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Abstract 

 

“Never before in peacetime have we faced such serious and widespread shortage of energy” 

according to John Emerson, an economist and power expert for Chase Manhattan Bank. 

Many analysts believe that the problem will be temporary, but others believe the energy gap 

will limit economic growth for years to come. A possible solution to this problem can be fuel 

cell technology. Fuel cells (FCs) are energy conversion devices that generate electricity from 

a fuel like hydrogen. The FC however, could also be used in the reverse or regenerative 

mode to produce hydrogen. 

 

The reversible fuel cell (RFC) can produce hydrogen and oxygen by introducing water to the 

anode electrode chamber, and applying a potential across the anode and cathode. This will 

cause the decomposition of the water to produce oxygen at the anode side and hydrogen at 

the cathode side. In order to make this process as efficient as possible several aspects need 

to be optimised, for example, the operation temperature of the RFC, water management 

inside the RFC and supply voltage to the RFC. 

 

A three cell RFC and its components were constructed. The three cell RFC was chosen 

owing to technical reasons. The design factors that were taken into consideration were the 

different types of membranes, electrocatalysts, bipolar plates and flow topologies. A water 

trap was also designed and constructed to eliminate the water from the hydrogen water 

mixture due to water crossover within the MEA. In order to optimise the operation of the RFC 

a number of experiments were done on the RFC. These experiments included the optimal 

operating voltage, the effect that the temperature has on the production rate of hydrogen, 

and the effect that the water flow through the RFC has on the production rate of hydrogen. 

 
It was found that there is no need to control the water flow through the RFC because it had 

no effect on the production rate of hydrogen. The results also showed that if the operating 

temperature of the RFC were increased, the energy it consumes to warm the RFC 

significantly decreases the efficiency of the whole system. Thus the RFC need not be heated 

because it consumes significantly more energy to heat the RFC compared to the energy 

available from the hydrogen produced for later use. The optimised operating voltage for the 

three cell RFC was found to be 5.05 V. If the voltage were to be increased or decreased the 

RFC efficiency would decrease. 
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Chapter 1                        Introduction and overview 

 

1.1 Background 

 

“Never before in peacetime have we faced such a serious and widespread shortage of 

energy” according to John Emerson, an economist and power expert for Chase Manhattan 

Bank. Many analysts believe that the problem will be temporary, but others believe the 

energy gap will limit economic growth for years to come (van Tonder and Pienaar, 2010). 

 

Fuel cells (FCs) are energy conversion devices that generate electricity from fuel. The FC 

belongs to the family of batteries, known as ‘electrochemical batteries’. The FC, however, is 

not a battery because it generates electricity through reactants stored externally in 

comparison to that of a battery that stores the chemical reactants internally. When the 

chemical energy has been converted to electrical energy in a battery, it must be thrown away 

(primary battery) or recharged appropriately (secondary / rechargeable battery). However, 

FCs oxidise externally supplied fuel and therefore do not have to be recharged. A FC uses a 

chemical reaction to provide an external voltage (Moorthy, 2006). 

 

Various types of FCs have been developed to generate power according to the applications 

and load requirements. These fuel cells are normally distinguished by the electrolyte used, 

although the construction of the electrodes (fuel cell hardware) is also different in each 

(Moorthy, 2006). The most popular FCs are discussed below:  

 

• Direct Methanol Fuel Cells (DMFC) - The direct methanol fuel cell is a low temperature 

fuel cell that operates in a temperature range between 0°C and 60°C. In order for the 

fuel cell to supply the user with power a methanol water mixture and oxygen must be 

supplied to the fuel cell. The by-product is pure water and heat. The advantage of the 

fuel cell is quick startup time, high energy density, no reforming needed, etc. The 

disadvantages of the cells are fuel crossover and safety concerns, etc. (Basu, 2007:5). 

 

• Proton Exchange Membrane Fuel Cells (PEMFC) - These fuel cells operate at 

relatively low temperatures between 20°C and 100°C. In order to generate power with 

this fuel cell, hydrogen and oxygen must be supplied to the fuel cell and the by-product is 

water and heat. The advantage of this type of fuel cell is its relative small size and 

relatively high power density. It can also vary its output quickly to meet shifts in power 

demands (Basu, 2007:5).  
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• Phosphoric Acid Fuel Cell (PAFC) - This type of fuel cell is commercially available 

today and has an operating temperature between 150°C and 220°C.  One of the main 

advantages to this type of fuel cell is the nearly 85 % cogeneration efficiency. It can also 

make use of impure hydrogen as a fuel but is not as efficient as the PEMFC. If gasoline 

is used, the sulphur must be removed (Basu, 2007:6). 

 

• Molten Carbonate Fuel Cell (MCFC) - Molten carbonate fuel cells use an electrolyte 

composed of a molten carbonate salt mixture suspended in a porous, chemically inert 

matrix. They operate at high temperatures between 600°C and 700°C and require 
2CO  

and oxygen to be delivered to the cathode. To date, MCFCs have been operated on 

hydrogen, carbon monoxide, natural gas, propane, landfill gas, marine diesel, and 

simulated coal gasification products (Basu, 2007:6). 

 

• Regenerative Fuel Cell (RFC) - As mentioned above the PEMFC uses hydrogen and 

oxygen to generate power (Figure 1a). The reverse is also true - hydrogen and oxygen 

can be produced by supplying water, electricity and heat to a FC (Figure 1b). This type 

of FC is called a Regenerative PEMFC (RFC) (Rabih, Rallieres, Turpin & Astier, 2006). 

 

1.2 Regenerative fuel cells  

 

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 potential across the anode and 

cathode. This will cause the decomposition of the water to produce oxygen at the anode side 

and hydrogen at the cathode side. The chemical reaction taking place in the RFC in its 

normal mode is called an endothermic reaction. An endothermic reaction absorbs energy to 

take place, in this case heat and electricity from the power source (Rabih et al., 2006). The 

RFC in its normal mode (electrolyser mode) is shown in Figure 1b with its chemical equation. 

The RFC that can also be used in its reverse mode to generate power is shown in Figure 1a. 

 

1.3 Problem statement 

 

In order to efficiently produce hydrogen with a RFC certain parameters need to be controlled 

and optimised to increase the efficiency of the process. These parameters include supply 

voltage, water flow and temperature of the RFC. 

 

1.4 Justification for the research: The imperatives  

 

• Climate change owing to greenhouse gases (Farmers, 2011); 



3 

 

• The carbon footprint of South Africa is very high and is increasing (Laburn, 2010); 

• S.A. supplier of electricity(Eskom) does not have enough power (Calldo, 2008); 

• South Africa is responsible for more than 30 % of the greenhouse gases in Africa 

(Farmers, 2011); 

• In South Africa rural areas are inhabited by over 19 million (or 39 %) South Africans who 

live mostly without electricity and who are very poor (Calldo, 2008). 

 

With approximately 60 % of the population not having access to electricity, the Department 

of Minerals and Energy (DME) is determined to promote non-grid power as the technological 

equal of grid electrification (van Tonder and Pienaar, 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                              Figure 1 a RFC in fuel cell mode and electrolyser mode 

 

By 2012, an estimated two to three million households will still have no connection to the grid 

(Wentzel, 2004). That means that the total number of households with no grid connection will 

remain almost as high as presently, however the share of grid - connected households on 

the total number of households will still increase constantly. As a possible solution to this 

problem to generate electricity small solar hydrogen systems (SHS) can be used. 

 

Figure 2 shows a block diagram of such a SHS. Pure water and electricity from solar power 

sources is supplied to a RFC. In turn the RFC will produce hydrogen, which can be stored in 

a tank for later use. The stored hydrogen is then supplied to the fuel cell to produce 

electricity, when solar or wind power falls below a certain threshold. The water as a by-

product of the fuel cell is stored in a water tank. This stored water may then be fed to the 

a. Fuel cell mode b. Electrolyser mode
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RFC at a later stage in the production of hydrogen. This occurs when sufficient wind or solar 

power rises above the set threshold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Solar hydrogen System 

 

The power from the battery is connected to a DC to AC converter that will supply a 220 V 50 

Hz output, which is the standard power for South Africa (Barnes & Overton, 2003). The RFC 

must have a high efficiency as it is powered by natural elements (wind, solar, etc.). 

 

1.5 Aims 

 

In order to increase the efficiency to produce hydrogen with a RFC, certain parameters need 

to be controlled and optimised to make the process as efficient as possible. If a RFC with a 

low efficiency is to be used in a sustainable energy source as seen in Figure 2 it will 

decrease the total efficiency of the system. The aim of this research is to increase the 

efficiency of the RFC by optimising the: 

 
• Temperature of the RFC, 

• Water management to the anode electrode chamber of the RFC, 

• Supply voltage across the cathode and anode of the RFC, 

• Pressure control of the hydrogen inside the RFC cathode chamber. 

 

1.6 Research methodology 

 

The optimisation of water, temperature and voltage management on a RFC will be 

addressed in the following manner. Firstly, an in-depth literature study will be conducted on 

RFC Hydrogen Tank 

FC Water Tank 

DC to AC Converter 

Battery 

2H O

out

2H O in

2H out

2H in
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the operation of the RFC device. This will then be followed by the design and construction of 

the various components of the RFC. After all the components had been manufactured into 

various proprietary designs, the three cell RFC was constructed. All the necessary 

experiments were conducted on the three cell RFC. The results obtained from the 

experiments were then compared to that of the theoretical results. Finally the results were 

used to make certain conclusions on how to optimise the operation of the RFC taking in 

consideration the water, temperature and voltage management. 

 

1.7 Delimitations 

 

This research did not include the control of the internal pressure of the RFC. It also did not 

involve any construction of the physical membrane or membrane assembly components. 

However it did involve the construction of the RFC stack and its components. 

 

1.8     Overview of the report 

 

Chapter 2 – In this chapter the initial literature review and careful comprehension of the 

operation of a RFC is done. This study also involves the components that make up the RFC 

and how they are put together.    

 

Chapter 3 - This chapter will focus on the practical design and the construction of a small 

three cell RFC stack and its components.  

 

Chapter 4 - This chapter shows the experimental setup of the three cell RFC in order to 

perform the necessary experiments and overview of all of the experiments performed on the 

RFC in order to optimise its operation. The methods followed and results obtained for each 

experiment are also given in this chapter. 

 

Chapter 5 - Contains conclusions obtained from the experiments conducted on the RFC and 

recommendations for future research. 

