
Chapter 2 

Regenerative Fuel Cell Systems Explained 

2.1 Introduction to PEMFC 

In the early 1960s. ()eneral Electric (GE) also made a significant breakthrough in fuel cell 
technology. Through the work of Thomas Grubb and Leonard Niedrach, they invented and 
dC\eluped the first polymer electrolyte membrane (PEM) fuel cell. It was initially 
c.k\ eloped under a program with the US Navy's Bureau of Ships and U.S. Army Signal 
Corps to supply portable power for personnel in the field. Attracted by the possibility of 
usmg C1E 's PEM fuel cell on the Apollo missions. NASA tested its potential to provide 
au\iliary power onboard its Gemini spacecraft. 

I he licmini space program consisted of 12 flights in preparation for the Apollo missions to 
the moon. For lunar t1ights. a longer power source was required than could be provided by 
batteries. which had been used on previous space flights. Unfortunately. the GE fuel cell. 
model PR2. encountered technical difficulties prior to launch. including the leakage of 
oxygen through the membrane[9]. As a result the Gemini missions I to 4 flew on batteries 
instead. The GE fuel cell was redesigned and a new model, the P3. successfully operated on 
the Gemini flights 6 to 12. The Gemini fuel cell power plant consisted of two fuel cell 
battery. GE redesigned their PEM celL and the new model P3. despite malfunctions and 
poor performance on Gemini 5, served adequately for the remaining Gemini flights. Project 
Apollo mission planners: however. chose to use alkali fuel cells for both the command and 
lunar modules. as did designers of the Space Shuttle a decade later. 

CiF Clmtinucd working on PEM cells and in the micl-1970s developed PEM water 
electrolysis technology for undersea life support, leading to the US Navy Oxygen 
Generating Plant. The British Royal Navy adopted this technology in early 1980s for their 
submarine 11eet. Other groups also began looking at PEM cells. In the late 1980s and early 
1990s, Los Alamos National Lab and Texas A&M University experimented with ways to 
reduce the amount of platinum required for PEM cells. Recently PEM developers added the 
\\eatherproofing material Gore-Tex to their cells to strengthen the electrolyte. 

......... 

Polymer electrolyte membrane (PEM) fuel cells are the most popular type of fuel cell. and 
traditionally use hydrogen as the fuel. PEM fuel cells also have many other fuel options. 
\\hich range from hydrogen to ethanol to biomass-derived materials. These fuels can either 
be directly fed into the fuel cell, or sent to a reformer to extract pure hydrogen. which is 
then directly fed to the fuel cell. Proton exchange membrane (PEM) fuel cells work with a 
polymer electrolyte in the form of a thin. permeable sheet. This membrane is small and 
light. and it works at low temperatures (about 80 degrees C. or about 175 degrees F). Other 
electrolytes require temperatures as high as 1.000 degrees C. To speed the reaction a 
platinum catalyst is used on both sides of the membrane. I-lydrogen atoms are stripped uf 
their electrons. or "ionized." at the anode. and the positively charged protons diffuse 
through one side of the porous membrane and migrate toward the cathode. 
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Figure 2.1- Structure of Fuel cell 
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The electrons pass from the anode to the cathode through an exterior circuit and provide 
electric power along the way. At the cathode, the electrons, hydrogen protons and oxygen 
from the air combine to form water. For this fuel cell to work, the proton exchange 
membrane electrolyte must allow hydrogen protons to pass through but prohibit the passage 
of electrons and heavier gases. 

Ef!iciency Cor a PEM cell reaches about 40 to 50 percent. An external reformer is required 
to COI1\'ert fuels such as methanol or gasoline to hydrogen. Currently, demonstration units 
of 50 kilowatt (kw) capacity are operating and units producing up to 250kw are under 
de\elopment. Proton exchange membrane fuel cells, also known as polymer electrolyte 
membrane fuel cells (PEMFC), are a type of fuel cell being developed for transport 
applications as well as for stationary and portable applications. Their distinguishing 
features include lower temperature and pressure ranges and a special polymer electrolyte 
membrane.The newly formed protons permeate through the polymer electrolyte membrane 
to the cathode side. The electrons travel along an external load circuit to the cathode side of 
the MEA, thus creating the current output of the fuel cell. Meanwhile, a stream of oxygen is 
deliwred to the cathode side of the MEA. At the cathode side oxygen molecules react with 
the protons permeating through the polymer electrolyte membrane and the electrons 
arri\'ing through the external circuit to form water molecules. 

