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Model of hydrogen energy conversion chain based on fuel cell  

 

 

Hydrogen energy 

 In recent years, despite numerous difficulties, the global economy has been steadily 

growing. One of the most significant problems, which may limit this progress are exhaustion 

of fossil fuels and rising costs of energy. Industrial development brings together unwanted 

consequences, such as pollution of environment. Therefore, ways of saving energy as well 

as novel “green” energy sources have to be developed. Renewable energy sources, such as 

solar, wind, rivers and tides grow in importance. Harvesting energy is only the first step in a 

complex process, which involves distribution, storage and conversion of energy.  

Energy processing based on hydrogen seems an interesting solution of above-mentioned 

problems. In contradiction to traditional systems, in which the energy is distributed via power 

lines, this technology is based on distribution of hydrogen fuel. Hydrogen has one of the 

highest energetic values – burning 1 kg of hydrogen produces about 121 MJ of heat, 

whereas burning 1 kg of gasoline – 45 MJ, propane-butane – 34 MJ, and coal 30 MJ. The 

main problems of energy chain based on hydrogen are production  of hydrogen, safe 

storage, distribution, and efficient recovery of energy stored in this fuel.  

Production of hydrogen  

The hydrogen occurs in the in the atmosphere as a diatomic gas – however, near the Earth 

surface the air contains only 0.50 ppm, (parts per milion) of H2. More hydrogen can be found 

in water (weight percentage of 11.2%) and in fossil fuels. It is a paradox that currently most 

of hydrogen is harvested from fossil fuels (mainly earth gas), in a process called steam 

reforming. This process generates significant losses – the energy stored in hydrogen is much 

lower, than that of used fossil fuels. Additionally, large amounts of carbon dioxide are emitted 

into the atmosphere. A way for “clean” production of hydrogen is electrolysis – which 

currently constitutes only small share of total production of hydrogen. The electrolyzers have 

high efficiency, but their application is limited by high production costs. The process of 

electrolysis requires a source of cheap electrical energy – such as river dams and nuclear 

power plants, but a small-scale developments can be powered also from wind and solar 

power.  

Storage of hydrogen 

In contradiction to the common belief, the hydrogen does not represent a safety threat 

greater than other currently used liquid and gaseous fuels. The self-ignition temperature is 

lower than that of gasoline, and hydrogen which escapes from the installation diffuses quickly 
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in the air, and therefore represents a threat only in closed compartments. In liquid form, 

about 71 kg of hydrogen can be stored in a 1 m3 tank – which, however, requires preserving 

low temperature of 21K. This way of storage cannot therefore be applied in portable devices, 

and in automotive industry. For pressurized hydrogen, about 33 kg can be stored in a 1 m3 

tank under the pressure of 800 bar. In this case, the mass of the tank becomes much 

greater, than the mass of the hydrogen. Therefore, often storage of hydrogen as chemical 

compounds is considered, or introduction of hydrogen into the material in the process of  

intercalation – which is possible in case of structures which provide appropriate vacancies for 

hydrogen ions and tunnels for ions transport. These two methods ensure high safety level, 

but may limit the access to the fuel.    

 

Hydrogen as a fuel  

The hydrogen can be burned in an adopted combustion gasoline engine, or – on an industrial 

scale – in a gas turbine. Another solution, which allows to directly convert the energy of 

synthesis of hydrogen and oxygen to electrical energy, is a fuel cell. The fuel cells, which will 

be described in detail below, allow to obtain efficiencies much higher than those of other 

engines, and do not emit pollutants. They can be produced also in small sizes, which allows 

application in powering electric vehicles and boats. Fuel cells work not only on hydrogen, but 

also on other fuels which contain hydrogen, such as methanol.    

 

Operation of the model of energy conversion chain 

 This laboratory exercise presents a model, which shows the key processes of 

the energy conversion chain based on hydrogen: from production of hydrogen, to 

utilizing the hydrogen fuel to produce electrical power. The setup comprises following 

components:: 

- Photovoltaical cell 

- Electrolyzer 

- Tanks for hydrogen and oxygen 

- Fuel cell 

The exercise consists of three independent parts, which can be performend 

separately: 

A. Study of characteristics and efficiency of a photovoltaic cell. 

B. Study of hydrogen fuel production in an electrolyzer.  

C. Investigation of electrochemical combustion of hydrogen in a fuel cell.  

 

Measurement setup. 

