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Abstract 
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ln the current paper, the design and function of modern autornative fuel ce lls 

and their air supply systems are presented. The demand for high customer 

performance of modern automobil es (high acceleration , range, comfort and fuel 

economy) results in the specification of typical soft requirements for the air 

management system within autornative tue/ cells. Based upon different des igns 

and alignments of major components , typical Ioad lines for compressors and 

expanders are discussed and the key development goals for air management 

systems are identified . 

lntroduction 

Fuel Cells (FC) for autornative applications offer a variety of unique fea tures 

compared to conventional internal combustion engines. Namely zero-emiss ion 

Gapability and high system efficiency potential explain the world wid e efforts 

made by all major car manufacturers to develop fuel cell systems as future 

power sources for clean and efficient mobility based upon a universal hydrogen 

infrastructure yet to come. 

The oxygen needed for "cold burning" of hydrogen within an autornative fuel 

ce ll in order to generate electrical energy is taken from atmospheric air which is 

Pressuri zed and , in some cases, humidified, by the so call ed air management 
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system . ln many cases, this system also comprises an expander to recuperate 

exergy in the off-gas beh ind the fuel ce ll stack. 

For severa l reasons, the air management system is one of the most crit iCal 

peripheral systems: 

• 
• 

• 

High power demand of up to 25% of the tota l generated electrica l power 

Interface between environment and tue I ce ll (humidity. dust, hydrocarbons . 

other gaseaus compounds li ke su lfur, carbon monoxide, ch lor ine, etc.) 

Major source of sound emission from FC system 

Limiting factor on system dynamics 

The screw compressor and screw expander are among the first choices of 

machinery for FC air management systems, necessitating a c loser Iook upon the 

specific requirements for ai r management systems. Besides opt imizat ion of 

geometry, spec ific weight and -volume, the generation of high qua lity 

compressed air free of residual hydrocarbons , particles and metal ions rnust be 

ensured. Moreover, the instationary dynarnics of the air rnanagrnent system 

governs to a large extent the overall dynamics of the fuel cell systern, implying a 

variety of tasks in pressure and rnassflow control of compressors and 

expanders. 

2 Fuel cells- working principle 

The basic principle of a fuel cell has been developed by the British physician Sir 

William Robert Grove in 1839. lt is based on the concept of the electrolysis of 

water running in the opposite direction, combining hydrogen and oxygen to 

generate water and electricity . 

The first t ime the principle was extens ively put into use was during the 1950's 

in the NASA space program . 
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Fig 1: Basic structure of a PEM fuel ce/1 

ln a fue ll ce ll hydrogen and oxygen react in a controlled so ca ll ed .,cold burning " 

reaction. The basic Iayout of a PEM (Proton Exchange Membrane) fuel ce ll , the 

type mainly used in transportation applications, is shown in Fig 1. 
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Fuel ce/1 reaction: H, + 1/20 , -4 H,O 

Fig 2: Chemical reactions in a PEM fuel ce/1 {1] 
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Hydrogen and oxygen flow through ducts in the so-ca ll ed bipolar plates. The 

streams are separated by the proton -permeable membrane . 

At the anode-side hydrogen is ionized using a catalyst: 

/-1 2 ~ 2H ' +2e- . 

The protons pass through the proton conducting membrane while the electrons 

rema in there. As a result the anode obta ins a negative charge. 

The electrons can reach the opposite (cathode) side through an external 

electrical c ircle, f orming an electrical current. 

At the cathode side oxygen, hydrogen ions and electrons recombine and form 

water: 

1/2 0 2 +2 /-1 ' +2e- ~ 2 !-1 20. 

Fig 2 gives an overview over the chemica l rea ct ions involved. 

Type Electrolyte Warking Remarks Main uses 

temperature [ ° Cl 

AFC Alkaline 60-120 High Military , space 
(Ai kaline efficiency, 
Fuel Ce ll) running on 

pure hydrogen 
and oxygen 

MCFC M olten 650 Corrosion Power 
(Molten ca rbonate problems, generation 
Carbonate complex 
Fuel Cell) I process 
PAFC Phosphoric acid 150-250 Corrosion Power 
(Phosphoric problems, low generation 
A cid Fuel efficiency 
Ce II) 
PEMFC Proton 20-120 High power Automotive 
(Proton conducting density , high applicat ions 
Exchange polymer flexibility , 
Membrane rugged 
Fuel Cell) 
SOFC Solid Zirkonium 850-1000 Fuel tolerant. Power 
(So lid Oxide Oxide high eff ic iency generation 
Fue l Ce ll) 

Table 1: Basictypes of fuel cells 



VDI -BER ICH TE 14 7 

There current ly are f ive basic types of fuel ce lls, distinguished by the electrolyte 

used. Their c haracteristics and process parameters differ signifi cantly . Table 1 

shows a compari son of the different types and their main uses . 

