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Abstract

PEM-fuel cells operated with hydrogen and air offer promising possibilities for the decentralised energy supply in stationary and mobile
applications. But, there is still a remarkable need for more research for the optimisation of the single components even though the research,
especially the development of membrane-electrode units and bipolar plates, has made considerable progress within recent years. This alsc
applies to the definition of suitable test algorithms and parameters for recording the characteristics as well as long time tests.

The investigations for single cells or stacks can thereby be subdivided into investigations in the stationary and the dynamic state. This
paper shows a simplified approach for the evaluation and modelling of PEM-fuel cell stacks for the stationary state. Based on the definition of
regression approaches for the dependence of several parameters the number of stack parameters is initially reduced to a sufficient number o
values. The remaining parameters are used to form an energy model which can be combined with the energy models of auxiliary components
like air compressors and sinus invertgrhk

Algorithms for recording the parameters still have to be defined. Therefore, the tests for the preparation of a set of characteristic curves can
be very time consuming because of the multitude of variable parameters. This paper presents and discusses optimised measurement algorithm
for the evaluation of PEM-fuel cell stacks to reduce this time exposure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction behaviour of PEM-fuel cells numerous models exist which
more or less satisfactorily describe the behaviour of the fuel
Afuel cell facility for stationary power generation consists cell. These models normally require a lot of characteristic
of a multitude of components in addition to the stack. These variables which are not known if a commercial stack is
components are: reformers, if fuel processing is necessary, asised. For first considerations energy models are sufficient
well as control sinus inverters, pumps and compressors forwhich do not require a detailed knowledge about the
transporting the process media. An optimal adaptation of the investigated fuel cell stack. However, the energy balance
operating points of the several components to the fuel cell is of a fuel cell is characterised by a larger number of vari-
extremely important for fuel cell facilities in the lower power ables as opposed to peripheral components like pumps
range. or compressors which can be described with only a few
The operational behaviour of the several components is parameters.
important for adaptation. For evaluation of the operational  To describe the fuel cell energy balance the parameters
of the process media on the inlet and the outlet of the stack
- as well as the voltage—current behaviour dependent on the
* Corresponding author. Tel.: +49 391 6711092; fax: +49 391 6712408. .
E-mail addressesmathias.purmann@et.uni-magdeburg.de (M. Pur- parameters of the proces_s m?d'a has to b_e known. The set of
mann), sty@et.uni-magdeburg.de (Z. Styczynski). parameters can still be simplified by making some assump-
1 Tel.: +49 391 6718866; fax: +49 391 6712408. tions without remarkable information losses regarding the
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Nomenclature

Greek symbols

area (cr)

Tafel parameter (mV)
specific heat capacity at constant pressu
(Jkg 1K)
radiation of
(5.77WnT2K=%
specific heat capacity of water in the liquig
state (Jkgl K1)

characteristic diameter

Faraday constant (96,485 C mé)
acceleration of gravity (9.81 n7$)

Grashof number (=)

specific enthalpy (J kgt)

enthalpy flow (Js%)

upper heating value flow (J8)

current density (mA cim?)

exchange current density (mA crf)

electric current (A)

thermal transmission coefficient (W& m~2)
characteristic length (m)

mass flow (g s1)

molar mass (g moit)

moles of exchanged electrons per mole of t
fuel (molmot 1)

Nusselt number (=)

pressure (bar)

power (W)

Prandtl number (-)

heat flow (Js1)

evaporation heat (J kg)

specific ohmic resistanc&(cn?)

Reynolds number (-)

temperature®C)

temperature (K)

voltage (V)

volume flow (Imirr?)

velocity (ms™1)

absolute humidity (kg kgt)

the black radiator

heat transfer coefficient (Wnf K1)
volume expansion coefficient (=)
emission ratio (-)

position of the surface (-)

heat conduction resistance (WHK 1)
kinematic viscosity of the flowing substanct
(m?s™1)

process gas utilisation (%)
density (kg n3)

time (s)

relative humidity (-)

re

e

Subscript

amb ambient

air air

ce cell

conv  convection

cons  consumption

cw cooling water

FC fuel cell

forc forced convection

free free convection
Ho> hydrogen

in inlet

loss losses

max maximum

out outlet

rad radiation

rev reversible

S saturation

St steam

obtained simulation results. Such a simplified model will be
presented in the following paragraphs.