 

1.9    Summary 

 

In this chapter the background of the need to control certain aspects of the RFC to produce 

hydrogen efficiently, was given. The purpose of the study along with the topic of research 

has been given. In conclusion, an overview of the research was also represented. 

 

Chapter 2 will give a literature review on the operation of the RFC and its components. 
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Chapter 2   Regenerative fuel cells (RFC) 

 
2.1 History of the RFC 

 
The first FC was demonstrated in 1839 by William Grove. Since the 1950s the interest in 

FCs grew rapidly, particularly to generate electricity for a spacecraft using safe, compact and 

relatively lightweight technology. In the early FCs used in the space programs, the hydrogen 

and oxygen were stored on board, but it was soon recognised that a reversible cell capable 

of both electrolysis and power generation could be the central component of a closed-loop 

system. 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. Early proof of the concept 

of a FC that can work in FC mode and RFC mode was introduced by General Electric in 

1973, when a RFC with one cell showed that the reversible operation was feasible without 

significant deterioration of the cell membrane and catalyst (Mitlitsky, Weisberg, Carter, 

Dittman, Myers, Humble & Kare, 1999).  

 

2.2 Different methods to generate hydrogen 

 
There are a number of ways to generate hydrogen namely: 

 
• Steam reforming 

Steam reforming uses thermal energy to separate hydrogen from the carbon 

components in methane and methanol. It also involves the reaction of these fuels 

with steam on catalytic surfaces. These reactions occur at temperatures between 

190°C and 900°C (Grimes, Varghese & Ranjan, 2008:37-41). 

 

• Biological and photobiological processes 

Biological and photobiological processes use algae and bacteria to produce 

hydrogen. Under specific conditions, the pigments in certain types of algae absorb 

solar energy. The enzyme in the cell acts as a catalyst to split the water molecules. 

Some bacteria are also capable of producing hydrogen, but unlike algae they require 

a substance to grow on (Akkerman, Jansse, Rocha & Wijffels, 2002). 

 

• Electrolysers with solid electrolyte (RFC) 

Electrolysis separates the elements of water by charging it with an electrical current. 

The charge breaks the chemical bond between the hydrogen and the oxygen and 

splits the atomic components apart, creating charged particles called ions. The ions 

are formed at the two poles: the anode, which is positively charged, and the 
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cathode, which is negatively charged. Hydrogen gathers at the cathode and the 

anode attracts oxygen. Electrolysers with solid electrolytes are known as proton-

exchange membrane (PEM) or solid-polymer electrolytes (SPE) (Grimes et al. 

2008:18-19).  

 
PEM technologies have resulted in electrolysers with low volume solid electrolytes 

and which operate at near ambient temperature that offer safe startup and shut 

down. The PEM electrolyser’s efficiency is independent of the size of the system 

whilst cost increases nearly linear to size. At the moment there are two types of 

membranes available - du Pont’s Nafion and Dow Chemical’s XUS-132040.10. Both 

are very similar in structure. The different types of available electrolysers are listed in 

Table 1 (Grimes et al., 2008:18-19). 

 
            Table 1. Types of electrolysers 

 
Name Diaphragm Electrolyte 

Conventional alkaline Asbestos 25 - 35 % (KOH) 

Advanced alkaline Up to 90°C polymer reinforced 

asbestos, over 100°C poly-

sulphuric and nickel net with 

ceramic reinforced diagram 

25 - 40 % (KOH) 

Polymer membrane 

(Regenerative Fuel Fell) 

Conductive proton nafion 

membrane at the anode with 

ruthenium oxide at the cathode 

with platinum layer 

Du Pont’s Nafion 

membrane 

Dow Chemical’s 

XUS-132040.10 

Inorganic membrane Polyatemon acidic 14 -15 % (KOH) 

  

 
From the above the polymer membrane (RFC) was chosen because of the following 

advantages: 

 

• They produce high purity (99.999 %) hydrogen as well as oxygen (Grigoriev, 

Porembsky & Fateev, 2006); 

• The RFC could also work at high pressures (Grigoriev et al., 2006); 

• The RFC can operate over a wide range of temperature (0 - 100°C), pressure (0 – 

7000 kPa) and has a higher energy efficiency compared to the alkaline-type water 

electrolyser. The RFC has an energy efficiency of between 80 % and 90 % where 

alkaline has an energy efficiency of between 75 % and 85 % (Tsutomu and Sakaki, 

2003). 
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2.3 Operation of a RFC 

 
The block diagram of a typical RFC is shown in Figure 3. The operation of the RFC shown in 

Figure 4 is as follows: Water is introduced at the anode electrode chamber. A potential 

difference of more than 1.23 V is applied across the anode (positive) and cathode (negative) 

electrodes for the decomposition of water to take place. 

 

 

 

 

 

 

 

 

 

Figure 3 Block diagram of a typical RFC 

 

At the anode a catalyst in the form of Iridium Ruthenium oxide and platinum mixture 

(  and  blackIrRuOx Pt ), allows the decomposition of the water molecules that forms oxygen 

protons (
+O ) and hydrogen protons ( +H ). The electron from the hydrogen atom is released 

into the external circuit. The 
+O  does not lose its electrons but rather joins with another 

+O  

to form 2O . This process corresponds to the evolution of the 2O  at the anode electrode.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Operation of a RFC 

 
The H

+
 proton joins up with the 2H O  in the membrane and forms hydronium ions ( 3H O ) that 

are used to transport the +H  from the anode to the cathode under the effects of the potential 

that was applied across the anode and cathode. The electrons that were previously lost to 

Supply 
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the external circuit are now re-joined with the +H proton at the cathode catalyst in the form of 

platinum black (  blackPt ) and forms a hydrogen (H ) atom. Two of these atoms combine 

and form an 
2H  molecule. The regenerative fuel cell produces gases at a constant rate and 

not in bubble fashion, which allows the cell to produce gas at a constant pressure without 

placing physical strain on the membrane (Swanepoel, 2005:13-14). If the supply voltage to 

the RFC increases the current will also increase. When the current increases the rate of the 

reaction will increase and will cause an increase in oxygen and hydrogen produced. 

 
2.4 Components of the RFC 

 
Shown in Figure 5, the RFC consists of a proton exchange membrane coated with an 

electrocatalyst which forms the membrane electrode assembly (MEA) that is sandwiched 

between two plates; the plates are called the anode and cathode flow field plates. 

 
 

 
 

Figure 5 Basic structure of the RFC 

 
2.4.1 MEA 

 
The MEA is also known as the catalyst-coated membrane (CCM) and is considered the 

‘heart’ of the PEM fuel cell device. The MEA consists of a co-polymer membrane with an 

anode electrode on the one side and a cathode electrode on the other. The electrodes are 

only a fine layer of a fine compound painted or pressed on the membrane. The electrodes 

are doped with a noble metals catalyst such as  or Pt PtOx . After the electrodes are doped 
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with a noble catalyst it forms electrocatalysts (Ledjeff, Mahlendorf, Peinecke & Heinzel, 

1994). 

 

2.4.2 Proton exchange membrane 

 
The functions of the proton exchange membrane are to separate the reactant gases and 

conduct hydrogen protons through its structures when hydrated with water molecules. Grubb 

and Niedrach discovered the organic-based proton exchange membranes in 1959 (Chen, 

2003:2-30). Nafion is the best known ionomer membrane for the use as a solid proton 

conducting electrode in electrochemical technology. The Nafion membrane has a copolymer 

molecular architecture. The molecule is characterised by a hydrophobic polyterafluor-

oethylene backbone chain and regulararly spaced shorter perfluorovinyl chains on either 

side, each terminated by a strongly hydrophilic sulfonate ionic group. Figure 6 shows the 

Nafion structure (Haubold, Vad, Jungbluth & Hiller, 2001). 

 

The mechanical strength of the Nafion membrane arises from the interaction of the 

perfluorinated backbone chains. For its use as a protonic conductor the protons membrane 

contains about 20 wt.% water forming hydration shells around the fixed covalently bonded 

anionic sulfonic acid groups. The conductivity is assigned to hydrated protons (
3H O ) as 

protonic charge carriers. For the transport through the membrane a percolated spongelike 

microstructure supplied the transport channels (Haubold et al., 2001) 

 

 
 

Figure 6 Nafion structure 

 

Nafion membranes are available in 15 different versions (Ion Power, 2005). The most of the 

companies providing membrane setups for FCs would use one or more of these membranes  
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in various configurations as seen in Table 2 (Swanepoel, 2005:25).  

 
Table 2. Various membranes and their applications 

 
Application Membrane type 

2H /
2O  FC Nafion N-105 

Reformate fuel/Air or 2H /Air Nafion N-112 

Direct methanol FC (DMFC) Nafion N-117 

RFC  Nafion N-105 or Nafion N-115 

RFC in FC mode Nafion N-115 

 

It has been found that the membrane used for a DMFC in most instances was the Nafion N-

117 with a thickness of 183 µm.  This is a considerable distance for the protons to travel 

across in the conductive phase and will increase the resistance and the strength of the 

membrane. If a thinner membrane is used (e.g. Nafion N-105) the internal resistance as well 

as the strength of the membrane, will decrease (Swanepoel, 2005:25). The thicknesses of 

the different types of Nafion membranes are shown in Table 3. 

 
Table 3. Nafion membrane thickness 

 
Membrane type Thickness ( µm ) 

N-112 51 

N-1135 89 

N-115 & N-105 127 

N-117 183 

NE-1110 254 

 

According to Lynntech Industries the choice of membrane to be used in a RFC is the Nafion 

N-115 membrane because of its thickness. It has a typically thickness of 127 µm, the 

reduced thickness of the membrane allows for a balance between the internal resistance and 

the strength of the membrane. Owing to the thickness of the N-115 membrane it can operate 

at high pressures (0 – 7000 kPa) (Smith, 2000). 

 
2.4.3 Electrocatalyst 

 
The electrocatalyst is a material that accelerates a chemical reaction but is not consumed in 

the process. The elecrocatalyst layers play a critical role in defining the performance of the 
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MEA. Without them, the MEA would not function. To play its essential role, an electrocatalyst 

has to fulfil several requirements (Thompsett, 2003:139): 

 
• It needs to provide high intrinsic activities for the electrochemical oxidation of a fuel 

cell at the anode and for the reduction of dioxygen at the cathode, 

• Good durability because PEMFCs are expected to operate for long periods, 

• Good electrical conductivity to minimize resistive losses, 

• Inexpensive to fabricate to reduce the cost of the MEA. 