 

The scheme of the measurement setup is shown in Fig. 1. It consists of: 
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- Exchangeable light source (halogen lamp, LED lamp, infrared emitter).  

- An assembly of photovoltaic cells. The cells, made of polycrystalline silicon, 

are built into three polycarbonate plates, and assembled on a common basis.  

- PEM type electrolyzer with polymer electrolyte.   

- Tanks for storage of hydrogen and oxygen, connected to the electrolyzer.  

- Fuel cell with proton conducting polymer electrolyte.  

- Adjustable electrical load. 

- Assembly wires and meters (voltmeter and ammeter) 

- A digital meter of light intensity 

 

 

Fig. 1 Measurement setup 

 

 

Assembly and inspection of the setup.  

 First, fix the light source chosen by the tutor on the dedicated mount. Then, 

position the plate with photovoltaic cells on a basis, which can be shifted along an 

optical rail. Connect the leads of the photovoltaic cell to the corresponding leads of 

the electrolyzer (according to the color of the sockets). Check, if the valves on pipes 

linking the oxygen and hydrogen tanks with the fuel cell are closed, and close them if 

necessary. Close also the valves on the outlet of the fuel cell. Connect the leads of 

the fuel cell to the voltmeter (according to colors of the sockets). 

Turn on the light source. Soon, small bubbles of gas should appear on the outlet 

pipes of the electrolyzer. These gases – oxygen and hydrogen will be stored in the 

corresponding tanks - the volume of the oxygen should be two times lower than that 

of hydrogen. Wait, till a minimum of 20 cm3 of hydrogen has gathered in the tank. 

Slowly open the valves linking the tanks and the fuel cell – it is advised to open them 

only partly. After opening, the volume in the tanks should decrease slightly. If the 

volume decreases rapidly, close the valves, and then inspect if the outlet valves of 

the fuel cell are closed tightly. Upon opening of the valves linking tanks and fuel cell, 

the voltage measured on the fuel cell should increase. This voltage will increase to a 



 4 

maximum value. If necessary, open slightly the outlet valves of the fuel cell for a 

short while – if the pipes contain air, it will be flushed away by hydrogen and oxygen. 
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A. Study of characteristics and efficiency of a photovoltaic cell 

 

Semiconductor photovoltaic cell.  

Currently, most photovoltaic cells are produced basing on semiconductor technology. 

The electrical properties of semiconductors depend on their band structure. 

According to the Pauli exclusion principle, two electrons cannot be characterized by 

the same quantum numbers. This means, that they also cannot occupy the same 

energy level. Overlapping of wave functions of many electrons from the 

semiconductor crystal leads to splitting of their energy levels, and eventually to 

creation of electron energy bands.   

The bands can be completely full (all levels in the band are occupied by the 

electrons), partly full (electrons occupy levels with lowest possible energy) or empty 

(none of the electrons has sufficiently high energy to occupy the lowest energy level 

in the band). On the energy axis, the bands are separated by gaps. The electrons 

cannot occupy levels situated in the gaps – the bandgaps are also described as 

forbidden energy range.  

 

Electrical properties of material are 

determined by position of two bands: 

valence and conduction band. The 

valence band is the highest band 

occupied by valence electrons. The 

next band, situated higher on the 

energy scale is called conduction 

band. Electrons, which occupy one of 

energy levels situated within this 

band can easily change their energy, and therefore they become charge carriers. If 

an electron jumps from valence to conduction band, it leaves an unoccupied energy 

level which also enables transport of electrical charge under external field. Such a 

level is called a hole. It has a charge identical to that of electron, but with opposite 

sign. In semiconductors, the valence and conduction bands are separated by energy 

gap. The probability of electron hopping through the gap depends on its energy and 

the width of the gap.  

 

Fig. A1. Occupation of valence and 
conduction band in metals, semiconductors 
and insulators 
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Additional charge carriers can be introduced to the semiconductor by the doping 

process. This process involves incorporation of a small amount of „foreign” atoms, or 

impurities, in the regular crystal structure of semiconductor.  