2. Test equipment

The experimental application for the investigations can be
seen inFig. 1 The fuel cell test bench is equipped with a
programmable logic controller which overtakes the control
and safety tasks.

For the definition of the measurement algorithms and the
acquisition of the measurement values a PC with the neces-
sary data acquisition and the measurement application was
installed.

The electronic load was controlled by the PC and a func-
tion generator Agilent 33120 A. The graphical environment

- Hydrogen

Test f 5
bench
Heating-cooling unit| Air

Stack

T
1
A

Measuring
data

Function
generator

Electronic
DC-Load

PC with
data acquisition

Fig. 1. Test application for the experimental investigations.
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VEE Prd® was used to define the measurement algorithms. 900

To prepare the fuel cell model a stack was measured from the g 850 X

open circuit operation to the point of rating at variation of the Tgb e, , ,

process parameters. £ 800 2 g 35°C: Ue = 940-30 In(i 1)-0.305 i e -
The appropriate measurements like stack voltage, temper- zo D esaq /

atures, pressures, humidifier temperatures as well as hydro- 3 70 \ﬁﬁ\ Q%

gen and air utilisation were acquired over a time period of S 700 i : 3 :ii“:{i%

1 min at current steps of 1A. The hydrogen utilisation was = 27 Do = 94030 In5) 0345 F e -

changed between 40 and 60% in 10% steps, the air utilisation 650+ o P

from 10 to 25% in 5% steps, the stack temperature from 40
to 65°C in 5°C steps and the air humidifier temperature was

changed by 2C steps. Fig. 2. U-l characteristic and determined regression at different stack tem-
peratures (air utilisation 17%, hydrogen utilisation 50%).

Current Density (mA/cm?)

3. Fuel cell model 3.2. Temperatures

3.1. Model of the U—I-characteristic The temperatures of the reactants on the respective outputs
of the stack were measured with temperature sensors which
The characteristic of a PEM-fuel cell can be subdivided belonged to humidity measurement equipment from the com-
into three characteristic areas. pany Testo. These Ni10000 sensors were soldered together
If only the two technically relevant areas are considered With the humidity sensor on a thread block. This block was
the characteristic can be emulated with the following empir- screwed into a specially designed mounting which enabled
ical approach1,2]: the process gases to directly pass by the sensors.
Since the anode outlet, the outlet for the cooling water
and the inlet for the cooling water are all situated on the same

Uce=Uo —bIni—Ri (1) stack side it is useful to have a representation of the outlet
temperature of hydrogen dependent on the outlet tempera-

with ture of the cooling water and of the outlet temperature of the
air dependent on the inlet temperature of the cooling water

Uo = Urey + bIn ig (2) (Figs. 3 and % It could be noticed that there was a linear

dependence of the cooling water temperatures and the outlet
temperatures of the process gases which could be emulated
by a linear regression approach.

During the measurement of the characteristics it could be
observed that the outlet temperatures of the gases increased

o L . with increasing current density at constant air and hydrogen
within the membrane, the activation resistance of the hydro- 9 y ydrog

idati " d th f st th utilisation and constant stack temperature by approx. 1-2 K.
gen oxidation reaction and the mass flow resistance on ther;q temperature change can be attributed to the imperfect
oxygen electrode.

. insulation surrounding the temperature sensors since there
The approach can be used if the cells show the g p

behavi the whol i The b were no remarkable temperature changes in dependence on
same behaviour over the whole operaling range. 1he De-.; 5 hydrogen utilisation at nominal power or high volume
haviour can be assumed for optimised and well-engineered

stacks.

Fig. 2 shows the dependence of the stack voltage on the
current for the investigated stack at different fuel cell tem-
peratures.

Since the cells show a slightly different behaviour and
the operating parameters could not be kept completely con-
stant the different terms of the regression approach do not
exactly reflect the single over-voltages. Furthermore, at dif-
ferent stack temperatures and higher air utilisation voltage
drops can occur since a definite transport of the produced
water cannot be ensured because of a low pressure drop. At
higher temperatures and fitted air volume flows good or very

good results can be achieved with the regression approacttig. 3. Hydrogen outlet temperature dependent on the cooling water outlet
used. temperature and the hydrogen utilisation.

whereUey is the reversible cell potential ang andb are
Tafel parameters of the oxygen react[8h. The linear area

of the characteristic is mainly influenced by the ohmic re-
sistanceR. This ohmic resistance contains the ohmic losses
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Fig. 4. Air outlet temperature dependent on the cooling water outlet tem- Fig- 5. Pressure losses on the anode side dependent on the hydrogen volume
perature and the air utilisation. flow.

flow of the process media. For this reason the outlet tem era_can lead to non-uniform supplied zones or cells because of the
P : b larger pressure difference between inlet and outlet of the fuel
tures on the anode are lower than on the outlet of the cathode .
because of the lower gas flow cell stack[6]. Furthermore, the effectiveness of the reactant
9 ' supply and the water removal are not only dependent on the
geometric parameters like channel length and height, but also
on the velocity of the entering gasgs.