 

The development of electrocatalysts for state-of-the-art PEMFCs has relied heavily on 

concepts and formulations developed for earlier fuel cell technology. As with any 

heterogeneous catalyst material, a number of fundamental requirements are necessary for 

good performance (Thompsett, 2003:140): 

 

• High intrinsic activity, 

• Maximum number of these sites, 

• Electrical conductivity, 

• Good interaction with ionomer, 

• Reactant gas access, 

• Stability in contact with reactants, products, and electrolytes. 

 

Research over several decades has found that platinum and platinum-containing catalysts 

are the most effective catalyst materials, in terms of both activity and stability (Hoogers, 

2003:121). In the RFC Pt black is used as a catalyst at the hydrogen side or alternatively at 

the cathode. However the cathode catalyst must be able to retain its physical integrity and 

resist corrosion in the presence of water molecules dragged across from the anode side by 

protons during RFC mode (Doddathimmaiah, 2006:43-47). 

 

The anode catalyst (oxygen side) is typically more difficult and challenging to design and 

construct, because of the difficulty in finding a catalyst material that functions equally well in 

both RFC and FC mode. Pt black in the anode catalyst performs well in the FC mode but 

poorly in the RFC mode. Thus the mixture of catalyst materials is usually employed on the 

anode side. Pt  black is commonly retained in the mixture for the FC mode functionality, 

while a range of noble metals and their oxides have been investigated as the additive to play 

the lead role in the RFC mode. Since the water is introduced at the anode chamber during 

the RFC mode the catalyst must be able to retain its structure and functionality in the 

presence of water. Materials that can be mixed with Pt black for the anode catalyst include 
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pure metals (iridium ( Ir ), ruthenium (Ru ) and rhodium (Rh ) ) or oxides such as iridium 

oxide ( IrOx ) and ruthenium oxide (RuOx ) (Doddathimmaiah, 2008:43-47).  

 

It has been found that in a mixed IrPt black catalyst the Ir will be the dominant conductor to 

the oxygen-evolution reaction in the RFC mode, but will be practically inactive in the FC 

mode when the Pt will be active. RuOx  plays a similar role and is mixed with Ir  since the 

latter is less costly and also has better electrical conductivity. The advantages of using the 

oxides rather than pure metals are lower cost and that they have a greater resistance to 

corrosion (Doddathimmaiah, 2008:43-47). The catalyst loadings are loaded in such a way to 

achieve the best performance vs. cost. If the catalyst loadings are increased, the increase in 

performance will not justify the increase of the cost. The best catalyst loadings on the Nafion 

N-115 membrane according to Lynntech are: 

 

• Anode:  20 µg/mm
2                 

  and 20 µg/mm
2
       Black 

• Cathode: 20 µg/mm
2
 Pt  Black 

 

2.4.4 Bipolar Plates 

 
The MEA of the RFC is sandwiched between two plates, that are called the anode and 

cathode flow field plates. Flow channels are conveniently machined into the plates to allow 

fuel distribution. The one side of the flow field plate serves as the cathode and the other side 

serves as the anode to the adjacent cell plate that is called a bipolar plate as demonstrated 

in Figure 7 (Dihrab, Sopian & Zaharim, 2008). 

  

 
 

Figure 7 Bipolar Plates 

IrRuOx Pt
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Bipolar plates are known to have six functions (Dihrab et al., 2008): 

 
• Distribute the fuel and its oxidants within the cell, 

• Facilitate water management within the cell, 

• Separate individual cells in the stack, 

• Transport currents away from the cell, 

• Facilitate heat management, 

• Even thermal distribution. 

 

Bipolar plates can be made out of a number of materials such as: Graphite, metals, carbon 

composites and carbon composites polymer (Oh, Yoon & Park, 2004). 

 

2.4.4.1 Plate materials 

 
According to Heinzel et al. (2009) the requirements of a material used for a bipolar plate are 

as follows: 

 
• Good electrical conductivity ( >10 S/mm), 

• High thermal conductivity ( >2 W/mm), 

• High chemical and corrosion resistance, 

• Mechanical stability towards completion forces, 

• Low permeability for hydrogen, 

• Low cost, 

• Low weight and volume. 

 

Two types of bipolar plates were investigated in this research namely metallic bipolar plates 

and graphite bipolar plates: 

 
A. Metallic bipolar plates materials 

The first applications of the PEMFCs were very costly. Here, expensive corrosion-resistant 

materials were used as bipolar plates. Even for stainless steels the cost factor is high, 

therefore substrates and coatings have been investigated in order to find the optimal material 

combinations. If the metal used for the bipolar plates releases metal ions the membrane can 

be contaminated and will reduce the activity of the electrode catalyst. Bipolar plates made of 

aluminum, stainless steel and titanium have been subject to different types of coatings to 

improve their corrosion resistance. The coatings can be distinguished between two types 

(Heinzel et al., 2009). 
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• Carbon-based coating  -  The coatings mainly comprise conducting polymers e.g. 

diamond-like carbon, poly-pyrrole and polyaniline (Heinzel, 2009). 

• Metal-based coatings - The coatings include noble metals, metal nitrides and early 

transition metal elements such as molybdenum, vanadium and niobium that form a thin 

oxide layer that passivates the underlying metal against corrosion (Heinzel, 2009).   

 

Coated metals for bipolar plates seemed to have achieved the corrosion stability but only for 

a relatively short operational life. 

 

B. Graphite bipolar plates materials 

 

The word graphite is derived from the Greek word ‘grapho’. Graphite is one of four forms of 

crystalline carbon; the others are carbon nanotubes, diamonds and fullerenes. Graphite 

occurs naturally in metamorphic rocks, such as geneiss, marble and schist. Graphite is 

flexible but not elastic. Graphite also has a melting point of 3927°C and is highly refractory. 

Graphite has both metallic and non-metallic properties which makes it suitable for many 

industrial applications. The metallic properties include electrical and thermal conductivity. 

The non-metallic properties include high-thermal resistance, inertness, and lubricity. The 

combination of conductivity and high thermal stability allows graphite to be used in many 

applications such as batteries, refractories and fuel cells however, machining of the flow 

channels into the graphite plates is a complicated and time consuming process that results in 

high cost (Olson, 2003). 

 
More over graphite plates are brittle and porous; they have to be coated or be of very high 

quality to be impermeable to the hydrogen (Heinzel, 2009). Another promising candidate as 

the bipolar plate is graphite foil. It is obtained from high-purity natural graphite flakes, which 

are processed into a continuous foil by acid and thermal treatment to process without any 

resins or binders. The graphite foil shows good electrical conductivity and high chemical 

resistance but in order to be used in a bipolar plate it must be treated with a resin. An 

important characteristic of graphite foil is its compressibility. Flow fields are incorporated into 

the foil by embossing (Heinzel, 2009). Embossing is a process for producing raised or 

sunken designs or relief in the graphite foil. This process can be made by means of matched 

male and female roller dies, or by passing the graphite foil between rolls of the desired 

pattern.  

 
For stationary PEMFC applications, bipolar plates are the only alternative, showing good 

long-term stability and will not contaminate the membrane. The graphite bipolar plate is 

significant cheaper than the coated metal bipolar plates and offers the same performance 
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but is much heavier than the metal plate thus if graphite is to be used as a bipolar plate it will 

account for 80 % of the stack’s weight (Heinzel, 2009). 

 
Graphite plates have very high bulk conductivity (1.27x10

4
 S/mm), greater than the 10 S/mm

 

stated by Heinzel et al. (2009). The mass distribution of a 33 kW PEMFC employing graphite 

bipolar plates versus metallic bipolar plates that are electroplated with a noble metal are 

shown in Figure 8 (Li and Sabir, 2005). The graphite is generally heavier than the coated 

metal plates but has a much higher conductivity and better overall performance. 

 

 
 

Figure 8 Mass distribution in a 33kW PEMFC stack (Li and Sabir 2005:5). 

 
2.4.4.2 Flow field designs 

 
The distribution of reactance over the membrane is critical to the operation of the RFC. 

According to Li and Sabir (2005) the appropriate distribution of reactance over the 

membrane can increase the power output density of a cell or stack up to 50 %. According to 

Hoogers (2003: 106) a balance must exist between the supply of reactance and the current 

conduction of the bipolar plate design. The best conductor would be a solid blank sheet, 

which affords low contact resistance and also allows no gas access to the MEA. An entire 

open structure would allow the full access of reactance to the MEA, but will have a high 

contact resistance allowing no current to flow. Flow field designs employed by commercial 

FC stack developers are well-kept secrets, but on the academic side certain authors 

proposed a number of flow fields. The most effective, popular and reliable of these designs 

for a RFC are discussed below (Swanepoel, 2005:50-54). 

Coated Metal Bipolar Plates.  
Total Weight = 24 kg 

Graphite Bipolar Plates.  
Total Weight = 40 kg 
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A. Pin type 

This flow field consists of a number of pins arranged in a regular pattern; these pins can be 

in any shape or size, although cubical and circular pins are often used in practice. Pin-design 

flow fields result in low reactant pressure drops. However reactance flowing through the pin 

type bipolar plate tends to follow the path of least resistance across the flow fields, which 

may lead to channeling and formation of stagnant areas. Uneven reactant distribution 

therefore results in poor water removal and poor FC performance (Li and Sabir, 2005).  An 

example of a pin type flow field is shown in Figure 9. 

 

 
 

Figure 9 Pin type 

 

B. Straight and parallel channel type 

Parallel channels are used to connect straight flow fields shown in Figure 10. The problem 

with this type of flow field is that water forms (cathode electrode) in the areas where the 

reactant flow rate is the least in the FC mode, causing water buildup. When water buildup 

occurs it will result in low and unstable voltages generated by the FC. The pressure drop 

between the inlet and the outlet is low, resulting in the cells further on in the stack not 

receiving enough reactant flow rate. This leads to cells being starved of effective reactance 

(Kordesch & Simader, 1996:4-19). 

 
C. Serpentine channel type 

This flow field resolves most of the problems addressed in the pin type and straight and 

parallel channel type. The reactance only follows one path from the inlet to the outlet (see 

Figures 11 and 12). This method increases the distribution flow pressure across the cell or 

stack. Although the pressure drop between the inlet and the outlet prevents water from 

building up in the channels, it does result in an increase in concentration gradients. Many 

single or short stacks (less than 10 cells) use single continuous serpentine flow topology. 
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These designs suffer from the removal of water under high current densities (>5 mA.mm
-2

) 

(Swanepoel, 2005:50-54).  