The impurities, which become the source of free electrons are called donors. In a 

semiconductor doped with donors, the electrons become the major charge carriers. 

Such material is called an n-type semiconductor. The impurities, which produce 

electron holes are called acceptors. These holes become the dominating charge 

carriers, and the material is called a p-type semiconductor.  

The basic semiconductor element is a p-n junction. The junction is obtained by 

contact of p-type and n-type doped areas of semiconductor. Upon creation of the 

junction, some of free electrons from n-side near the junction diffuse across the 

junction to the p-side. There, they recombine with the holes – occupy the energy 

levels related to the holes. As a consequence, the n-side near the junction becomes 

depleted of electrons, and the p-side – depleted of holes. Therefore, these areas are 

called depletion zones. Depletion zones represent certain electrical potentials – 

positive on n-side, negative on p-side, which slow down further diffusion and 

recombination of charge carriers. Despite existence this potential barrier, some of the 

electrons from n-side are still capable of traveling across the junction. The current 

related to those electrons is called recombination current. Simultaneously, on the 

p-side new free electrons are generated by thermally activated hoping from valence 

to  the conduction band. If such electrons exist near the junction, they are dragged by 

positive potential on the n-side. The current associated with transport of these 

carriers onto p-side is called generation current. In equilibrium, these two currents 

have identical values. 

 

 

Fig A2. Simplified scheme of band structure and current flow at the p-n junction. 
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The light is represented by  particles which carry certain energy – photons. The 

photons, which reach the p-n junction, can interact and exchange energy with 

electrons. The electron from valence bad is able to absorb the photon, if the energy 

of the photon is sufficient for a jump between valence band and conduction band. 

Photon absorbed in an unpolarized p-n junction causes generation current related to 

flow of electrons from the p side to the n side. Thus, an electromotive force occurs 

between the n side (which becomes the negative pole) and p side (which becomes 

the positive pole). By analogy to the galvanic cells, the device based on this effect is 

called a photovoltaic cell.  

 

Commonly used photovoltaical cells 

based on polycrystalline silicon are 

covered with anti-reflective layer, 

which directs as many photons as 

possible to the layers beneath (Fig. 

A3). These photons cross a thin layer 

of n-type silicon semiconductor, and 

are absorbed in much thicker layer of 

p-type silicon. The absorption of 

photons generates electrons, which then diffuse towards the p-n junction. From this 

junction, they are collected by metal electrodes, placed in regular distances. The 

holes generated in absorption process in the p-type silicon travel towards flat metal 

electrode, mounted on the bottom side of the cell.  

The efficiency of typical silicon photovoltaic cell is about 20%. Mass production of this 

type of solar panels makes them a serious alternative for other energy sources. In 

2015, the production cost of silicon panels dropped below  $0.3 per watt. Solar 

panels are commonly applied in devices with low power demand, such as 

calculators. They are also used in places, in which access to other energy sources is 

limited. Power plants based on photovoltaic cells, so-called solar farms, are build in 

regions with high solar exposure. Solar panels also constitute the main power source 

for satellites. Despite significant decrease of cost of solar panels in recent years, it 

still remains the main barrier limiting their application.  

 

Performing the exercise  

 

 

Fig. A3. Scheme of photovoltaic cell based 
on polycrystalline silicon. 
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Prior to the main part of the exercise, close the valves between the fuel tanks and the 

fuel cell. Then disconnect the leads between the photovoltaic panel and the 

electrolyzer. The plate of the photovoltaic panel should be adjusted so, that the panel 

is placed about 10 cm from the light source. The cells should be placed 

perpendicular to the light direction, or, if not possible, in the plane close to 

perpendicular.  

Using a digital meter of light intensity, we measure the intensity at a point in the 

middle of first panel, and then we repeat the measurement for the second and third 

panel. We note the results.  

Next, a circuit shown in Fig. A4 

should be assembled. Connect the 

voltmeter to the leads of the 

photovoltaic cell. In parallel to that 

circuit connect branch containing 

serial connection of an adjustable 

resistive load and an ammeter.  