) ) ) _ If the stack is a commercial product and the flow field
The supplied air has to fulfil several tasks. Firstly, the s therewith defined, only the volume flow dependent on the
oxygen is made available for the chemical reaction with giack temperature and the stack power can be adapted. For this
the air transport. The oxygen concentration on the outlet is ¢ase the dependence of the pressure losses via the stack on the

lower than on the inlet since the reactant is consumed via theg;, gnd hydrogen flow has to be investigat&iy6. 5 and §
length of the cathode channel. Lower oxygen concentration  on, the anode side there are normally lower pressure losses

results in higher activation over-voltages and diffusion 10Sses {han on the cathode side since the volume flow of the hydro-
[4]. The decrease of concentration can be influenced bygen is by far lower than the air volume flow.

the stoichiometry number on a limited scale. The influence
of the air flow on the oxygen concentration decreases with 3 4 Heat losses
increasing stoichiometry number. The intermediate oxygen
concentration in the air via the transport path amounts to
10% at a stoichiometry number of 1. A concentration of

15% is reached at a stoichiometry number of 2and 17.5%1S  Thg heat released via the stack surface by convection can

adequately reached with a number of 4. be calculated with Eq(3) if the heat transfer coefficient of

_Furthermore, the humidity share in the cell is regulated e gtack surface and the temperature difference between sur-
with air flow variation. The ability of air to transport water roundings and surface are kno{@j:

increases super-proportionally with increasing temperature.
Additionally, the cathode air flow transports a higher amount Qrc,conv = ¢A(trc — famb) 3)
of water with decreasing air utilisation and reaches the point
of saturation via longer channel lend8j.

Higher stoichiometry numbers at constant channel cross-
section cause higher flow velocities and higher pressure
losses. Simultaneously, the transport ability of the air vol-
ume flow at higher pressures is lower so that the problem of a
dehumidified membrane at the air inlet at counter-flow of the
reactants can be reduced at a defined air volume flow. Fur-
thermore, with increasing pressure difference it is easier to
remove the liquid water, which can be found inside the stack.

However, high pressure differences demand a high flow
rate of the compressor and therewith a higher energy demand.

The design of the flow field has a large influence on the
behaviour of the fuel cell characteristic and the electrical ef-
ficiency of the facility.

However, the abilities of the flow field design are also
limited. For example, channels with narrow cross-sections Fig. 6. Pressure losses on the cathode side dependent on the air volume flow.

3.3. Pressure losses

The heat losses between the stack and the surrounding
environment are caused by convection and radiation.

The convective heat transfer and therewith the heat transfer
coefficient are influenced by a number of physical properties
of the flowing medium. The most important parameters are
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the density, the specific heat capacity at constant pressure, < ¢
the heat conductivity, the volume coefficient of expansion, E s Qe
the kinematic viscosity and the thermal diffusivity. % T e
The heat transfer coefficient at free convection can be cal- § 4
culated from the Nusselt number, the heat conductivity ofthe &
flowing medium as well as the characteristic dimensions of 3
the body[9]: «E; 2
<
o= @ .
l 2 o
The flow velocity is a result of the lifting power at free flow 0 5 10 20 30 40 50
and the Nusselt number can be calculated from the Grashof- Temperature Difference (K)

and the Prandtl-number:
dthe b Fig. 7. Calculated heat transfer coefficient at free and forced convection

Nu = GC(Gr pryz (5) dependent on the stack temperature (ambient temperat@fe) 25
The constant€ andn depend orGr Pr andé considers the The losses of heat radiation are nearly linearly dependant
location of the surface. The Prandtl- and the Grashof-numberon the stack temperatur€ig. 8 and have nearly the same
are defined in the Eq¢6) and (7) value as the convection losses if a constant temperature of

v the surrounding surfaces and low fuel cell temperatures can
Pr=— ®)  pe assumed.