Fuel cells will be an integral part of the future hydrogen economy. Fuel cells have the 
ability to fulfill all of our global power needs while being highly efficient and a low 
polluting technology. There are six main types of fuel cells. The type most commonly used 
for transportation and portable applications is the polymer electrolyte membrane (PEM) 
fuel cell. 
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Figure 2.2- Fuel Cell Structural reactions 

PL\1 fuel cells predominantly use hydrogen as the fueL but also have the ability to use 
other types of fuel as well including ethanol and biomass derived materials. PEM fuel cells 
operate at temperatures between 20° and 80 °C, which enable a startup time comparable to 
the internal combustion engine. PEM fuel cells are able to obtain net power densities of 
O\'er 1 k W /liter, which makes them competitive with the internal combustion engine for 
transportation applications. There are numerous advantages and challenges for PEM fuel 
cells. 

2.2 Types of Fuel Cells 

~!any types of fuel cells are currently being researched. The six primary types of fuel cells 
are differentiated from one another on the basis of the electrolytes and/or fuel used with that 
particular type of fuel cell. The operating temperature and size of fuel cells are often the 
determining factor is which fuel cell will be used for specific applications. Fuel cell types 
include the following. 

2.2.1 Polymer Exchange Membrane Fuel Cell (PEMFC) 
The polymer electrolyte membrane (also called proton exchange membrane or PEM) fuel 
cell delivers high-power density while providing low weight, cost, and volume. A PEM fuel 
cell consists of a negatively charged electrode (anode), a positively charged electrode 
(cathode). and an electrolyte membrane. Hydrogen is used on the anode side, and oxygen is 
utilized on the cathode. Protons are transported from the anode to the cathode through the 
electrolyte membrane and the electrons are carried over an external circuit load. A typical 
PEM fuel cell has the following reactions: 

Anode: 
Cathode: 
0\erall: 

I-b (g) -• 2I-r+ (aq) + 2e-
y2 0 2 (g)+ 2H+ (aq) + 2e-----> I-b.O 
f-h (g)+ 12 02 (g)----> H20 (I)+ electric energy+ waste heat 

2.2.2 Alkaline Fuel Cells (AFCs) 

( 2.1) 
(2.2) 
(2.3) 

Alkaline fuel cells (AFCs) have been used by NASA on space missions and can achieve 
power-generating efficiencies of up to 70 percent. The operating temperature of these cells 
range between !50 to 200 °C (about 300 to 400 °F). An aqueous solution of alkaline 
potassium hydroxide soaked in a matrix act as the electrolyte. Alkaline fuel cells typically 
haYe a cell output from 300 watts to 5 kW.The chemical reactions that occur in this cell are: 

Anode: 2H2 (g)+ 4(01-I)- (aq)----> 4H20 (I)+ 4e- (2.4) 
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('athodc: 
(hera!!: 

02 (g) + 21 bO (I),, 4~---+ 4(01 I) · (aq) 
21-b (g) -t- Ch (g)-. 2H20 (1) 

2.2.3 Phosphoric Acid Fuel Cell (P AFC) 

(2.5) 
(2.6) 

rhe phosphoric acid fuel cell (PAFC) is one of the few commercially available fuel cells. 
Se\ era! hundred fuel cell systems have been installed all over the world. Most of the P AFC 
plants that have been built are in the 50 to 200 kW capacity range. but large plants of 1 MW 
and 5 MW have been built. The largest plant operated to date achieved II MW of grid
quality alternating current (AC) power. PAFCs are very efficient fuel cells. generating 
electricity at more than 40 percent efficiency. Operating temperatures are in the range of 
)()() to 400 "F ( 150 to 200 °C ) . 

. \ nlldc: 

Cathode: 
<hera!!: 

H2 (g)-. 21r (aq) + 2c~ 
Y2Ch (g)+ 2H+ (aq) + 2e--+ 1-hO (1) 
l-I2 (g)+ Y202 (g)+ C02 -+H20 (I)+ C02 

2.2.4 Solid Oxide Fuel Cells (SOFCs) 

(2.7) 
(2.8) 

Sulid oxide fuel cells (SOFCs) seem promising for large, high-power applications such as 
industrial and large scale central electricity generating stations. A solid oxide system is 
usually constructed of a hard ceramic material consisting of solid zirconium oxide and a 
small amount of Ytrria, instead of a liquid electrolyte. The operating temperatures can 
reach 1.800 °F or I 000 °C. 