Today t he PEM fuel cell is the favoured system for automotive uses, ollering 

high power density, good co ld sta rting capabilities and dynamic behaviour. 

3 System Iayouts and Ioad lines 

To make a fuel ce ll work peripheral components have to be added, tag ether 

forming t he fuel cel l drivetrain, consist ing of the main subsystems: 

Fuel ce ll system 

Hydrogen supply 

A ir management system 

Elec tri c power system and drive 

Eloctrlc propulslon systom 

Fig 3 : PEM-fuel ce/1 drivetrain with petrot reformer and subsystems 

Fig 3 shows a typical PEM fuel ce ll drivetrain w ith petrol reformer fo r onboard 

hydrogen generation , t he most comp lex Iayout. 

The air management subsystem consists of three main components: 
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• 

• 

Air compresor supplying air to the fuel cell cathode (CAC) 

Air compressor supplying air to the fuel processing unit (FPUC) 

Expander for the fuel cell off-gas 

The requirements for these main components vary considerably and wi ll be 

discussed separate ly . 

Cathode air compressor (CAC) 

The cell valtage develaped by a fuel cell is sign ificantly dependent on th e 

cathode air pressure. Fig 4 shows a typical set of curves for the cell valtage 

over the current drawn with the cathode air pressure as parameter. The 

advantage af running the fuel cell an pressurized air can be seen clearly. 

This advantage has to be balanced against the increasing power required fo r the 

compressor when the pressure ratio rises. 

Another reason to use higher working pressures is the humidity of the air 

required to obtain sufficient conductibility of the membranes. At higher 

pressures higher relative humidities are obtainable. ln same cases the 

humidification of the air is achieved by water-injection immed iately into the 

compresso r, at the same time increasing the thermodynamic eff iciency because 

of the internal coaling due ta the evaporation of the water. The water used for 

the humidification is ca rried an board . To avoid the need ta replenish water fron1 

externa l sou rces it is necessary ta recuperate at least as much water from th e 

aff-gas stream as has been spent during the humidification process. 
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Fig 4: Typical pressure sensitivity of a PEM fuel ce/1 stack 
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The mentioned influences resu lt in a typical pressure curve for the cathode air 

c ompressor as a function of the fuel ce ll power shown in Fig 5 . 
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Fig 5 : Typical pressure curves over the fuel ce/1/oad. 
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FPU air compressor (FPUC) 

The FPU air compressor delivers air to the fuel processing unit (reformer) for th e 

on board hydrogen generation. Assuming equal pressures of air and hydrogen at 

the fue l ce ll stack inlet the pressure necessary for the FPU is equal or higher 

than the pressure delivered by the cathode air compressor to make up for 

pressure Iosses in the FPU . The FPU compressor's mass flow is about one filth 

of the cathode air compressor's. 

A typical pressure curve for an FPUC can also be found in Fig 5. 

Expander 

As a significant amount of power is consumed during the compression process 

it is advisable to utilize an expander to recover exergy from the fuel cel l's off

gas to increase the overall efficiency. 

The expander's maximum inlet pressure is slight ly lower than the compressor 's 

outlet pressure because of the mass flow dependent pressure drop in the tu el 

cell stack. The resulting curve tor the expander inlet pressure is also shown in 

Fig 5. 

Another important task for the expander is the recuperation of process water 

contained in the off-gas. As already mentioned water is needed for 

humidification of the membranes and in some processes in the FPU. 

During the expansion steam contained in the off-gas condenses partially. The 

resulting liquid phase can be separated from the air stream and be reused in th e 

system. 

Another task that should be taken over by the expander is the backpressure 

control, replacing a conventiona l thrott le. The backpressure is then regulated by 

controlling the mass flow through the expander, similar to control systems used 

in automotive superchargers. 

lt is generally accepted practice to couple the CAC and the expander onto a 

single shaft, forming an integrated compressor expander module. 
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4 Performance targets 

Table 2 shows the main target va lues for fue l ce ll air management system 

components as defined by the guidelines of the US Department of Energy (DOE) 

f 2 ]. The values shown are va lid for machines intended to supply a 50 kW fu el 

ce ll stac k . 