3 In principle there are two possible experimental ap-
Gr = g (trc _2 famb)p 7) proaches for evaluating the heat losses via the fuel cell sur-
Vv

face. In the first case the stack is heated and kept at a defined
According to Zhukauskas the Nusselt number on horizontal temperature while the gas supply is switched off and the re-
tubes can be calculated with E¢) and (9)or the convective leased heat flow is measured via the stack inlet and outlet
heat transfer and at free fldqd0]: temperatures as well as the volume flow of the heating water.

This method was only minimally suitable since the temper-

_ 0.6 1,.0.36
Nu=0.28Re™" Pr™=,  Re > 1000 8 ature difference of the cooling flow on the inlet and outlet
Re— wd ) of the stack was very low. This low temperature difference

v resulted in strongly changing values for the calculated heat

If one presents the heat transfer coefficient for free and forcedﬂow' ) .

convection dependent on the temperature with the assump- For getpng some rellf’;\ble res_ults the heat flow was mea-
tion that the heat transfer shows a similar behaviour to the Suréd 10 times for 15 min at defined stack temperatures and
convection on a cross passed tube it can be shown that thdhe mean value and the standard deviation were determined
heat transfer coefficient for a forced convection shows only a afterwards. o _
slight change within the investigated temperature range and | e second and better possibility is to record the cooling
the coefficient for the free convection only slightly increases doWn curve and calculate the heat losses with the recorded
from a temperature difference of approx. 4-5 K. temperature curve _and_ the heat capacity of the stack.

It can also be assumed that the heat losses caused by con- For these investigations the stack was heated up to a tem-
vection increase nearly proportionally with the increasing Perature of 76C and after the heat supply the temperature of
temperature differencé{g. 7).

The stack used in this study contains neither a cross-flow 40 !
against a tube nor an ideally passed body. radiatioln\v‘,,# )

Furthermore, the stack is connected in a heat conducting o
manner via the mounting and the media and current support-
ing tubes to the surroundings.

An experimental investigation of the heat losses via the
stack surface is necessary.

The heat losses which are caused by the heat radiation can
be calculated with the following approach:

Tee\ 4 Tarp\ 0 10 20 30 40 50
OFc.rad = Arcerc,amiCs [( FC) — ( am > 1 (10) Temperature Difference (K)

%)
(=]

convection

=]
(=]

—_
(=]

Heat Loss Flow (W)

100 100

. . L. . Fig. 8. Calculated heat loss flow caused by radiation and convection losses
whereegz ambis the resulting emission ratio between the fuel gependent on the stack temperature (ambient temperat6i@, 25nission

cell surface and the surfaces of the surroundings. coefficient 0.76, heat transfer coefficient 5.2 W#K).
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the stack was measured at defined time ir_lterva_ls. The ambi-c5culated with Eq(14)
enttemperature was approx.23and only slightly increased
during the experiment to 2&. The heat capacity of the fuel . _ My,
. - _1 MH, FCcons= ~—5 - (14)

cell could be defined with 0.68kgkd K1 based on the 2F
known volume shares of the single stack components and the,o enthalpy flow coming from the outlet of the anode can
respective specific heat capacities and densities. be calculated via the mass balance:

Starting with an assumed linear temperature decrease in_
the time intervals the heat losses can be evaluated dependemin, Fc,out = (7 H,,FCin — MH,,FC,cons
on the change of the temperature difference between stack « [ .
and surroundings and related to the time interval: p:Hz.FC,outfHz,FC.out

+ XH,,Fc,out(ro, FC,out

meccrcA(tFe — famb)
11
At (11) + ¢p,StFC,0utfHy,FC,out)] (15)

As the calculations for the heat losses of the stack separate(gggide the sensitive heat the evaporated heat is also consid-
into convection and heat radiation denote there is an almostg e in the enthalpy flow.