 

 
 

Figure 10 Straight and parallel channel type 

 
 

In order to combat this problem several continuous serpentine flow fields are used (Figure 

12). This design has an added benefit of a limited pressure drop between the inlet and the 

outlet, decreasing the concentration over voltages and number of stagnant areas 

(Swanepoel, 2005: 50-54). The several continuous serpentine flow field platform has been 

found to increase the overall power of a stack by up to 50 %. The continuous serpentine flow 

field is very popular among FC designers. Mennola’s (2007) research showed that the 

following design considerations delivered the best results for continuous serpentine flow 

fields: 

 

• Channel width is preferred between 1.14 and 1.4 mm, 

• Channel depth must be kept between 1.02 and 2.04 mm, 

• Land widths should be between 0.89 and 1.4 mm. 

 

 
       

    Figure 11             Figure 12 
        Single continuous serpentine                           Several continuous serpentine 
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D. Integrated channel type 

 
In Figure 13 the integrated flow field is shown. One of the functions of the bipolar plate is to 

ensure even thermal distribution and thermal management across the entire stack. The 

integrated topology has been devised to aid the bipolar plate in this task. 

 

 
 

Figure 13 Integrated channel flow type 

 
The integrated channel type consists of any flow topology with extra thermal distribution and 

thermal management channels. The thermal channels can be used to warm up the cell (flow 

of warm liquid) or to cool down the cell (flow of coolant).  This topology eliminates the need 

for the use of extra cooling plates in the stack (Li and Sabir, 2005). 

 
2.5 Chemical thermodynamics  

 

The operation of a RFC revolves around the chemical reaction taking place within the cell. 

The reactions of the RFC in its FC and RFC mode are: 
 

                                                                           

                                                                            

++ ⇔ +2 ( ) 2 2( )

1

2
Electric heat gH O Energy H O                                                        (1)               

 

Accordingly Gibbs energy or Gibbs function is the chemical potential that is minimised when 

a system reaches equilibrium at constant pressure and temperature. It is derived with 

respect to the reaction coordinate of the system that vanishes at the equilibrium point. As 
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such, it is a convenient criterion of spontaneity for presses with constant pressure and 

temperature. The Gibbs energy equation follows (Lee, 2001): 

 

                                                          ∆ = ∆ + ln
m n

o M N

a b

A B

P P
G G RT

P P
                                              (2) 

    

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 ) is the preferred expression of 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 account of energy transferred to the 

environment through the expansion of the system under study. The total H of a system 

cannot be measured directly. Thus, a change in enthalpy, ∆H , is a more useful quantity 

than its absolute value. The change ∆H  is positive in endothermic reactions, and negative 

in exothermic processes. ∆H of a system is equal to the sum of non-mechanical work done 

on it and the heat supplied to it (Lee, 2001). The theoretical energy required for the reaction 

to proceed, can be expressed through the following equation:           

 
                                                             ∆ = ∆ + ∆H G T S                                                        (3) 

 

Where: 

 ∆H  ≡ Enthalpy change of reaction 

 ∆S  ≡ Entropy change 

 
Standard temperature and pressure (STP) are standard sets of conditions for experimental 

measurements, to allow comparisons to be made between different sets of data. Under STP, 

the enthalpy change of reaction 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 (Larminie and 

Dicks, 2003:31-33). 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 other 17 % could theoretically by supplied by heat or by electricity as well. 

International Standard Metric Conditions for natural gas and similar fluids is 273.15 K and 
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100 kPa (Doddathimmaiah, 2008: 29). Two distinct cell voltages can be calculated from the 

change in Gibbs free energy G∆ and the reaction enthalpy ∆H . The first one is called the 

reversible voltage ( oE ).  

 

                                                                          
−∆

=
2

o G
E

F
                                                           (4)               

 
The second one is called the thermoneutral cell voltage ( tnE ). 

 

                                                                          
−∆

=
2

tn H
E

F
                                                                  (5) 

 
The minimum voltage necessary for the RFC electrolysis process is oE . If the supply voltage 

to the RFC is above  tnE the process becomes exothermic, meaning that the 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 (Doddathimmaiah, 2008: 28-31). The oE and 

tnE  of the RFC will be calculated at STP and the values of ∆G and ∆H are found on the list 

of thermodynamic properties of various substances (obtainable in Annexure A). 

 

                                                
−∆

=
2

o G
E

F                (6)
 

                                                
−

=
(237200)

2(96485)

oE  

                                                = 1.229 VoE  

 
 

                                                
−∆

=
2

tn H
E

F                (7)
 

                                                
− −

=
( 285830)

2(96485)

tnE  

                                              = 1.48 VtnE  

 
At higher temperatures of 100ºC the water has a lower free energy value because steam will 

form, as mentioned before, if the temperature changes the Gibbs free energy will also 

change. This following calculation will prove that if the temperature increases the required 

potential for the electrolysis process will decrease (compared to equation 6): 
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−∆

=
2

o G
E

F                    (8)
 

                                                                         
−

=
(228200)

2(96485)

oE  

                                                                         = 1.183 oE V  

 

The voltage at which the RFC requires for the decomposition of water is theoretical 1.229 V 

(seen in equation 6) but there are a number of over-voltages active on each of the 

electrodes. This will influence the voltage value because 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 is increased to a much higher value of 1.5 V where 

gas molecules were first produced (Swanepoel, 2005:74-77).  
 

 
2.6 The HOGEN GC hydrogen generator 
 

The HOGEN GC hydrogen generator uses AC electric power and deionized water to 

produce a continuous stream of pressurized scientific grade (99.9999 %) hydrogen gas and 

automatically maintains a user-selected downstream pressure. The hydrogen is produced 

via a PEM RFC stack. The HOGEN GC hydrogen generator, available in either 300 or 600 

cc/min hydrogen production capabilities, is suitable for use in laboratories and light industrial 

environments. HOGEN GC systems are replacing cylinders today in applications where an 

ultra-high pure, medium pressure, electrolytic hydrogen gas supply makes processes safer, 

easier, more productive and more accurate. Figure 14 shows the side view of the HOGEN 

GC hydrogen generator.  

 
 

Figure 14 HOGEN GC hydrogen generator 
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Figure 15 shows a block diagram of the HOGEN GC generator and work as follows: The 

water is supplied to the RFC by means of a water pump and a power supply supplies a fixed 

voltage to the RFC. The hydrogen that is produced by the RFC is fed to the water trap; this is 

done to remove the water from the water hydrogen mixture. The water trap will drain the 

water if it reaches a certain level within the water trap. Before the produced hydrogen is 

released to the external supply output the purity is tested to determine if the gas purity is 

99.9999 %. The purity of the gas is tested by means of the Thermal Conductivity Detector 

(TCD). If the purity is less than 99.9999 % the produced hydrogen will not be released to the 

external supply output but will be vented and the system will shut down. The water trap also 

serves as a hydrogen buffer tank to ensure a more stable hydrogen output. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 15 HOGEN GC block diagram 

 
2.7 Water  

 
The water used for the RFC must be distilled water; distilled water is pure 2H O  with no 

impurities. If the water used contains any impurities it will reduce activity of the electrode 

catalyst which means the destruction of the RFC. Another major problem is the 2H and 

2O produced will contain impurities and will not be 99.9999 % pure. The elements that are 

most harmful to the electrode catalyst are CO  and 2CO . A MEA with a mixture of Pt and Ru 

is proposed as having the best tolerance to CO  and 
2CO  poisoning (Thompsett, 2003:5-6).  

 
According to Thompsett (2003:5-6) in the FC mode it is well known that CO bonds strongly 

to the Pt particle sites thus reducing the sites available for the 
2H adsorption which means a 

decrease in performance. The 2CO  poisoning is in a lesser degree than CO ; 2CO  at levels 

Power Supply 

RFC Pump Water tank 

Water trap + 

buffer tank 
TCD 

2 2 + H O O

2H O

2H O

2H

2 2 + H H O
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around 25 % of the fuel volume supplied to the FC affects the performance and operation 

because the Pt  sights are poisoned with CO  molecules that are produced through the 

reverse water-gas shift reaction seen below: 

 
+ → +2 2 2H CO H O CO  

     
+ − → − + +2 22CO Pt H Pt CO H O Pt

     (9)
 

 
2.8 Effect of temperature on the RFC 

 
The temperature at which the redox reaction takes place producing 

2H  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 take place 

any more owing to the fact that the water molecules inside the membrane freezes and no 

proton conduction can take place (Swanepoel, 2005:14). In the thesis of Aksakal (2007:49-

50) it was observed that the increase in temperature of the RFC decreased the potential 

difference. The RFC was tested at 30°C, 40°C and 50°C; the RFC could not be tested at 

higher temperatures owing to clogging by melted silicon gaskets. Figure 16 shows the 

results obtained by Aksakal (2007:49-50). 
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Figure 16 Effects of temperature on the RFC 

 
2.9 Summary 

 
This chapter considered the different methods of producing hydrogen. The history, theory 

and the operation of the RFC were discussed. The different components that make up the 
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RFC were also noted; the components included Membrane Electrode Assembly (MEA), 

Proton Exchange Membrane (PEM), electrocatalyst, different types of bipolar plate materials 

and their flow field designs. The operation of the HOGEN GC hydrogen generator was 

studied and explained. The reversible and thermo-neutral cell voltage of the RFC were 

calculated to determine the operation voltages. The effect that the temperature has on the 

operation of the RFC as well as the cause to membrane poisoning was given. 

 

In Chapter 3, the physical design of the three cell RFC will be shown with regards to the 

theoretical study addressed in Chapter 2. 
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Chapter 3 Design of a Regenerative Fuel Cell 

 
3.1 Introduction 

 

The previous chapter considered the theory and operation of the RFC. The underlying theory 

regarding the modelling of a RFC stack was also discussed. This chapter will focus on the 

practical design and the construction of a small three cell RFC stack and its components as 

shown in Figure 17.  

 

 

 

 

 

 

 

 

 

 

Figure 17 RFC block diagram  

 

For the research a three cell RFC stack was chosen because if a smaller stack were used 

the Ritter flow meter would not be able to measure the flow of 
2H at low voltages. But if a 

bigger stack were used the current drawn by the stack gets too high under high voltages 

namely 2 V per cell. 

 

3.2 Bipolar plates  

 

As shown in the previous chapter graphite bipolar plates meet the requirements for the 

material to be used as bipolar plates. Graphite was chosen because of: 

 

• Excellent chemical resistance, 

• Good thermal conductivity, 

• High bulk conductivity (1.27x10
4
 S/mm), greater than the required 10 S/mm, 

• Showing good long-term stability and will not contaminate the membrane, 

• The graphite bipolar plate is significantly cheaper than the coated metal bipolar 

plates and offers the same performance but is heavier than coated metal bipolar 

plates. 
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In order to select the best flow field topology for the RFC, several factors were taken into 

consideration (Swanepoel, 2005:50-54): 

 

• Flow fields designs must allow the reactant to be in the liquid and gaseous form, 

especially at the 
2O  electrode; 

• Distribution of the reactants needs to be as even as possible; 

• Effective water removal when the RFC is switched from RFC mode to FC mode. 