Parameter Compressor Expander Electric-motor 

--
Max. mass flows : 

-
Dry air [kg/h] 270 295 

-
Steam [kg/h] 0-11 31-55 

ln let pressure [bar] 1.0 2.8 

Outlet pressure [bar] 3.2 1.0 

Nom. lnlet temperature [0 C] 25 150 

Warking temperature [0 C] -40 - 60 65 - 150 -40 - 60 
---

Efficiency at 100% flow 0,75 0,9 
-

Efficiency at 20% flow 0,65 0,8 

Max. Power [kW] 12.6 8.3 4.3 continuous, 6.0 peak 
--

Turndown ratio 10:1 10:1 
-

No. Of stages 1-2 1 1 

Package Volume [I] 4 (without heat exchangers) 

Weight [kg] 3 (without heat exchangers) 

Production cost at 100.000 200$ 
units/year 
Startup time [s] < 5 s for 90 % of max. speed 

Dynamic responsetime [s] < 4 s for 10-90 % of max. mass flow 
-

Noise emission [dB(A)] < 80 

Table 2: Basic requirements for an air management system for 50 kW fuel cells [2] 

ln add ition to the .. hard " targets listed the components have to meet some less 

we il definable requirements . 

Fue l ce lls are high ly susceptible to darnage because of contaminated air. Even 

small amounts of contamination can harm the catalyst coatings on the 

membran es, leading to performance degradation . 
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The Cantamination can either result from contaminated suction air or trom 

abrasion, leaks or corrosion byproducts in the components itself . 

Under today ' s ambient conditions the suction air is heavily contam inated by 

gaseaus compounds like su lfur, carbon monox ide, ch lorine and dusts. To rnake 

this air suitable for fuel cel ls it has to be t reated to much higher standards t11an 

in conventiona l applicat ions for internal combustion eng ines (ICE). 

With ICE's it is usual ly sufficient to remove dust particles by physica l filterif19 , 

not dealing with gaseaus contamination at all. Fuel ce ll ai r filtering systems have 

to use an addit iona l chemica l c leaning stage, removing these gaseaus 

Cantaminations by e.g. charcoa l filters, add ing significant ly to the complexi ty of 

the system . 

The other major source of contamination lies within the air system componef1lS 

themselves , mainly because of o il leakages e.g. at shaft sea ls or ab ras ion . 

Any oi l Cantamination will resu lt in serious irreversible performance degradatiOn 

of the fue l ce ll. Extensive measures have to be taken to avoid oil leakage into 

the airstream, either by fitting sophist icated sea ling systems or by tota iiY 

avoiding the use of oi l or o il contain ing lubricants. 

When moving parts touch abrasion occurs. Especially conduct ive abraded 

partic les (ions) will harm the fuel ce ll and must be avoided. 

Corrosion may become an issue when water is involved in the process because 

of water injection into the compressor or condensation in the expander . 

As the water used is deionized it has a strong tendency to solve ions out of the 

materials it comes into contact with. Any materials that might potentially corne 

into contact with water must be made of materials able to withstand this attack 

or be coated suitably , as otherwise the qua lity of the water will su ffer the air 

may get contaminated by corrosion byproducts and the surfaces suffer . 

As already mentioned it is desirable to use the expander to effectuate the 

pressure control within the air system by varying it 's suct ion capacitY· 

Especially when the expander is coupled to the compressor onto a single shaft 

t hi s becomes a challenging task as the speed ratio between the machines is 

fixed and the expander speed can no Ionger be used to control the mass flow. lt 
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wi ll th en be necessary to use advanced control mechanisms, e. g. inlet slide 

va lves or internal bypasses to achieve acceptable dynamic behaviour . 

The noise emission of th e air m anagement system is a point o f very high 

importance, especially in the context of the otherw ise almos t noiseless fuel ce ll 

d ri vetrain . The noise Ieveis have to be kept to the abso lute minimum poss ible to 

meet the ev er increasing ex pectations f or the ca r occ upants comfort . 

Low er raw noise emission of the uni t results in less noise isolat ion material 

needed, reduc ing cost , complexity , package size and w eight. 

The fuel cell itself is able to react almost instantaneou sly to changes of the Ioad . 

The limiting factor for the dynamic of th e whole system is the media supply 

(hydrogen and air) , m ainly limited by the inerti a of the compressors and their 

elec tric motors. 

To achieve satisfying dynamics acceleration times f or th e compressor 

s ignifi cantly lower (0 , 5 - 1 s for 10-90 % mass flow) than th e v alues listed in 

T able 2 are d esirabl e. 

5 Future challenges 

Once th e basic technical eilallenges are met and th e number of fu el ce lls 

produced increases production issues will become very important to be able to 

supply the necessary quantities at low cost. 

This point has to be considered in the early design pha ses as not every technical 

solut ion is read ily adaptable to the high ly mechanized mass production 

t echniques necessary once production increases to the amounts common in the 

automobile industry . 
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