Iinear deper_1dence of the heat loss flow on the temperature  the demand of chemical energy can be calculated via the
difference Fig. 9. theoretical cell voltage (voltage related to the upper heating

The comparison of the heat losses acquired from the C°0|'value) or the demanded hydrogen mass flow and the upper
ing curve of the stack and calculated from the heat flow trans- heating value:

ported by the cooling water shows a correlation of the values

QFC,Ioss =

of both method$11]. Hp = mHu, Fc,condl0 (16)
The corresponding regression line can then be calculated i i o —
with Eq. (12); The provided air which is transported through the humidifier

can be considered nearly saturated.
; few,FCout + few,FC,in The enthalpy of the gas—steam mix results from the sum
=|-2571+151 —t ) : . )
QFCloss [ * ( 2 amb)} of the enthalpies of the mixture ingredients:
12 ; :
(12) Hair, rcin = Vair,FCinpairin X [€p.air,FC,infair,FC,in
3.5. Energy balance + xsFc.in(ro.Fcin + cp.strcintairFcin)] - (17)

The parameters of the air and steam like density and heat
capacity can be calculated from regression approaches which
are available in literature sources.
The vapour pressure which is necessary for determining
e absolute humidity and is dependant on the temperature
can be also calculated from a regression approach or by using
Ghe Antoine-equation.

With the relative humidity and the vapour pressure the
Hiy FCin = VHy.FC.in OHa,FC.in € p.Hy.FCin THy, FCiin (13) share of humidity in the air can be determined:

For the energy balance a total of eight energy fluxes have
to be recorded which are representedig. 10

The hydrogen is supplied to the stack in nearly dry state
if the humidifier is switched off. The corresponding enthalpy th
flow can be calculated with E@13) if the standard volume
flow, the temperature and the pressure on the inlet of the anod
are measured:

The mass flow of consumed hydrogen is directly proportional , — g goo_#Ps (18)
to the current if the gas crossover is neglected and can be P — ¢ps
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The enthalpy flow at the cathode outlet can now be calculated 800
since the amount of water supplied via fresh air as well as the % 700
amount of water produced by the chemical reaction iSknown £ 600 ---Qu.re= 010441 1 102551 - 62.418-+wnmx-%
and the humidity levels at the outlet of the electrodes have i 500 .
been measured. The water removed from the electrode is not = 0 A Daleulated.
. 5 o 400 5 7 - calculate
completely gaseous. For this reason a term has to be provided 8 200 oo
in the equation which considers the liquid share of water in ES e L
the waste air: B 200 ) PS> O LI
' 3 100 st S
Hair FC.out = Mair, FC,out[Cp,air,FC,outtair,FC,out 0 le £ree
0 10 20 30 40 5C
+ Xair, FC,out(r0,FC,out + €, StFC,outair,FC,out) Stack Current (A)

+ (Xair.E — Xair.F Cwlair. F 19 ) ) )
( air, FC,max ar. C’OUt) whai, C’OUt] ( ) Fig. 12. Calculated and measured heat flow via the cooling water (stack

The specific heat Capacity of the waste air is now calculated temperature 55C, hydrogen utilisation 50%, air utilisation 14%, air inlet
from the mixture ratio of oxygen and nitrogen. temperature 22C).

This mixture ratio is also considered for the calculation of
the absolute humidity since the specific gas constant of the
waste air is slightly smaller than the constant of the fresh air.

Beside the heat losses the final parameter of the power has to The a_ppllcabmty of the simplifications St.'” hgs to be
be calculated for the energy balance: proven since a reduced set of parameters with single values

3.6. Comparison of model and realistic behaviour

was used.
Pec = Urclre (20) Figs. 13 and 14how the calculated cooling heat flow and
the regression of the measured cooling heat flow for both
The heat flow of the cooling water result from E1): presented cases.

The tolerance of both heat flows ranges from approx. 2 to
. _ 5 up to 200% whereby the absolute failure does not amount
— Hair,rcout — Prc — QFClloss (21) to more than 10 W.

QOcw,Fc = Hp + Hu, Fc,in + Hair,Fc,in — HH,,FC,out

The exemplary results of the measured and calculated cool-

(=
(=1
(=)