 

The different topologies with their disadvantages are shown in Table 4. The flow topology 

must be suitable for both the FC mode and the RFC mode, because the RFC can work in 

both modes. The three continuous serpentine type flow field topology was chosen because it 

resolved the disadvantages of the pin type, straight and parallel type and single continuous 

serpentine type as seen in Table 4. 

 
Table 4. Flow topologies 

 
Flow field topology Disadvantage 

Pin type Uneven reactant distribution and poor 

water removal 

Straight and parallel type Poor water removal and low pressure 

drop between inlet and outlet 

Single continuous serpentine type These designs suffer from the removal of 

water under high current densities (>50 

µA/mm
2
) 

Three continuous serpentine type None (all the problems mentioned above 

are addressed in this topology 

  

In Chapter 2 Mennola (2007) stated that the width of the channels showed the best results if 

it were between 1.14 mm and 1.4 mm. A channel width of 1.2 mm was chosen since this 

was the smallest width that the milling machine could produce. The research also showed 

that the land width had the best results if it were between 0.89 mm and 1.4 mm. To keep a 

50 % balance between the flow of reactance and conductivity a land width of 1.2 mm was 

chosen (the same as the channel width). Lastly the research showed that the channel depth 

had the best results if it were between 1.02 mm and 2.04 mm; a channel depth of 1.5 mm 

was chosen.The dimensions of the graphite bipolar plate were 105 mm x 105 mm; this was 

the smallest size that would still allow adequate sealing of the stack. The thickness of the 
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bipolar plate was chosen to be 20 mm. If the thickness is reduced it becomes difficult to 

handle and machine because graphite is very brittle.  

 

It was decided to use O-rings to seal the RFC between the MEA and the bipolar plate 

because it was observed in previous studies sealing the fuel cell with rubber gaskets proved 

to be unsuccessful and leaked hydrogen. The smallest O-ring cord was used which had a 

diameter of 1.5 mm. The O-ring groove has a width of 2 mm and a depth of 1 mm.  The O-

ring groove is 5 mm away from flow channels as can be seen in Figures 18 to 20. On the 

end plate side the O-ring with an inner diameter of 11 mm and an outer diameter of 15 mm 

was used to seal the endplate and the anode and cathode flow field plate. The O-ring groove 

has a diameter of 15 mm on the outside and 11 mm on the inside with a depth of 1.4 mm.  

 

The RFC consisted out of an anode flow field plate, cathode flow field plate and two middle 

bipolar plates. In the anode and cathode flow field plate a small pipe is linked to the main 

inlet and outlet holes shown in Figure 18 and 19. This was done to supply the middle bipolar 

plates with 
2H O  as well to connect all the 

2H O  and 
2O  outlets together. All the 

2H outputs 

are also connected together to one output which will be at the cathode flow field plate. The 

middle bipolar plate has four small pipes each of them is connected to an 
2H O  in or out hole 

or an 
2H  out hole. The bipolar plate designs can be seen in Figure 18 to 20. 

 

 
Figure 18 Anode flow field plate 
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Figure 19 Cathode flow field plate 

 

 
 

Figure 20 Middle bipolar plate 
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3.3 MEA 

 

A Nafion N-115 MEA was chosen for the construction of the RFC because according to 

Lyntech this is the best MEA for water electrolysis addressed in Chapter 2. The MEA has an 

active area of 50 mm x 50 mm and was mounted on a supporting frame with an area of 100 

mm x 100 mm. The active area has electrocatalyst loadings of 20 µg/mm
2
 IrRuOx and 20 

µg/mm
2
 Pt Black on the anode and 20 µg/mm

2
 Pt Black on the cathode. The Nafion N-115 

MEA is seen in Figure 21. 

 

 
 

Figure 21 Nafion 115 MEA 

 
 

3.4 Final stack assembly 

 

The exploded view of the RFC is shown in Figure 22. At each end of the stack is an 

aluminum end plate which is used to ensure adequate and uniform contact pressure 

between the bipolar plates and the MEAs. The entire stack assembly is compressed together 

using eight bolts. The photograph of the complete three cell RFC is shown in Figure 23. 

 

 
 

Figure 22 Exploded view of the RFC 
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Figure 23 Complete three cell RFC stack 

 

3.5 Water crossover 

 
The water management in the RFC is however mainly concerned with the FC mode. In the 

RFC mode the diffusion of water molecules results in a significant transfer of water 

molecules from the anode chamber to the cathode chamber. This water crossover results in 

an 2H  and 2H O  mixture (Larminie & Dicks, 2003:53). 

 

The transport within the perfluorinated membrane is complex; the migration of each proton in 

the membrane is linked to the transport of at least one water molecule. The water molecule 

moving from the anode to the cathode transports the proton as a hydronium molecule. The 

transportation of the 
2H by the water molecule is known as electro-osmotic drag (Hoogers, 

2003:4-13). According to Hoogers (2003) the number of water molecules used to perform 

this action varies between 0.6 and 2.0.  

 

In the FC mode the electro-osmotic drag, the production of water at the 2O electrode and the 

uptake and evaporation of water molecules give rise to what is known as water back 

diffusion. Back diffusion acts in the opposite direction to the electro-osmotic drag and results 

in a water balance at the equilibrium conditions within the FC mode. When the load is 

increased the equilibrium is shifted and can result in two major phenomena namely drying 

out and flooding of the MEA. Thus the management of hydration levels within the RFC in FC 

mode is critical (Larminie & Dicks, 2003:53). 

 
If flooding or drying out of the MEA in the FC mode occurs it will cause a decrease in 

performance or can even cause the destruction of the MEA. Flooding occurs when the pores 
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of the catalyst layer are flooded and causes a higher mass transport resistance. Drying out 

occurs when there is insufficient water inside the MEA; this causes a higher ionic resistance 

and larger ohmic losses which causes a substantial drop in cell potential (Mengbo & Zidong 

2009). Buchi and Srinivasan (1997) confirmed a long-term MEA performance degradation 

under operation conditions of zero external humidification: after 1200 hours life tests the 

current density dropped from 1.7 to 1.3 mA.mm
-2

 at constant potential of 0.61 V. 

 

3.6 Water trap 

 

In order to ensure the 
2H produced by the RFC contains no water owing to the water 

crossover a water trap was designed. The key requirements of the water trap are: 

 

• Trap the water formed at the cathode chamber; 

• Automatically drain the water in the water trap; 

• Water trap must have no leaks; 

• Must be able to withstand pressures of up to 1000 kpa. 

 

The HOGEN GC hydrogen generator’s water trap is constructed out of steel, which makes it 

costly and time-consuming to construct. In order to make the water trap cheaper and faster 

to construct, perspex was used in the design of the water trap for the RFC.  The perspex 

tube had an outer diameter of 50 mm and an inner diameter of 46 mm. The caps on each 

side of the tube were 6 mm perspex milled with a Roland CNC machine to fit onto the tube. 

On the top cap two holes were made for an input and output pipe. On the bottom cap one 

hole was made for the water drain pipe. The water trap design is seen in Figure 24 and was 

tested to a pressure of 1000 kpa.  

 

The constructed water trap for the RFC and the water trap used in the HOGEN hydrogen 

generator work in the same manner. The water trap’s input pipe is the 
2H  

and 
2H O  mixture 

input. When the 2H  fills the chamber the water will be in the bottom of the water trap. The 

output pipe of the water trap will enable the 
2H  to exit the chamber. The 

2H  will contain no 

water because the water will remain in the bottom of the water trap. The water drain output 

can be connected to a valve which will remain closed. During the operation of the RFC the 

amount of water inside the water trap will increase. When the water inside the water trap 

must be drained the valve is opened and the pressure inside the chamber is used to force 

the water out through the water drain pipe. When the valve is closed the 
2H  will not be able 

to exit through the water drain pipe. Figure 25 shows the block diagram of the water trap 

connected to a valve. This will enable the system to automatically drain the water inside the 
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water trap controlled by the PLC. The valve will open automatically every 10 min in order to 

drain the water. 

 

 
 

Figure 24 Water trap design 

 
 

 
 

Figure 25 Water trap with valve 
 
 

The water trap was implemented with the RFC and worked well. Figure 26 shows the water 

trap built into the RFC test rig. 
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Figure 26 Water trap built into the RFC test rig 

 

3.7 PLC 

 
ABB’s programmable logic controller (PLC) is going to be used to control the optimal 

operation of the RFC system. It was decided to use the PLC because of two reasons namely 

firstly the programing of the module is much faster than with other controllers (e.g. PIC 

microcontroller). The other reason is the PLC has a function that data inside the PLC can be 

displayed visually (e.g. graphs, charts, etc.) on the PC. The Continuous Function Chart 

(CFC) programing language is going to be used to programme the PLC in order to control 

the optimised aspects of the RFC system. These aspects include: 

 
• Control of the supply voltage to the RFC ; 

• Automatically drain the water inside the water trap  ; 

• Control the water flow ; 

• Control the temperature of the RFC. 

 

The PLC that is used is a midrange controller (PM554). The controller has seven digital 

inputs and five digital outputs; an expansion module (AX521) is connected to the controller to 

add four analog inputs and outputs. 

 
3.8 Summary 

 
In this chapter the various design parameters were given, this included the different 

dissections of the components of the RFC. The different components required to build the 
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three cell RFC were designed and manufactured. When all the components were complete 

the three cell RFC was constructed. The water hydrogen phenomena were investigated and 

owing to this a water trap was designed and constructed to eliminate the water in the 

hydrogen owing to the water crossover. The control method that will be used for optimising 

the RFC operating process was also given 

 
In Chapter 4, the experimental setup to optimise the operation of the RFC will be given. The 

parameters to optimise are the stack voltage, water supply and the temperature of the RFC. 
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Chapter 4         Measurements and results 

 

4.1 Introduction 

 

This chapter gives an overview of all of the experiments performed on the designed RFC. 

The methods followed and results obtained for each experiment are also given. The 

experiments chosen to be performed on the RFC helped to optimise the operation of the 

RFC. The optimised RFC can be used in an SHS as explained in Chapter 1.  All the 

experiments were performed on a three cell RFC stack. 