We begin the measurement by 

measurement of an open cell voltage – we disconnect one of the wires which link the 

photovoltaic panel with the load, and then we note the voltage. Then the resistive 

load should be connected again, and the measurement of voltage and current should 

be repeated for a series of different values of the load, indicated by the tutor. About 

20 seconds should pass between those measurements. For each measurement point 

we calculate power, as current multiplied by voltage.  

We prepare the plot of current-voltage characteristics of the photovoltaic cell and the 

plot of power as a function of voltage. We estimate the point, for which a maximum of 

power has been obtained. For this point, we calculate the efficiency as the proportion 

of electrical power generated in the circuit, to the power of light which reaches the 

surface of a photovoltaic cell (expressed as the intensity of light Ip times the surface 

of the cell A):  

AI

IU

P 


     (1) 

This expression does not take into account the spectral sensitivity of the electronic 

meter, and the spectrum of the light source. The meter is based on semiconductor 

detectors, and therefore it has different sensitivity for different wavelengths. 

Therefore, results measured for different sources such as LED lamps, halogen bulbs, 

infrared emitters and fluorescent bulbs may vary strongly.  

 

Rys. A4 Circuit for evaluation of 
photovoltaic cell efficiency. 
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Repeat the measurement using a different light source. Once again investigate the 

current-voltage characteristics of the photovoltaic cell and calculate the efficiency. 

After the measurements, investigate the spectrum of the light source using dedicated 

analyzer (ask the tutor for assistance). Compare the spectral plot of the light source 

with sensitivity curve of the detector. Discuss the obtained results, considering the 

nominal power of the light source and obtained efficiency of photovoltaic cell.  

Review questions 

1. Explain what are energy bands and describe the band structure of 

semiconductors, metals and insulators.  

2. Describe the functioning of p-n semiconductor junction.  

3. Describe the functioning of photovoltaic cell based on p-n junction.  

4. Explain, how efficiency of the photovoltaic cell can be calculated basing on its 

current-voltage curve.  

5. Explain, why the efficiency of the photovoltaic cell may depend upon the 

spectrum of the light source.
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B. Study of hydrogen fuel production in an electrolyzer 

 

Electrolyzer 

In the process of electrolysis, the chemical compound becomes dissociated into 

ions with opposite charges by application of a certain potential to the electrodes 

immersed in the material. For the water molecules, the electrolysis can be described 

by equation:  

2 H2O(l) → 2 H2(g) + O2(g); E0 = -1.229 V   (2) 

In practise, the potential necessary for this reaction is about 1.48V. The value 

needed for dissociation is raised by the entalpy of creation of H2 and O2 molecules. A 

simple electrolyzer can be assembled using noble metal electrodes (gold or platinum) 

or stainless steel plates immersed in water. Pure water is however a poor electrical 

conductor, which requires application of voltage much higher than the value quoted 

above. Therefore, often water solutions of salts are used instead. This may cause 

further problems – some of the cations from dissociated salt may compete with 

hydrogen reduction, inhibiting production of hydrogen. Such an effect occurs if 

standard potential of the salt cation is greater than that of hydrogen. Similarly, 

inappropriate selection of anion may inhibit production of oxygen.  

Modern electrolyzers are often equipped with separator (electrolyte) which conducts 

protons – so called PEM (Proton Exchange Membrane). In this type of device the 

water is in contact with anode (electrode connected to positive pole of an external 

power source) – Fig. B1. The anode is made of nobel metals, most frequently 

platinum or iridium oxide IrO2, which enables catalytic reaction of decomposition of 

water into oxygen and two protons H+: 

  eHOOH 442 22    (3) 

For the iridium oxide electrode, it is possible to obtain the throughput of the process 

of about 2mg for every cm2 of the electrode. On the anode side, production of 

gaseous oxygen takes place. The protons obtained during electrolysis travel across 

the electrolyte towards the cathode. On the cathode, another catalytic reaction takes 

place, which produces gaseous hydrogen.  
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The electrolytes of PEM electrolyzers 

are based on ionic conductors with 

sufficiently high protonic conductivity. 

The examples of such materials, 

together with description of ionic 

transport process will be presented in 

next part, which describes the fuel cells. 

The design of the PEM electrolyzers is 

very similar to that of fuel cells.  