ing water flow for the carried out measurements are presented g s00 A 55°C
in Figs. 11 and 12or a stack temperature of approx. 55 and £ s
45°C, a hydrogen utilisation of 50% as well as an air utilisa- i 400
tion of 17 and 14%, respectively, and an air inlet temperature =
of 22 and 26 C, respectively. 3
The dew point of the fresh air is also situated at these £ ** 7 measured
temperatures. The calculated cooling heat flow is based on = 100 — calculated .
the aforementioned approaches. The measured cooling heat =z 0 7 ;
flow was interpolated with a regression approach of ;econd 0 10 20 30 40
order. The graphs of the calculated and measured cooling heat Stack Current (A)
flow are nearly congruent and support the proposed approach
as well as the metering precision of the single sensors. Fig. 13. Modelled heat flow via the cooling water based on the data set from
Table 1and heat flow interpolated from measured data.
~ 700 ; r
2 600 dommeen i i 200
|51 Quurc = 0.0767 Iy + 14.405 Tgc - 59.616 0 °
< (Ve 150 |
= 500 o b /“»
e 400 o ol 100 ,') ¥ —45°C ------
2 < S 8 55°C
S 100 w/éi/%vo calculated % 50 Ly :
g i}" o o S ; o B
5 o 2 g LT T
= 200 Sz % 50 1/1 20 3 + 5
= 100 B A i/!
= el -100 |
ol n
0 10 20 30 40 -150 T
Stack Current (A) -200

Stack Current (A)
Fig. 11. Calculated and measured heat flow via the cooling water (stack
temperature 45C, hydrogen utilisation 50%, air utilisation 17%, air inlet ~ Fig. 14. Relative deviation of measured and calculated heat flow via the
temperature 26C). cooling water.
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Table 1 set of necessary parameters. With the mentioned regression
Reduced parameter set approaches and parameters the energy flows can now be cal-
Stack temperature €) 45 55 culated. The results reflect the energy balance and the energy
Eygrogen !”:e: thempg_fti;wﬁzfc,in © Zg 25. flows on the interfaces to the surroundings in an adequate
ydrogen inlet humiditypn, rFc,in . . . . . _
Hydrogen outlet humidityrr, r.ou 0.82 a3 manner. Thls_ can be used in combination with energy mod
Hydrogen utilisatioruy, (%) 50 50 els of the peripheral components.
Air inlet temperaturéair ec,in (°C) 22 26
Air inlet humidity gair,Fc,in 1 1
Air outlet humidity @air,Fc out 0.82 078 References
Air utilisation vajr (%) 17 14
Regression parameter for the characteristic [1] Y.W. Rho, O.A. Veley, S. Srinivasan, J. Electrochem. Soc. 141 (1994)
Cell voltageUce 9587 9812 2084-2088.
Tafel parameteb (mV) 33.277 34157 [2] YW. Rho, S. Srinivasan, J. Electrochem. Soc. 141 (1994)
Internal resistanck (2 cm?) 0.2780 03039 2089-2096.
[3] J. Kim, S. Lee, S. Srinivasan, J. Electrochem. Soc. 142 (1995)
. . . 2670-2675.
The red_uced parameter set for the fuel cell investigated in [4] M.L. Perry, J. Newman, E.J. Caimns, J. Electrochem. Soc. 145 (1998)
the paper is presented Table 1 5-15.
[5] Z. Ogumi, Z. Takehara, S. Yoshizawa, J. Electrochem. Soc. 131
(1984) 769-773.
4. Conclusion [6] D. Thirumalai, R.E. White, J. Electrochem. Soc. 144 (1997)

1717-1723.

. . . [7] H. Dohle, A. Kornyshev, A. Kulikovsky, J. Mergel, D. Stolten, Elec-
If the operation of a PEM-fuel cell is considered under trochem. Commun. (3) (2001) 73-80.

stationary conditions with the characteristics of afuel cell, the [g] G. Meyer, E. Schiffner, Technische Thermodynamik, VEB Fach-
energy balance can be described with a relatively low number  buchverlag, Leipzig, 1989.
of data. The heat losses on the stack surface, the pressurd®] H- f'?_ffznbefget Pampfigzse?llgeﬂ VEB Deutscher Verlag rund-
fot stoffindustrie, Leipzig, .

Iossgs,the stackogtlettemperatures and the characteristic ca]go] 3. Schmidt, H. é’oy‘é’ A. Mahrle, Arbeitsheft amdibertragung,
be simulated by using regression approaches. The use ofthese ~ 4 von-Guericke Universit, Magdeburg, 1992.
regression approaches result in a reduced set of parametergi11] M. Purmann, Simulation des statiémen Verhaltens von PEM-

The inlet temperatures, the humidity levels of the pro- Brennstoffzellen, in: Proceedings of the Fachtagung Elektrische En-
cess gases, the stack temperature as well as the volume flows ergiewandlungssysteme des Instituis Elektrische Energiesysteme,

and the humidity levels on the outlet of the stack form the Magdeburg, 13-14 March, 2001, pp. 47-52.
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