 

4.2 Experimental setup 

 

A RFC test rig was constructed in order to conduct a number of experiments. The block 

diagram of the experimental setup can be seen in Figure 27. The water trap and the RFC is 

shown in Figure 28. The stack voltage of the RFC was supplied by a 15 V 10 A bench power 

supply. One of the hydrogen outlets was blocked off because both hydrogen outlets are 

linked together.  

 

 

 
 

Figure 27 Block diagram of the experimental setup 

 

There are mainly four types of water-heating methods namely: 

 
• Internal electrical coiled type - It has an electrical coil placed inside the storage tank 

that allows for heating of a large quantity of water with amazing recovery rates. 
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• External submerged type - Consists of copper tubes that are protected by a stainless 

steel or cast iron shell. There is a need for an external heat exchanger that uses one 

pump each for water and for heat transfer. 

• Furnace-based type - In this system the heat exchanger coil circulated water through 

the boiler/furnace so that it could be heated and then sent to a storage tank for use. 

• Tank-in-tank type - This type of an indirect-fired water heater is made of two tanks; 

the inside and the outer tank. The liquid in the outer tank is used to warm the liquid 

in the inner tank. The Weil McClain indirect water heaters are good examples of 

tank-in-tank heaters. This is a highly effective water heating system as this design is 

three times more capable than an electric water heater, and two times more capable 

than a tank less coil water heater. 

 

 
 

Figure 28 RFC and the water trap 
 
 

 

The indirect tank-in-tank water heating method was used to heat the distilled water for the 

RFC. The reason for this is if an element or metal pipes are used to warm the distilled water 

directly as the water could become contaminated it and the tank-in-tank method is highly 

effective. If the distilled water is contaminated the MEA of the RFC will be damaged and its 

lifetime will shorten dramatically. The water inside the big water container is warmed to the 

desired temperature; this will increase the temperature of the distilled water inside the 

smaller container. This method of warming the distilled water for the RFC will ensure that the 

water does not become contaminated and harm the MEA of the RFC. Figure 29 shows the 

indirect tank-in-tank water heating configuration.  
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Figure 29 Indirect tank-in-tank water heating 

 
The temperature of the water used to heat the distilled water was controlled by a Carel 

temperature controller. The desired temperature was set on the controller and the 

temperature of the water was measured by means of a temperature probe connected to the 

Carel temperature controller seen in Figure 30. 

 

 
 

Figure 30 Temperature controller 
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If the temperature of the water is less than the temperature set on the controller it will switch 

a relay to its on state; however if the temperature of the water goes below the desired 

temperature the relay will be switched to its off state. If the relay is in its on state the element 

circuit will be complete, this will ensure current flow through the element and will warm the 

water. If the relay is in its off state the element circuit will not be complete and there would be 

no current flow. The circuit for the controller is shown in Figure 31. 

 

 
 

Figure 31 Element circuit 

 
The distilled water is pumped through the RFC with the help of a small water pump (by 

Flodos) seen in Figure 32.  

 

 
 

Figure 32 Water supply to the RFC 
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The water pump is a 12 V pump and is able to supply a maximum flow rate of 0.1 l/min. The 

pump also has an excellent chemical resistance (Annexure B). The flow rate of the pump 

can be controlled by adjusting the supply voltage to it. The pump’s inlet is connected directly 

to the distilled water container. The outlet of the pump is fed into the RFC water inlet, the 

water oxygen mixture exits at the RFC water outlet and returns to the distilled water 

container. The flow rate of the hydrogen produced by the RFC was measured by using a gas 

Ritter drum type flow meter shown in Figure 33.  

 

 
 

Figure 33 Ritter flow meter 

 

“Ritter drum-type gas flow meters are universally applicable for measuring the volume of 

flowing gases and are particularly effective when measurements demand the highest 

precision. The measurement of Ritter drum-type gas meters works on the principle of 

displacement. The gas meters contain a revolving measuring mechanism (measuring drum) 

within a packing liquid (usually: water or thin-bodied oil). The measuring drum compulsorily 

measures volume by periodically filling and emptying four rigid measuring chambers. 

Fastidious production methods and calibration enable a measuring accuracy of ± 0.2 % at 

standard flow rate and approx. ± 0.5 % over the whole measuring range. The major 

advantage and the superiority of volumetric gas meters (like drum-type gas meters) over 

other measurement principles, which determine gas volume by using secondary measurable 

variables such as speed, heat capacity, hot-wire resistance or similar, is that the volume of 

the gas is directly measured. That means that the condition and the composition of the gas 

have no influence on the measurement accuracy. Correcting factors which take into account 

gas type, temperature, humidity etc. are therefore not necessary. It should be noted that with 
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other non-volumetric measurement processes, the measurement accuracy given for that 

process can only be achieved if the correcting factors for the immediate condition of the gas 

are exactly known” (Annexure C).  

 

The specifications for the Ritter flow meter used for these experiments are as follow: 

 

Table 5. Ritter specifications 

 
Ritter   

Type TG 1/5 

Min flow rate 2 l/h 

Max flow rate 120 l/h 

Max pressure 50mbar 

 
The hydrogen output of the RFC was connected to the Ritter flow meter to determine the 

flow of hydrogen produced. A stop watch was used to time how long it takes for 0.3 liter (l)  

of hydrogen gas to pass through the meter. The following formula was used to determine the 

flow of hydrogen produced: 

 

      

 
 

= × × 
  
 

60
0.1 60

3

l h
t

                                                  (10) 

 

 

Where: 

 /l h  ≡  liter per hour hydrogen 

     t  ≡ time it takes for 0.3 l of hydrogen to pass through the flow meter 

 
4.3 Stack voltage 
 

 

The aim of this experiment is to determine the optimised stack voltage of the RFC. The setup 

for this experiment was done with the following equipment and is shown in Figure 34: 

 
 

• Water pump 

• 2 A Variable bench power supply 

• 10 A Variable bench power supply 

• Digital multimeter 

• Current meter 
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• Ritter flow meter 

• Stop watch 

• Distilled water 

• Water trap 
 

 

 

 

 
 

Figure 34 Stack voltage experimental setup 

 

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 can be any temperature (in its operating range) but it must be kept constant, 

because the temperature has an effect on the current and flow of 
2H  produced. A constant 

voltage of 5.1 V was supplied to the RFC for a time period of 5 min in order for the stack 

current to stabilize. A voltage of 5.1 V was chosen because if the minimum voltage were 

applied the current would not stabilise because the voltage is less than the required RFC 

decomposing voltage. The voltage of each cell is measured between two adjacent bipolar 

plates. The stack voltage is measured between the anode and cathode supply connection to 

the bipolar plate. A current meter is connected in series to confirm that the reading on the 

power supply is correct. Then the voltage after 5 min is decreased to the minimum voltage 

used for this test that is 3.94 V. The stack voltage is increased by 0.15 V increments that 

result in the increase of a cell voltage of 0.05 V. After each time the voltage is increased it is 

left for 5 min before the measurements are taken; this is done in order for the current to 
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stabilise. Table 6 shows the results obtained from the experiment. Figure 35 shows the 

graphical representation of the flow of H2 produced vs. voltage and current vs. the voltage. 

All the values for the graphs were obtained from Table 6. 

 

Table 6. Stack voltages 

 
Stack 

Voltage 

(V) 

Voltage 

per Cell 

(V) 

Stack 

Current 

(A) 

Temperature 

(ºC) 

Flow 

( 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 

 
 

The efficiency of the RFC at STP can be calculated using the following equation 

(Doddathimmaiah, 2006:52-55): 

 

                                                                100 %
hydrogenE

electric

E

E
η = ×  

 

                                                                2.
100 %

. .

E HV HVV

V I t
η = ×                                                     (11) 

 

Where: 

     
ηE

 
≡ Efficiency of RFC (%) 

    2HV  
≡ The flow rate of 

2H produced in mole 

 HVV  ≡ Higher heating value of hydrogen (142 MJ/kg at 25°C) 
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      V  ≡ RFC supply voltage (V) 

      I  ≡ Current drawn by the RFC (A) 

      t  ≡ Time in seconds (s) 

 

To do the calculations for 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. 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 6. 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
η = ×

               (12)
 

                                           
3(0.42)(1.42 10 )

100 %
(5.05)(5.7)(3600)

E ×
η = ×  

                                           η = 56.85 %E  

 

The efficiency of the different stack voltages is shown in Table 7. The graph of the efficiency 

vs. voltage and current vs. voltage is shown in Figure 36. As seen in Figure 36 the efficiency 

peaked at a stack voltage of 5.05 V. If a stack voltage is greater or less than 5.05 V the 

efficiency of the RFC will decrease.  
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Figure 35 Flow of H2 and current vs. stack voltage 
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Table 7. 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 
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Figure 36 Efficiency and current vs. voltage of the RFC 
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4.4 Water supply  
 

 

The aim of this experiment is to determine what effect the water flow rate through the RFC 

has on the flow of 
2H produced by the RFC. The setup for this experiment was done with the 

following equipment and is shown in Figure 37: 

 
• Water pump 

• Distilled water 

• Multimeter 

• Current meter 

• 2 A Variable bench power supply 

• 10 A Variable bench power supply 

• Ritter flow meter 

• Stop watch 

• Water trap 

 

 

 

Figure 37 Water supply experimental setup 

  

The flow rate of the water pump can be changed by changing the supply voltage to the 

pump. The minimum supply voltage was 5 V and was increased in 1 V increments to a 

maximum voltage of 12 V. The supply voltage could only be varied between 5 V and 12 V as 
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this was the operating voltage limitations to the pump used. Table 8 and Figure 38 show the 

relationship between the supply voltage to the pump and the flow rate of
2H O . 

 
Table 8. Relationship between pump supply voltage and H2O flow rate 

 

Pump supply voltage (V) H2O flow rate (ml / min) 

5 26.5 

6 36.58 

7 46.15 

8 53.57 

9 50 

10 36.83 

11 73.17 

12 76.92 
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Figure 38 Pump supply voltage vs. flow rate of 2H O  

 

 

It can be seen that the minimum and maximum flow rate was 26.5 ml/min and 76.92 ml/min 

respectively. The voltage of the pump was set to 5 V in order to pump water through the 

RFC at a rate of 26.5 ml/min thus a constant voltage of 5.05 V was supplied to the RFC. A 
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voltage of 5.05 V was chosen because it is the optimal operating voltage for this RFC. After 

each time the flow rate of the water pump was adjusted a waiting period of 5 min was 

allowed to determine if there is a change in current drawn by the RFC or flow of 

2H produced. 