 

Performing the exercise 

 

The efficiency of the electrolyzer could be evaluated using a photovoltaic cell from 

the previous part as a power source. However, an independent voltage source will be 

more convenient for our purposes.  Before connection of the electrolyzer to the 

power source, the voltage should be set to zero. Connect the voltmeter in parallel to 

the electrolyzer. The ammeter should be linked in series between the power source 

and the electrolyzer (Fig. B2).  

We increase the voltage between 0 

and 1V in steps of 0.2V, and then in 

the range between 1.0 to 2.0V in 

steps of 0.05V (in order to improve the 

accuracy of this measurement, please 

read the value from voltmeter in the 

circuit, not from the power source). 

For every step we note the current 

from the ammeter. At a certain voltage, the current will increase significantly, and gas 

production will take place. This is the threshold voltage needed for electrolysis 

reaction. Its value can be evaluated more accurately basing on the plot of current-

voltage curve of the electrolyzer. Such a plot should contain two parts - one with 

gentle slope for low voltages, and the other one with a steep slope for voltages 

higher than the threshold voltage. If a line is drawn through the points on the steep 

part of the plot, the intersection of this line with the voltage axis gives the threshold 

value (Fig. B3). 

 

Fig. B1. The principle of operation of a 
PEM electrolyzer.  

 

Fig. B2. Connection of the electrolyzer 
to the measuring circuit 
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Next, set the voltage higher than the 

threshold voltage, but lower than 2.2V. 

Note the levels of the gases in the tanks 

and the reading from ammeter. Repeat 

the measurements every 5 minutes. The 

efficiency of the electrolyzer can be 

calculated as a ratio of energy contained 

in the produced gas fuels, to the 

electrical energy consumed by the 

electrolyzer: 

tUI
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 2    (4) 

In our case, because the measurement consists of several data points, the efficiency 

can be calculated by linear fitting using least squares method. On the x axis we mark 

the values of total electrical energy consumed since the beginning of the 

measurement. On the y axis we mark the energy related to burning of hydrogen fuel 

contained in the tank. The efficiency can be then calculated from the slope of the 

fitted straight line. Calculate the uncertainty of the efficiency, basing on standard 

uncertainty of the slope, and uncertainty of each point. 

The heat generated upon burning of 1m3 hydrogen HU equals 12.75 MJ. This value 

includes also the heat contained in vapor produced during synthesis of hydrogen and 

oxygen (condensation heat of water vapor) and is therefore often described as the 

upper value of hydrogen combustion. In cases in which the condensation heat cannot 

be recovered, so-called lower hydrogen combustion heat  HL equal 10.8 MJ should 

be applied.  

The efficiency of the electrolyzer depends on the voltage applied to the device. At 

higher voltages, the unit produces more hydrogen and oxygen in the unit of time, but 

the efficiency calculated according to equation (4) is lower. In order to investigate this 

effect, the measurements should be repeated for other voltage above the threshold 

voltage. Ask the tutor for advice with proper selection of voltage value.  

 

Review questions 

1. Describe the physical background of electrolysis and explain the principles of 

operation of a PEM electrolyzer. 

2. Explain the method of calculation of electrolyzer efficiency. Give the equation 

and shortly discuss each symbol used.  

3. Explain the difference between upper and lower heat of combustion. 

 

Fig. B3. Estimation of threshold voltage. 
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C. Investigation of electrochemical combustion of hydrogen in 

a fuel cell. 

 

Fuel cell 

Most fuel cells are based on reaction of fuel with oxygen or oxidizing agent. The 

process is similar to combustion, but proceeds without flame – and therefore is often 

described as electrochemical combustion. The energy gained from the reaction is 

directly converted to electrical energy. Fuel cells may work on gaseous hydrogen, but 

also on other fuels, such as earth gas, methane, methanol and alcohols.  

The principles of operation of a fuel cell will be presented below for a device based 

on proton conducting electrolyte. The gaseous hydrogen reaches the electrode, 

made of dense mesh of catalytic material. In a catalytic reaction at the electrode, the 

molecules of hydrogen split into protons H+ and pass the electrons to the electrode. 