:\node: 
Cathode: 
Overall: 

H2 (g)+ 02~--* H20 (g)+ 2e
Y202 (g) + 2e- --* 02-
rh (g)+ Y202 (g)--* H20 (g) 

2.2.5 Molten-Carhonate Fuel Cells (MCFCs) 

(2.9) 
(2.1 0) 

\l!olten carbonate fuel cells are another fuel cell technology that has been successfully 
demonstrated in several locations throughout the world. The high operating temperature 
uftl:rs a significant advantage because it enables a higher efficiency and the flexibility to 
use more types of fuels and inexpensive catalysts. MCFCs have high fuel-to-electricity 
efticiencies ranging from 60 to 85 percent with cogeneration. and operate at about 1.200 "F 
ur 650 °C. Overall reactions few the MCFC are: 

An~Kk: 

Cathode: 
Overall: 

Ih (g)+ C032---* H20 (g)+ C02 (g)+ 2e
Y202 (g) + C02 (g) + 2e- - co32-
I-h (g)+ Y202 (g)+ C02 (g) -+thO (g) +C02 (g) 

2.2.6 Direct Methanol Fuel Cells (DMFCs) 

(2.11) 
(2.12) 
; !"' (-. _1) 

I he large potential market for fuel cell portable applications has generated a strong interest 
in a fuel cell that can run directly on methanol. The direct methanol fuel cell (DMFC) uses 
the same polymer electrolyte membrane as the PEM fuel cell. The fuel for the DMFC. 
ho\\Cver. is methanol instead of hydrogen. The chemical reactions for this fuel cell are as 
liJilows: 

\node: 
Cathode: 
()\crall: 

CH30H(l) +rhO(!) -+C02 + 6H+ + 6e-
6 H+ + 3/2 0 2 + 6e---* 3 H20(!) 
C'H:;OH(I) + 3/2 02 (g) --+ C02 (g)+ 2 H20(!) 

(2.14) 
(2.15) 
(2.16) 
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2.J Structun: of fuel Cell 

2.3.! Elt·ctrolytc Layer 
The electrolyte layer is the heart of a fuel cell. It enables the fuel cell to conduct ib 
dectrons properly by attracting the protons. and enabling them to travel through the layer 
''hik maintaining their proton state. The electrons travel to the external circuit to power the 
ll1ad. and the hydrogen protons travel through the electrolyte until they reach the cathode to 
combine v;ith oxygen to form water. The electrolyte must be able to conduct ions welL it 
must present a good enough barrier to not allow other reactants to enter it: it must not 
cnnduct electrons: and it has to be easy to integrate into the fuel cell stack as shown in 
iigurc 2.:1. 

2.3.2 Gas Diffusion Layer 

The gas diffusion layers (GDL) have two main functions. They must allow gases to pass 
through them. and be conductive enough to allow electrons to travel through them. These 
layers also provide a layer to bond the catalyst to, and its structure promotes the removal of 
\\atcr that may get in the way of the reaction. This layer is very thin. with a thickness of 
(J 25 -· 0.-1-0 mm. and a pore size ranging between 4- 50 microns [<J]. 

2.3.3 Catalyst Layct· 

The fuel cell reactions occur in the catalyst layer. The anode catalyst layer breaks the 
hydrogen fuel into protons and electrons, and at the cathode catalyst layer. oxygen 
combines with the protons to form water. These catalyst layers are often the thinnest layer 
in the fuel cell (5 to 30 11m), but are often the most complex because they incorporate 
~e\ era! types of gases and water and electrochemical reactions. The catalyst layers are 
usually made of a porous mixture of carbon supported platinum or platinum/ruthenium. 

2.3.4 Bipolar Plates 
nipular plates evenly distribute fuel and oxidant to the cells, and collect the current to 
)lU\\er the desired devices. In a fuel cell with a single cell, there are no bipolar plates (only 
single-sided flow field plates). Yet, in fuel cells with more than one celL there is usually at 
least nne bipolar plate (flow fields exist on both sides of the plate).Bipolar plates perform 
many roles in fuel cells. They distribute fuel and oxidant \Vithin the celL separate the 
tndi\ idual cells in the stack. collect the current carry \Vater away from each celL humidify 
gases. and keep the cells cool. Bipolar plates also have reactant flow channels on both 
sides. forming the anode and cathode compartments of the unit cells on the opposing sides 
,1!'the bipolar plate as in figure 2.4. 

tltdtolyte 
[r~,qe-~~alin(] cJa::.k~t 

Figure 2.3- The construction of anode/electrolyte/cathode assembly 
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Figure 2.4-Compacked Single cell PEMFC 

2.-t Stmcture of the Polymer Electrolyte 

lhc difrerent companies producing polymer electrolyte membranes have their own special 
tr1ck~. mostly proprietary. However, a common theme is the use of sulphonated 
!lullr(lpolymers. usually tluoroethylene. The most well known and well established of these 
h \ation (Dupont). which has been developed through several variants since the 
JlJ(J()s.This material is still the electrolyte against which others are judged, and is in a sense 
cll1 ·industry standard'. Other polymer electrolytes function in a similar way. The 
Cl111struction of the electrolyte material is as follows. The starting point is the basic. 
simplest to understand, man-made polymer- polyethylene. Its molecular structure based on 
eth\ lcne is shown in Figure 2.5 

H H 
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~I H 

[tl,ylf,l't'e 
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r>olyf:tl,v1.::ntl (01 pr;fythene) 

Figure 2.5-Structure ofpolyethylcne. 