 
The temperature was also kept constant at 34°C. The temperature of the RFC used in this 

experiment can be any temperature (in its operating range) but it must be kept constant, 

because the temperature has an effect on the current and flow of 
2H  produced. At each 

different flow rate of 
2H O , measurements were taken over a time period of 30 min in order to 

obtain the average flow of 
2H  produced. Table 9 shows the results for this experiment and 

Figure 39 shows the graphical representation of the flow rate of 
2H O  and pump voltage vs. 

flow rate of 2H  produced.  

 
 

The results showed that the flow of 
2H  produced was constant throughout the experiment. 

Thus the conclusion can be made that the flow rate of 
2H O  did not have an effect on flow of 

2H  produced. Thus it is not necessary to control or optimise the water flow on this RFC, 

because it has no effect on the flow of 
2H  

produced. 
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Figure 39 Flow rate of 2H  and pump voltage vs. Flow rate of 2H O  produced 
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Table 9. Flow rate of 2H O  vs. flow rate of H2 produced 

 
Flow rate of 

2H O (ml / min) 

Voltage of 

RFC (V) 

Current of 

RFC (A) 

Average Flow of 

H2 produced (l / h) 

26.5 5.05 5.7 9.5 

36.58 5.05 5.7 9.5 

46.15 5.05 5.7 9.5 

53.57 5.05 5.7 9.5 

50 5.05 5.7 9.5 

36.83 5.05 5.7 9.5 

73.17 5.05 5.7 9.5 

76.92 5.05 5.7 9.5 

 
4.5 The effect of temperature on the RFC 

 

The aim of this experiment is to determine the effect that the temperature has on the 

production of 
2H  

by the RFC. The setup for this experiment was done with the following 

equipment and is shown in Figure 40: 

 
• Water pump 

• Distilled water 

• 2 A Variable bench power supply 

• 10 A Variable bench power supply 

• Digital multimeter 

• Current meter 

• Ritter flow meter 

• Stop watch 

• Indirect tank-in-tank water heating method  

• Carel temperature controller 

• Water trap 

 

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 used for the indirect 

water heating to the desired temperature. The distilled water temperature will also then 

increase to the same temperature of the water used for the indirect water heating. The 

temperature of the distilled water at the beginning of the experiment was close to room 
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temperature that was 20ºC. The distilled water was pumped through the RFC at a constant 

rate and a constant stack voltage of 5.34 V was applied on the RFC. The supply voltage of 

this experiment can be any voltage within the RFC operating voltage limits (4.5 V to 6.06 V) 

but must be kept constant because the voltage has an effect on the current and the flow of 

2H  produced.   

 

 

 
 

Figure 40 Temperature experimental setup 

 

After the voltage was applied to the RFC it was left for 5 min in order for the current to 

stabilise. After 5 min the first measurements were taken for 20ºC then the Carel temperature 

controller was set to 30ºC. The warming of the distilled water was a time-consuming process. 

When the distilled water reached 30ºC the second measurements were taken. The 

temperature was increased by increments of 10ºC each time until it reached 70ºC. A 

temperature of 70ºC was the maximum temperature that could be tested because the plastic 

containers used were close to melting point. 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 10; from the data in the table two graphs were plotted which 

includes current vs. temperature seen in Figure 40 and flow of 
2H  produced vs. temperature 

seen in Figure 42.  

 

It is clearly noted that an increase of temperature will increase the current drawn by the RFC 

(shown in Figure 41). When the current drawn by the RFC increases the flow of 2H  
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produced also increases. Thus the 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 10. 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 
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Figure 41 Current vs. temperature 

 
 
 

If the operating temperature of the RFC is increased it must be kept in mind that the amount 

of energy it takes for the RFC to reach its desired temperature can decrease the overall RFC 
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system’s efficiency. If the RFC is used for a SHS (as discussed in Chapter 1) the amount of 

power used on the warming of the RFC must not be greater than the amount of power one 

gets from the extra hydrogen produced. In order to calculate the amount of power it takes to 

warm 1 l of water to a certain temperature the following equation is used (Joel, 1996:20-23) 

 

                          =
p

Q c mdT                                                          (13) 

 
Where:     

    Q  ≡ amount of power ( kJ ) 

     
p
c

 
≡ specific heat constant of water 4.19 / ºkJ kg C ( / ºkJ kg C ) 

    m  ≡ mass of liquid ( kg ) 

   dT  ≡ temperature difference between start and end temperature ( ºC) 
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Figure 42 Flow of 2H  produced vs. temperature 

 
The starting temperature for the following equations will be lab temperature which in this 

case is 20ºC. Three calculations were done raising the temperature from 20ºC to 30ºC, 50ºC  
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and 70ºC. In these calculations 1 l of water was warmed (note:1 l water has a mass of 1 kg). 

 

        
=

30 p
Q c mdT

                      (14)
 

                                                 
= −30 (4.19)(1)(30 20)Q  

                                                 
=30 41.9 kJQ  

 

        
=

50 p
Q c mdT

                                            (15)          
 

                                                 
= −50 (4.19)(1)(50 20)Q  

                                                 
=50 125.7 kJQ  

 

       
=

70 p
Q c mdT

                       (16)
 

                                                
= −70 (4.19)(1)(70 20)Q  

                                                
=70 209.5 kJQ  

 

The amount of power in kJ can be converted into W.h with the following equation: 

 

                                                                      = × 3600J W                                                                (17) 

 

Where : 

      J  ≡  Amount of power in Joule 

     W  ≡  Amount of power in Watt 

 
Therefore:                                   = ×30 3600J W

                      (18)
 

                                                =
41900

3600
W  

                                                = 11.64 W.hW  

∴For each hour 11.64 W is consumed  

 
        

= ×50 3600J W
                                           (19)

 

                                                 =
125700

3600
W  

                                                 = 34.92 W.hW  

∴For each hour 34.92 W is consumed  
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                                                = ×70 3600J W
                                (20)                       

 

                                                 =
209500

3600
W  

                                                 = 58.19 W.hW  

∴For each hour 58.19 W is consumed  

 
4.5.1 NEXA

®
 Power Module 

 
The next experiment is done to determine the amount of power that can be generated by 

using hydrogen with a flow rate of 1 l/h by the Nexa
®
 Power Module. “The Nexa

® 
Power 

Module comprises of an air-cooled fuel cell stack using Billard’s approved PEM technology. 

Using hydrogen and oxygen (from ambient air) as fuel it can generate up to 1200 W of 

unregulated DC power”. The design of the Nexa
® 

Power Module (specifications in Annexure 

D) is well suited for a variety of applications such as: 

 
• Stationary power supply systems, 

• Backup power generators, 

• Recreational and portable products. 

 

The Nexamon
®
 OEM control software (specifications in Annexure D) can be seen in Figure 

43. 

 

 
 

Figure 43 Nexamon
®
 OEM control software 
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The Nexamon
®
 OEM control software allows the user to set parameters and monitor 

operational data such as: 

 
• Stack voltage, current and temperature, 

• Hydrogen pressure and consumption, 

• Ambient temperature, 

• Air mass flow rate, 

• System operating time. 

 

The Nexa
® 

Power Module was connected to a DC load in order to determine the hydrogen 

usage. The Nexamon
®
 OEM control software was used to monitor the hydrogen 

consumption of a 100 W load. Figure 44 shows the block diagram of the Nexa experiment 

setup. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 44 Experiment setup with Nexa

® 
Power Module 

 

The result obtained in this experiment is given in Table 11. The Nexa
®
 Power Module 

supplied power to the 100 W load for one hour. 

 

Table 11. Hydrogen consumption 

 

Load    

(W) 

Fuel consumption    

(l/h) 

100 72 

 

From the data obtained in Table 11 the following calculation is done to determine the 

maximum load  that can be connected to the FC if there is a hydrogen flow rate of 1 l/h (As 

shown in Table 11: For a 100 W load the Nexa® Power Module consumed 72 l/h). 

Nexa® Power 
module 

Nexamon® OEM 
control software 

DC load 
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Load Fuel consumption
 = 

72 72                      
(21) 

                                            

100 72
 = 

72 72
 

                                         
1.38 W = 1 l h  

 
As seen in the calculations a hydrogen flow rate of 1 l/h can supply a maximum load of 1.38 

W with power. The comparison between the amount of extra power that can be produced 

when the RFC’s temperature is increased and the amount of power to warm the RFC is 

given in Table 12. 

 
Table 12. Energy that is generated by the extra hydrogen 

 
30ºC 50ºC 70ºC 

It takes 11.64 W (for one 

hour) to warm the water 

from 20ºC to 30 ºC 

It takes 34.92 W (for one 

hour) to warm the water from 

20ºC to 50ºC 

It takes 58.19 W (for one 

hour) to warm the water from 

20ºC to 70ºC 

Seen in the data in Table 

10 there was a 3 l/h 

improvement in hydrogen 

production 

Seen in the data in Table 10 

there was a 9 l/h 

improvement in hydrogen 

production 

Seen in the data in Table 10 

there was an 11 l/h 

improvement in hydrogen 

production 

The extra power that can 

be produced with the extra 

hydrogen is 4.14 W 

The extra power that can be 

produced with the extra 

hydrogen is 12.42 W 

The extra power that can be 

produced with the extra 

hydrogen is 15.18 W 

 

As seen in Table 12 the power that is consumed by the warming process for the RFC is 

more than the amount of power that the extra hydrogen can produce. Thus if the RFC’s 

temperature is increased in order to produce more hydrogen the input power (warming the 

RFC) will be more than the output power of the extra hydrogen. This will decrease the 

efficiency of the SHS dramatically. Thus it was decided not to warm the RFC because it 

would decrease the overall RFC efficiency. 

 
4.6 The optimised RFC system 

 
As mentioned in Chapter 3 the aspects that need to be controlled are the water flow, 

temperature, supply voltage to the RFC and draining of the water inside the water trap, but 

as seen in the experiments addressed in this chapter there is no need to control the water 
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flow as it has no effect on the hydrogen produced. The operating temperature of the RFC 

has an effect on the hydrogen produced but the RFC must not be warmed as it consumes 

more energy to warm the RFC than one gets from the extra hydrogen produced. The RFC 

stack voltage is optimised at 5.05 V; if a greater or lesser stack voltage is applied the 

efficiency of the RFC decreases. 

 

Thus two aspects of the RFC system that is controlled by the PLC to optimise the operation, 

is the switching of the RFC stack voltage and the control of the water release valve for the 

water trap. The switching of RFC supply voltage was done by connecting a relay to the PLC. 