This electrode obtains negative charge and becomes the anode. The protons travel 

across the electrolyte towards the cathode. This electrode is also made of a dense 

mesh, on which another catalytic reaction takes place – the oxygen molecules are 

converted into O2-ions. This process requires electrons from the electrode. The 

potential difference which builds up between the two electrodes of a fuel cell can be 

used to drive the flow of electrons in an external circuit. When hydrogen ions reach 

the cathode, they react with oxygen ions and form water molecules H2O. The energy 

gained in this reaction converts directly into work required to force the electron flow in 

an external circuit.  

 

  

Fig. C1 Principles of operation of fuel cells: a) based on proton conductor, b) based 
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on oxygen conductor.  
 

Proton-conducting electrolytes are often based on polymers. One of the leading 

manufacturers is duPont, which has patented Nafion - a sulfonated 

tetrafluoroethylene based fluoropolymer-copolymer (Fig. C2) 

In this electrolyte, the charge 

carriers are protons related to the 

SO3H group. The transport is 

based on hopping of these protons 

between neighboring groups. The 

potential barrier for each jump is 

related to breaking of bonds 

between the proton and the SO3
-group. The higher the proton energy, the greater 

probability of successful jump. As the proton energy is related to the temperature, the 

ionic conductivity of the electrolyte rises with temperature. This dependence can be 

described, in simplified form, by Arrhenius law: 








 


Tk

E

B

Aexp0     (5) 

In the equation above EA stands for energy required fro jump to the next position, T is 

the temperature in Kelvin, and kB stands for Boltzmann constant.  

The jump to another position requires also that this position is free – in case of Nafion 

this requires presence of a SO3
- group near SO3H group. Therefore, the value of ionic 

conductivity strongly depends on structure of the material. The structure appropriate 

for high conductivity must first of all provide continuity of conduction paths between 

the electrodes. Otherwise, a fraction of charge carriers would become trapped in 

“dead ends” and would not contribute to the transport between the electrodes. The 

structure of Nafion contains hydrophobic groups (teflon) and hydrophilic groups 

(SO3H). During the synthesis of the electrolyte, the hydrophilic groups self-organize 

into a three-dimensional channel structure, with the SO3H groups directed inwards 

the channels. The channels are separated by hydrophobic fragments. Presence of 

polar molecules of water in the channels supports the transport of protons between 

subsequent SO3H groups. Therefore, the ionic conductivity of “wet” Nafion is much 

higher than that of “dry” membrane. The optimum operating temperature for Nafion is 

about 80C, as it provides a compromise between the energy required for jumps of 

protons between conducting sites, and water evaporation. 

The concept of fuel cell design described above presents just one of many 

possibilities. Instead of a proton conductor, an oxygen ion conductor can be applied 

 

Fig. C2 The chemical formula of Nafion. 
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as electrolyte. In this approach, the water is produced not on the cathode, but on the 

anode side. Other variants include electrolytes in which charge is transported by OH-  

or CO3
2- ions.  

The efficiency of fuel cells is higher than that of traditional combustion engines, or 

gas turbines. The fuel cells based on hydrogen fuel do not emit exhaust fumes. 

Therefore they are often described as engines of the future, which can in a nearby 

future revolutionize the automotive and energetic industry. There are even fuel cells 

which can use gasified coal as a fuel, and therefore can provide an interesting 

alternative for countries like Poland, which posses large deposits of coal and 

traditions in mining that fuel.   

The fuel cells are applied in cars, busses, smaller scale power plants and sea boats. 

The fuel cells were the main power source of Gemini space missions. In developing 

countries, fuel cells can be used to combust methane from fermentation processes or 

biological waste processing. The main barrier which limits their application is high 

cost of elements used for their production, especially electrodes. The cost of fuel 

cells is therefore much higher than that of combustion engines of comparable power. 

 

Performing the exercise 

 

The characteristics of the fuel cell can be studied, if the tank contains at least 60cm3 

of hydrogen gas. If the fuel level is lower, please produce hydrogen using electrolyzer 

(see part B). Connect circuit comprising voltmeter, ammeter and adjustable load to 

the leads of the fuel cell (Fig. C3).  