!Ins basic polymer is modified by substituting fluorine for the hydrogen. This process is 
applied to many other compounds and is called perfluorination. The ·mer· is called 
tctr·alluoroethylcne. The modified polymer. shown in Figure 2.6. is polytetratluoroethylene. 
ur J>TFF. It is also called as Tetlon, the registered trademark of ICI. This remarkable 
material has been very important in the development of fuel cells. The strong bonds 
hctm.:en the fluorine and the carbon make it durable and resistant to chemical attack. 
Arr<lther important property is that it is strongly hydrophobic, and so it is used in fuel cell 
electrodes to drive the product water out of the electrode, and thus it prevents tlooding. It is 
u~ed in this way in phosphoric acid and alkali fuel cells. as well as in PEMFCs. (The same 
!~rupert y gi Ycs it a host of uses in outdoor clothing and footwear.) 
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Figure 2.6-Structurc of PTFE. 

llcmcver. to make an electrolyte, a further stage is needed. The basic PTFE polymer is 
·sulphonated· a side chain is added, ending with sulphonic acid HS03 . Sulphonation of 
complex molecules is a widely used technique in chemical processing. One possible side 
chain structure is shown in Figure 2.7.The details vary for different types of Nation. and 
\\ith different manufacturers ofthese membranes. 
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Figure 2.7-structure of a sulphonated fluoroethylene 

hum the point of view of fuel cell use, the main features of Nation and other 
tluorosulphonate ionomers are that. 
• They are chemically highly resistant 
• They are strong (mechanically). and so can be made into very thin films, down to 50~un. 
• They are acidic. 
• They can absorb large quantities of water. 
• If they are well hydrated, the H+ ions can move quite freely within the material they are 

good proton conductors. 

'Nate r colletts 
.:nound th8 duster~ 
of hydrophilic 
sulphona1e side 
chains 

Figure 2.8-The structure of Nation-type membrane materials. 
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2.5 Water Management in the PEMFC 

2.5.1 Overview of the problem 

lt \\ill be clear from the description of a proton exchange membrane. that there must be 
sufticient water content in the polymer electrolyte. The proton conductivity is directly 
proportional to the water content. However, there must not be so much water that the 
electrodes that are bonded to the electrolyte flood. blocking the pores in the electrodes or 
the gas diffusion layer. A balance is therefore needed, which takes care to achieve. 

ln the PEMFC. water forms at the cathode .In an ideal world. this water would keep the 
electrolyte at the correct level of hydration. Air would be blown over the cathode. and apart 
from supplying the necessary oxygen it would dry out any excess \Vater. Because the 
membrane electrolyte is so thin, water would diffuse from the -cathode side to the anode. 
and throughout the whole electrolyte a suitable state of hydration would be achieved 
\\ithout any special difficulty. This happy situation can sometimes be achieved, but needs a 
t'lllld engineering design to bring to pass. 

There are several complications. One is that during the operation of the cell the H+ ions 
mo\·ing from the anode to the cathode pull water molecules with them. This process is 
sometimes called electro-osmotic drag. Typically, between one and tive water molecules 
are ·dragged' for each proton(Zawodzinski et aL 1993 and Ren and Gottesfeld. 2001). This 
means that. especially at high current densities, the anode side of the electrolyte can 
become dried out even if the cathode is well hydrated. Another major problem is the drying 
effect of air at high temperatures. But it suffices to say at this stage that at temperatures of 
(1\ er approximately 60oC, the air will always dry out the electrodes faster than the water is 
produced by the 1-12/02 reaction. One common way to solve these problems is to humidify 
the air. the hydrogen. or both. before they enter the fuel cell. 

