged and 

its lifetime will be shorten dramatically. The tank-in-tank 

method was found to be highly effective with no 

contamination occurring. The temperature of the water 

used to heat the distilled water was controlled by a Carel 



temperature controller. A Ritter flow meter was used to 
measure the flow of the produced hydrogen. 

Figure 2 Picture of RFC test rig 

Figure 3 Experimental setup 

V. EXPERIMENTS RESULTS

A. Effects of temperature on the RFC 
The Carel temperature controller was set to the desired 

temperature in order to switch the element in such a way so 
as to increase the temperature of the water. The 
temperature of the distilled water increased accordingly. 
The initial temperature of the distilled water was close to 
room temperature (20ºC). The water was pumped through 
the RFC at a constant rate and at a constant stack voltage 
of 5.34 V. The supply voltage of the experiment must fall 
within the RFC operating voltage limits (minimum voltage: 
1.5 V per cell: 3 x 1.5 V = 4.5 V // maximum voltage: 2.02 
V per cell: 3 x 2.02 V = 6.06 V). It must further be kept 
constant as the voltage has an effect on the current and the 
flow of 2H  produced.   

After the voltage was applied to the RFC, it was left for 
about 5 min in order for the current to stabilise. After 5 
min, the first set of measurements were taken for 20ºC and 
then the Carel temperature controller was set to 30ºC. 
When the distilled water reached 30ºC, the second set of 
measurements were taken. The temperature was increased 
by increments of 10ºC until it reached 70ºC. Higher 
temperatures were not conducted as the MEA and 
component failure occurred at such high temperatures. The 
measurements recorded included the current drawn by the 
RFC at 5.34 V and the flow of 2H  produced. The results of 
the experiments are given in Table 1; from the data in the 
table the graph flow of 2H  produced vs. temperature 
change was plotted as shown in Figure 4.  

It is clearly noted that an increase in temperature will 
increase the current drawn by the RFC (seen in Table 1). 

When the current drawn by the RFC increases, the flow of 
2H  produced also increases. Thus a conclusion can be 

made that if the operating temperature of the RFC is 
increased, the flow of 2H  produced will also increase, 
although the stack voltage remained constant. 

Table 1 Effect of temperature 
Temperature 
(ºC) 

Voltage 
of stack 
(V) 

Current of 
stack (A) 

Flow of H2
produced (l/h) 

20 5.34 6.5 11.02 
30 5.34 8 14.02 
40 5.34 9.7 16.36 
50 5.34 11.3 20 
60 5.34 12.3 21.6 
70 5.34 13.3 22.98

Figure 4 Flow of H2 produced vs. temperature 

B. Optimised working voltage 
The water pump supplied the RFC with distilled water. 

The temperature of the water passing through the RFC was 
kept constant at 34ºC. The temperature of the RFC used in 
this experiment must remain within its operating range and 
be kept constant. This is due to the fact that the 
temperature has an effect on the current and flow of 2H
produced. A constant voltage of 5.1 V (voltage per cell x 3 
= Stack voltage : 1.7 V x 3 = 5.1 V) was supplied to the 
RFC for a time period of 5 min in order for the stack 
current to stabilise. A voltage of 5.1 V was chosen to 
enable the current to stabilize, as this voltage is more than 
the required RFC decomposing voltage. The voltage of 
each cell was measured between two adjacent bipolar 
plates. The stack voltage was measured between the anode 
and cathode supply connection to the bipolar plate. A 
current meter was connected in series to confirm the 
reading on the power supply’s panel meter. The voltage 
was then decreased after 5 min to the minimum voltage of 
3.94 V. The stack voltage was then increased by 0.15 V 
increments, that resulted in an increase of the cell voltage. 
Table 2 shows the results. Figure 5 shows the graphical 
representation of the flow of 2H  produced vs. voltage and 
current vs. the voltage. 



Table 2 Stack voltages 
Stack 
Voltage 
(V) 

Voltage 
per 
Cell 
(V) 

Stack 
Current 
(A) 

Temperature 
(ºC) 

Flow of 
H2
produce
d (l/h) 

3.94 1.3 0.0 34 0.0 
4.07 1.35 0.0 34 0.0 
4.21 1.4 0.2 34 0.0 
4.34 1.45 0.6 34 0.0 
4.5 1.5 1.5 34 1.9 
4.65 1.55 2.8 34 4.2
4.83 1.6 4.5 34 7.1
5.05 1.65 5.7 34 9.5 
5.25 1.7 6.9 34 11.4 
5.38 1.75 7.5 34 12.4 
5.5 1.8 8.2 34 13.5 
5.65 1.85 9.0 34 14.8 
6 1.9 10.2 34 15.7 
6.06 1.93 11.0 34 17.2

Figure 5 Flow of H2 and current vs. stack voltage 

The efficiency of the RFC under STP can be calculated 
using the following equation [5]: 

100 %hydrogenE
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Where: 
E� ≡  Efficiency of the RFC (%) 

2HV ≡  The flow rate of 2H produced in mole 
HVV ≡   Higher heating value of hydrogen (142 MJ/kg                 
                    at 25°C) 
V ≡  RFC supply voltage (V) 
I ≡  Current drawn by the RFC (A) 
t ≡  Time in seconds (s) 