Before measurements it is necessary to purge the fuel cell in the following way: 

1. first, partially open the hydrogen outlet valve (on the anode side)  

2. then gently open the hydrogen intake valve (the valve placed between the 

hydrogen tank and the fuel cell) and let out ca. 20cm3 of hydrogen 

3. finally, close the hydrogen outlet valve 

4. repeat the whole procedure for the outlet valve on the cathode side  

 

Once the purging is accomplished, prepare the fuel cell for measurements. For that 

purpose, fully open the hydrogen intake valve (between the hydrogen tank and the 

anode of the fuel cell) and the partially the oxygen intake valve (between oxygen tank 

and the cathode of the fuel cell). Then gently open the outlet valve on the cathode 

side in order to allow the water vapour to evacuate. Notice that when the fuel cell is 

working, the outlet valve on the cathode side must be partially opened. If not, the 

water vapour accumulating there would impede the cell operation. In equilibrium 
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conditions, the outflow of oxygen from the tank should be compensated by the 

oxygen inflow from the electrolyzer (it is recommended that the electrolyzer should 

be turned on). Remember that during all measurements the hydrogen outlet valve on 

the anode side must stay closed.  

Once stable working conditions have been established, disconnect one of the wires 

which link the load with the rest of the circuit, and note the open circuit voltage of the 

cell (small oscillations around a 

certain value may occur and are 

acceptable). 

Next, connect the adjustable load. 

Perform a series of current and 

voltage measurements for resistance 

values indicated by the tutor. During 

these measurements check 

frequently, if the open cell voltage is 

constant. Basing on the data, make a 

plot of current-voltage characteristics of the device. Next, make a plot of fuel cell 

power (defined as voltage times current), and check for which resistance the fuel cell 

reaches a maximum value.   

 

Fig. C4. Example of current/voltage curve of a fuel cell, and a plot of power as a 
function of voltage.  
 

The efficiency of a cell can be defined as the ratio of work related to flow of current in 

the external circuit, to the energy gained from synthesis of hydrogen and oxygen:  
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    (6) 

Adjust the resistance of the load to the value, for which maximum power was 

obtained during the previous part. Then turn off the electrolyzer and keep track of the 

volume of burned hydrogen – note the volume of hydrogen in the tank every minute. 

 

Fig. C3. Connection of the fuel cell to 

the measuring circuit. 
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Alternatively you may use the time-lapse photography technique. At the same time 

write down the voltage at the fuel cell and the current flowing in the circuit.  

It is advised that this part of the experiment should not take longer than 20 minutes. 

Otherwise, in the set-up without the external power supply, the oxygen and hydrogen 

partial pressures may change, resulting in decrease of open circuit voltage, increase 

of internal resistance, and therefore decrease of efficiency.  

Data analysis 

Using your experimental data, draw a plot with combustion heat of hydrogen on the x 

axis (the value of combustion heat HL given in part B should be used), and the 

energy dissipated on the electrical load on the y axis. Remember that this plot should 

represent cumulative values (measured since the beginning of the experiment till a 

given instant of time).  

Next, fit a straight line to the points. The slope of this line represents the efficiency of 

the cell. The standard uncertainty of the slope (of type A) is equal to the standard 

uncertainty of the efficiency (of type A).  

For one point from the plot, find the standard uncertainty for efficiency of type B and 

compare it with type A. If necessary, combine the two uncertainties and write down 

the final result in terms of standard uncertainty and extended uncertainty. Compare 

your result with typical PEM fuel cells efficiencies reported in the literature. 

Moreover, determine the OCV (open-circuit voltage) with uncertainty and the internal 

resistance with uncertainty. In your calculations take into account the ammeter’s 

internal resistance which may be comparable with the resistance of other circuit 

elements. 

 

Review questions 

1. Explain the principles of operation of a fuel cell. Draw a scheme of a fuel cell 

based on proton conductor and based on oxygen conductor, write electrode 

reactions.  

2. Describe the factors, which influence the ionic conductivity of electrolyte, and 

its temperature dependence.  

3. Explain, why the open cell voltage differs from voltage with connected resistive 

load. Explain how to calculate the internal resistance of the fuel cell basing on 

its current/voltage curve.  

4. Describe the method for evaluation of fuel cell efficiency. Write the expression 

fro that quantity and explain symbols.   
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