2.5.2 Airflow and water evaporation 

l \ccpt in the special case of PEM fuel cells supplied with pure oxygen, it is universally the 
practice to remove the product water using the air that flows through the cell. The air will 
also always be fed through the cell at a rate faster than that needed just to supply the 
necessary oxygen. If it were fed at exactly the 'stoichiometric· rate. then there would be 
\cry great 'concentration losses. This is because the exit air would be completely depleted 
u!' oxygen. In practice, the stoichiometry (/c) will be at least 2. In Appendix B, Section B 1.2, 
a \ ery useful equation is derived connecting the air f1ow rate, the power of a fuel cell and 
the stoichiometry (equation B-4 ). Problems arise because the drying effect of air is so non
linear in its relationship to temperature. To understand this, we have to consider the precise 
meaning and quantitative effects of terms such as relative humidity, water content. and 
~~1turatcd \'apor pressure. 
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rc"un: 2.9- The different water movements to, within, and from the electrolyte of a PEM 
fuel cell 

When considering the effect of oxygen concentration. the partial pressures of the various 
ga~c' that make up air were given. At that point we ignored the fact that air also contains 
\\atu \apor. We did this because the amount of water vapor in air varies greatly, depending 
on the temperature. location. weather conditions, and other factors. This quantity is 
\(lilt >usly known as the humidity ratio. absolute humidity. or specific humidity and is 
de I·" ll'd ~~s. 

liUJlttllity ratio. 
w c=-m w I m a (2.17) 

Whl·rc ... m\v" is the mass of water present in the sample of the mixture and ""ma" is the 
ma~~ ,Jf dry air. The total mass of the air is mw + ma. 

J-!l,\\C\ cr. this does not give a very good idea of the drying effect or the ·feel' of the air. 
Warm air. with quite high water content, can feel very dry, and indeed have a very strong 
dr; Jll_l2 effect. When the air cannot hold any more water vapor, it is 'saturated'. Air that has 
no · ctrying effect' that will not be able to hold any more water, could reasonably be said to 
be lully humidified'. This state is achieved when Pw = Psat. where Pw is the partial 
pre~-ure of the water and Psat is the saturated vapor pressure of the water. We define the 
rcldtt\C humidity as the ratio ofthese two pressures: Relative humidity. 

(f) 0
"' Pw/ Psat (2.1 g) 
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2.6 Operating Pressure of FC 

2.(;.l ( )utlinc of the prohlcm 

\,flhlugh small PEM fuel cells are operated at normal air pressure. larger fuel cells. of 

I ilk\\ or more. are sometimes operated at higher pressures. The advantages and 

llhachantages of operating at higher pressure are complex, and the arguments are not at all 
(kar-cut. there is much to be said on both sides. The basic issues around operating at higher 
l't<·~sure are the same as fc1r other engines. such as diesel and petrol internal combustion 
ctlc:ines. only with these machines the term used is 'supercharging' or "turbo charging'. 
lndenl. the technology for achieving the higher pressures is essentially the same as the 
JlUrpnse of increasing the pressure in an engine is to increase the specitic power. to get 
m.,rc power out of the same size engine. Hopefully, the extra cost. size. and weight of the 
c,,mpressing equipment will be less than the cost, size, and wei-ght of simply getting the 
c\tra pmver by making the engine bigger. It is a fact that most diesel engines are operated 
~ll ,tbu\ e atmospheric pressure they are supercharged using a turbocharger. The hot exhaust 
~'h i'i used to drive a turbine. which drives a compressor that compresses the inlet air to the 
,·n~ine. The energy used to drive the compressor is thus essentially ·free', and the 
turbocharger units used are mass-produced. compact, and highly reliable. In this case the 
alh anlages clearly outweigh the disadvantages. However. with fuel cells the 
ach anlage/disadvantage balance is much closer. Above all, this is because there is little 
cll(T~~ in the exit gas of the PEMFC and any compressor has to be driven largely or wholly 
U'-liH2 the precious electrical power produced by the fuel cell. 

lli~h 
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Prrssun· 
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Coolrr 
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Electrolyte 

-~· 
I'E\1 fuel 
cell 

Figure 2.10- Simple motor driven air compressor and PEM Ji1el cell. 
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lt1c simplest type of pressurized PEM fuel cell is that in which the hydrogen gas comes 
ln'm a high-pressure cylinder. Such a system is shown in Figure 2.10. Only the air has to be 
L( '111 pressed. The hydrogen gas is coming from a pressurized container. and thus its 
l'l'll1J1ression ·comes free·. The hydrogen is fed to the anode in a way called deadened: there 
~~ 1w \'Cnting or circulation ofthe gas it is just consumed by the cell. The compressor for the 
air must be driven by an electric motor, which of course uses up some of the valuable 
electricity generated by the fuel cell in a worked example; it is shown that the typical power 
L'l'nsumption will be about 20% of the fuel cell power for a 100-kW system. Other systems 
cbcribed in the literature[ 12 J report even higher proportions of compressor power 
l \:tl~umption. 
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