The control water release valve for the water trap was done by connecting the valve to the 

PLC’s digital output. If there is an error in the system or the hydrogen pressure has reached 

the desired output of hydrogen the relay will then switch which will break the RFC supply 

circuit. If the relay switched there will not be a supply voltage to the RFC and it will therefore 

not produce any more hydrogen. The block diagram of the PLC control system used to 

optimise the RFC system is shown in Figure 45. 

 
The programing in Codesys of the RFC stack voltage relay circuit is shown in Figure 46. The 

variables must have the following values otherwise the relay will switch: System_stop must 

be a logic 0, On_button must be a logic 1 and the over_pressure must be a logic 1.  The 

System_stop will have a logic 1 if there is a system error. If the On button is pressed in the 

visual form On-button will be a logic 1 but if the Off button is pressed On_button will have a 

logic 0, and over_pressure will be a logic 1 if the hydrogen pressure has not reached the 

desired output pressure but will be a logic 0 if the hydrogen pressure reached the desired 

output hydrogen pressure. The visual form for the PLC can be seen in Figure 47. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 45 PLC control block diagram 
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Figure 46 Relay Codesys programming 
 

 

 
 

Figure 47 Visual form 

 

Figure 48 shows the programming of the water release valve in Codesys. Before the water 

release valve program will be enabled the RLA variable (supply voltage to the RFC) must be 

a logic 1. When the RLA variable is a logic 1 the Water_timer will give a delay of 10 min 

before switching the water valve output to high and when water output is high water_timer_2 

will reset the process in 1ms.The wave form for the water release valve is shown in Figure 

49. 

 

 
 

Figure 48 Water release valve Codesys programming 
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Figure 49 Water release valve output wave form 

 
The entire optimised RFC system which can produce hydrogen at a desired pressure is 

shown in Figure 50. The building of the RFC system involved the research addressed in this 

document as well as the research of Ms M Burger a fellow student.  

 

 

 

Figure 50 Hydrogen generator 

 
4.7 Summary 

 
In Chapter 4, the experimental setup on which all the necessary experiments were 

performed to optimise the voltage, temperatures and water management of the RFC was 

given. It was found that if the stack voltage were at 5.05 V the efficiency of the RFC was the 

highest at 56.85 %. The water flow rate through the RFC had no effect on the flow of 
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hydrogen produced thus there is no need to control the water flow rate. The temperature of 

the RFC had an effect on the flow of hydrogen produced, an increase of temperature 

resulted in a increase of flow of hydrogen produced. However it was found that if the 

temperature of the RFC were to be increased the efficiency of the system would decrease, 

thus there is no need to control the temperature of the RFC. 

 

Chapter 5 is the final section in this dissertation. It will deal with the conclusions and 

recommendations that evolved from the study of the optimisation of water, temperature and 

voltage management on a RFC. 
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Chapter 5  Conclusions and recommendations 

 
Introduction 

 
The research to optimise the water, temperature and voltage management of a RFC was 

carried out and conclusions have been made from the results obtained. The intended 

objectives were achieved. The recommendations for the future research in the RFC 

technology will now also be discussed.  

 
5.1 Conclusions 

 
5.1.1 The construction of the RFC 

 
It was found that the design of the RFC centred around the MEA ‘the heart’ of the RFC. 

Although the research did not focus on the manufacturing of the MEA, different types of 

MEAs were considered. A study was made of the type of electrocatalyst that could be used 

in the MEA for the RFC. The research showed that the Pt  black cathode electrocatalyst of 

the Nafion N-115 MEA showed good performance in the FC and RFC modes. However, 

Pt black could not be used for the anode electrocatalyst because it has excellent 

performance in the FC mode but poor performance in the RFC mode. The literature research 

also showed that the best electrocatalyst used at the anode is  IrRuOx Pt  black. The IrPt  

black will be the dominant conductor in the RFC mode and will be inactive during the FC 

when Pt  black will be active. RuOx  was used for better conductivity and is also less costly. 

The research showed that the Nafion N-115 membrane was the best choice to use in a RFC. 

 

Research into the making of bipolar plates used for a RFC showed that the graphite plate 

was the best material to be used. Different types of flow fields were investigated and it was 

found that the three continuous serpentine flow field was superior to that of the pin type, 

straight and parallel type and the single continuous serpentine type flow fields. After the 

three continuous serpentine flow fields were drawn in the solid edge CAD program, it was 

milled into the graphite plates by means of a Roland milling machine. The bipolar plates with 

a three continuous serpentine flow field showed promising results for the RFC. O rings and 

O ring cord were used as gaskets for the sealing of the RFC stack and showed better results 

over rubber gaskets. For technical reasons a three cell RFC was constructed and showed 

promising results. The manufacturing process of the pates was not optimised and was 

expensive and time consuming but worked well. 
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5.1.2 Contro l aspects of the RFC 

 

After several experiments were performed on the RFC it was noticed that there was a 

presence of water in the hydrogen produced. To remove the water from the water hydrogen 

mixture, a water trap was designed and constructed using a rapid prototyping machine. The 

water trap was designed in such a way that the water is drained automatically by the control 

circuit every 10 minutes. The pressure inside the hydrogen system is used to push out the 

water inside the water trap if the water drain valve opens. The water drain valve for the water 

trap is controlled by the PLC. The PLC could also be replaced with a microprocessor 

because the PLC is very expensive. 

 

It was determined that the optimised voltage of a single cell RFC is 1.68 V thus for a three 

cell RFC the optimised 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. The efficiency was calculated to be 56.85 %. If the 

voltage were to be increased beyond 5.05 V more hydrogen is produced but the overall 

efficiency was decreased. Thus the voltage to this three cell RFC must be fixed at 5.05 V for 

the optimised operating voltage. 

 

It was also found that there was no difference in the RFC performance if the water flow rate 

were changed. The water flow rate was changed from 26.5 ml/min to 76 ml/min by changing 

the voltage on the pump. The water flow rate could only be varied between 26.5 ml/min and 

76 ml/min as these were the limitations to the pump used. It was proven that there was no 

difference in the production rate of hydrogen or current drawn by the RFC if the water flow 

was changed. Thus there is no need to control the water flow in the RFC because it had no 

effect on the production rate of hydrogen. 

 

The results also showed that the operating temperature of the RFC had an effect on the 

production of hydrogen or the current drawn by the RFC. It was also found that if the 

operating temperature of the RFC was increased it improved the flow rate of hydrogen 

produced and simultaneously an increase current drawn by the RFC. It was proven that if the 

operating temperature of the RFC was increased, the energy it consumes to warm the RFC 

it significantly decreases the efficiency of the whole system. Thus the RFC need not be 

warmed because it consumes significantly more energy to warm the RFC compared to the 

energy available for later use. There is thus no need to control the temperature for the 

optimised operation of the RFC. Room temperature of 20°C is adequate. It was also found if 

the temperature of the RFC is below 0°C it will stop to operate. 
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5.2 Recommendations 

 
The following recommendations relating to the further development of RFC technology are 

made. 

 

• Further research could be done on the physical construction of the RFC for example 

flow fields, bipolar plates, etc. This could increase the efficiency of the RFC and 

lower the cost. 

• All the experiments done on the three cell RFC, for example the optimised supply 

voltage, water flow and temperature, should be carried out on more cells and cells 

with a larger MEA area. The results of the bigger RFC stack must then be compared 

to the results of this document. 

• Further research must be done on how to use a RFC in the FC mode. If the RFC 

can be used in both modes (FC mode and RFC mode) it can be used in the solar 

hydrogen system explained in Chapter 1. 

• An optimised manufacturing process for the bipolar plates could be investigated. 

• Further research into the use of an alternative controller, for example, a 

microprocessor to reduce the cost of the RFC system. 
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Standard Thermodynamic properties of chemical substances        ANNEXURE A 

 

 
 

 

 

Molecular 

formula 

Name               ∆ H (kJ mol 
-1

)             ∆ G (kJ mol -1) 

  Crys. Liq. Gas Crys. Liq. Gas 

H2O Water  -285.8 -241.8  -237.1 -228.6 

H2O2 Hydrogen peroxide  -187.8 -136.3  -120.4 -105.6 

H2O2Sn Tin(II) hydroxide -561.1   -491.6   

H2O2Sr Strontium hydroxide -959.0      

H2O2Zn Zinc hydroxide -641.9   -553.5   

H2O3Si Metasilicic acid -1188.7   -1092.4   

H2O4S Sulfuric acid  -814.0   -690.0  

H2O4Se Selenic acid -530.1      

H2S Hydrogen sulfide   -20.6   -33.4 

H2S2 Hydrogen disulfide  -18.1 15.5    

H2Se Hydrogen selenide   29.7   15.9 

H2Sr Strontium hydride -180.3      

H2Te Hydrogen telluride   99.6    

H2Th Thorium hydride -139.7   -100.0   

H2Zr Zirconium(II) hydride -169.0   -128.8   

H3N Ammonia   -45.9   -16.4 

H3NO Hydroxylamine -114.2      

H3O2P Hypophosphorous acid -604.6 -595.4     

H3O3P Phosphorous acid -964.4      

H3O4P Phosphoric acid -1284.4 -1271.7  -1124.3 -1123.6  

H3P Phosphine   5.4   13.4 

H3Sb Stibine   145.1   147.8 

H3U Uranium(III) hydride -127.2   -72.8   

H4IN Ammonium iodide -201.4   -112.5   

H4N2 Hydrazine  50.6 95.4  149.3 159.4 

H4N2O2 Ammonium nitrite -256.5      

H4N2O3 Ammonium nitrate -365.6   -183.9   

H4N4 Ammonium azide 115.5   274.2   

H4O4Si Orthosilicic acid -1481.1   -1332.9   

H4O7P2 Pyrophosphoric acid -2241.0 -2231.7     

H4P2 Diphosphine  -5.0 20.9    

H4Si Silane   34.3   56.9 

H4Sn Stannane   162.8   188.3 

H5NO Ammonium hydroxide  -361.2   -254.0  

H5NO3S Ammonium hydrogen 

sulfite 

-768.6      
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Specifications of the Flodos water pump           ANNEXURE B 
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Specifications of the Flodos water pump           ANNEXURE B  
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Specifications of the Flodos water pump           ANNEXURE B  
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Specifications on the drum type gas meter           ANNEXURE C  
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Specifications on the drum type gas meter           ANNEXURE C 
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NEXA power module                ANNEXURE D 
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NEXA Power Module                          ANNEXURE D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