To calculate the efficiency, the flow rate must be 
converted from l/h to mole/h. At STP, 1 mole of gas is 
equal to 22.4 l. For example 9.5 l/h becomes 0.42 mole/h. 
The time must also be converted into seconds, 1 hour 

equals 3600 seconds. The RFC efficiencies of the different 
stack voltages were calculated using the data in Table 2. 
Shown below is an example of the calculation done for the 
stack voltage of 5.05 V : 

2 .
100 %

. .
E HV HVV

V I t
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3(0.42)(1.42 10 ) 100 %
(5.05)(5.7)(3600)

E �� � �

56.85 %E� �

The efficiencies of the different stack voltages are shown 
in Table 3. The graph of the efficiency vs. voltage and 
current vs. voltage is shown in Figure 6. As seen in Figure 
6, the efficiency peaked at a stack voltage of 5.05 V. If a 
stack’s voltage is greater or less than 5.05 V, the efficiency 
of the RFC will decrease.  

                      Table 3 RFC efficiency data 
Stack 

Voltage 
(V) 

Stack 
Current (A) 

Flow (mol/h) Efficiency 
(%) 

3.94 0 0 0
4.07 0 0 0
4.21 0.2 0 0 
4.34 0.6 0 0 
4.5 1.5 0.08 46.75 
4.65 2.8 0.18 54.56 
4.83 4.5 0.31 56.26 
5.05 5.7 0.42 56.85 
5.25 6.9 0.51 55.53
5.38 7.5 0.55 53.77
5.5 8.2 0.60 52.48 
5.65 9.0 0.66 51.2 

6 10.2 0.70 45.12 
6.06 11.0 0.77 45 

Figure 6 Efficiency and current vs. voltage of the RFC 

VI. CONCLUSIONS

The results showed that the operating temperature of the 
RFC had an effect on the production of hydrogen (and the 
current drawn) by the RFC. It was found that if the 



operating temperature of the RFC was increased, it 

improved the flow rate of hydrogen produced and 

simultaneously increased the current drawn by the RFC. 

It was also determined that the optimum voltage of a 

single cell RFC is 1.68 V. For a three cell RFC the 

optimum voltage would be 5.05 V. It was noticed that if 

the current drawn by the RFC increased, the hydrogen 

production also increased. The efficiency of the three cell 

RFC stack was the highest at 5.05 V being equal to 56.85 

%. If the voltage were to be increased beyond 5.05 V, more 

hydrogen produced, but the overall efficiency will 

decrease. Thus, the voltage of this three cell RFC must be 

fixed at 5.05 V for optimum operation. 

VII. REFERENCES

[1] F. Mitlisky, A.H. Weisberg, P.H. Carter, M.D. Dittman,            

B. Myers, R.W. Humble, J.T. Kare, “Water rocket – 
Electrolysis propulsion and fuel cell power”, In 

American Institute of Aeronautics Space Technology 

Confrence and Exposition, 1999. 

[2] S. Rabih, O. Ralliers, C. Turpin, S. Astier, 

“Experimental study of a PEM reversible fuel cell”, 8
th

 WSEAS International Conference, September 2008. 

[3] C. Lee, “Enthapy of formation and enthalpy of 

combustion”, [Online] Availible at: 

<web.me.unr.edu/me372/Spring2001/Enthalpy.pdf>, 

Accessed:10/06/2010. 

[4] J. Larmine, A. Dicks, “Fuel cell systems explained”,       

Sussex: John Wiley and Sons, 2003, pp 31-33. 

[5] A.K. Doddathimmaiah, “The use of PEMunitised  
regenerative fuel cells in solar-hydrogen systems for 
remote area power supply”, School of Aerospace, 

Mechanical and Manufacturing: RMIT, 2006, pp. 28-31. 

[6] M.J. Moran, H.N. Shapiro, D.D. Boettner, M.B. Bailey,  

“Fundamentals of engineering thermodynamics 7th

edition”, USA: John Wiley & Sons Inc., 2009, pp 123. 

[7] F.K. Swanepoel, “Design of a Unitized Regenerative  
Fuel Cell System for Remote  Telecommunications 
Appilcations”, Vanderbijlpark: Vaal University of 

technology, 2005, pp14, pp74-77. 

[8] Z.C. Aksakal. “Hydrogen production from water using  
solar cellspowered nafion membrane electrolyzers”, 
Dzmir Institute of Technology, 2007, pp 49-50. 

VIII. BIBLIOGRAPHY 

[9] E. Chen. History, “In HOOGERS, G. ed. Fuel cell  
 technology handbook”, Florida:CRC press. 2003.

[10] C.A. Grimes, O.K. Varghese and S. Ranjan. “Light, 
Water, Hydrogen,” New York: Springer, 2008 

[11] S. Basu. “Recent Trends in fuel Cell Science and 
Technology”, New Delhi, India: Anamaya Publishers, 

2007. 

[12] K. Kordesch, G. Simader. “Fuel cells and their  
applications”, Weinham:VCH, 1996. 

Malan van Tonder received his M Tech degree in 2012 from the 

Vaal University of Technology and is presently studying towards 

his D Tech degree at the same institution. As a Telkom of 

Excellence student the research manly focuses on Rapid 

Prototyping. 


