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Abstract

A prototype PEMFC CHP-system (combined heat and power) for decentralised energy supply in domestic applications has been installed
in the Fuel Cell Testing Laboratory at the Institut Werkstoffe der Elektrotechnik (IWE), UniverattKarlsruhe (TH). The system, which
was developed at the ZentrurrfSonnenenergie- und Wasserstoff-Forschung ZSW, Ulm (FC-stack) and the Fraunhofer-lirsBtalafe
Energiesysteme ISE, Freiburg (reformer) is operated and tested in close cooperation with the Stadtwerke Karlsruhe. The tests are carried out
as part of the strategic projeEDISon which is supported by the German Federal Ministry of Economics and Technology (BMWA).

The performance of the system is evaluated for different operating conditions. The tests include steady state measurements under different
electrical and thermal loads as well as an analysis of the dynamic behaviour of the system during load changes. First results of these steady
state and dynamic operation characteristics will be presented in this paper.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction manceg4], system efficiencief®,10]and cost analysd41].
In parallel, researchers developed simulation based models of
1.1. Literature survey CHP systems as reported for instanc¢lid—14] However,

despite intensive efforts, a product launch can be expected

In the early 1990s, many authors already pointed out the only in a few years. Reasons for this are still insufficient op-
increasing importance of fuel cell based domestic combined erational experiences with the systems and, in many cases,
heat and power generation systd&]. At that pointin time a short life span of the fuel cells employed. In addition, the
it was expected that these systems could be the first fuel celloperation management has to be optimised and the efficiency
systems for commercialisation, with utility and gas compa- of the systems must be increased.
nies supporting this development. However, it took the good
part of a decade until the first prototype systems were finally
reported by utility companies, heating appliance manufac-
turers and R&D centres in Europe, Japan, and th¢3J8].
Gradually, further steps towards industrialisation and product
developmentwere reportd-9]including long-term perfor-

1.2. BMWA lead-project EDISon

The claim for CQ reduction and the phasing out of nuclear
energy in Germany will cause a reorganisation of the energy
scenery towards distributed power generation. Within the
framework of the EDI Son project (Integration of Distributed

* Corresponding author. Tel.: +49 721 608 7571; fax: +49 721 608 7571. ENergy Systems via Innovative Communication and Manage-

E-mail addresspatrick.koenig@iwe.uni-karlsruhe.de (Foiig). ment Structures), one of the first leadprojects of the German
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but also reliable data about the efficiency of fuel cell CHP

Nomenclature plants with natural gas reformers in a decentralised energy
LHV  lower heating value (J mof) supply. A detailed description can be found in the following
n mole flow (mols1) sections. o .

n efficiency The unit is in operation since Mai 2004 and had to pass a

ARHg%K heat of reaction (kJmof) at 298K and range of tests_ with the main focus on modulation times and
1.013 bar overall behaviour. By testing the fuel cell heat and power plant

the project partners achieved new insights about applications

for the residential energy supply. Should the achievements

Federal Ministry of Economics and Labour (BMW A), intel-  remain that positive, the system may absolutely compete with

ligent electricity grids were deployed by use of distributed, those of other manufacturers.

innovative generation, storage, information and communica-

tion systems. The infrastructure developed within the project

allows the large-scale implementation of distributed genera- 2. System description

tors and makes them usable to gather economical and qual-

itative advantages for the grid operation as well as for the 2.1. Reformer unit

power production.

Today's supply structures for electricity have strict The CHP unit is fully automatically controlled via a
top—down architecture, which admit energy flow in one direc- Siemens SPS. The visualisation of the plant was done with
tion, from the high to the low voltage grids only. The needed the program ProTodM. Process relevant data (tempera-
flexibility of the low-voltage grids, concerning the ability to  tures etc.) can be monitored and controlled, thus a variable
implement a great number of distributed generation systems,operation control (for example variation of the reforming
is not given. temperature, steam to carbon ratio) is possible. Under its

In the approach of the EDISon project, the existing cen- rated operation conditions, Fraunhofer ISE’s reformer sys-
tral and hierarchic supply structure will be supplemented by tem produces 2 Nfth~! hydrogen containing carbon diox-
measuring devices and bidirectional communication systemside (CQ), water vapour and small quantities of methane
for all voltage levels. and carbon monoxide (CO). Besides the actual steam re-

These units may control an increasing distributed power forming reactor, the reformer system includes a burner,
generation and even manage a bidirectional energy flow several integrated heat exchangers and a CO shift reactor
within the same or between different voltage levels. (medium temperature shift, MTS) for CO reductionHig. 1

In the supply area of the Stadtwerke Karlsruhe, all up- each unit operation in the PFD (right-hand-side) is linked
coordinator of the EDISon project, several pilot installations to the corresponding part of the actual system (left-hand
of distributed systems were carried out. One of them an in- -side).

novative 2 kW PEM fuel cell system including reformer. The natural gas and process water streams are heated up in
integrated heat exchangers by the exhaust gas from the burner
1.3. Fuel cell CHP-system and the hydrogen rich product gas (reformate). No electrical

heater is needed.

The fuel cell system developed by the Centre for Solar En-  The steam reforming process is generally defined by the
ergy and Hydrogen Research UIm (ZSW) and the Fraunhoferfollowing Egs.(1) and (2)
Institute for Solar Energy Systems Freiburg (ISE) is situated ) 0 1
atatestbench atthe InstitiirfWerkstoffe der Elektrotechnik ~ CH4 T H20 < CO+3Ha; AgHzggy = 2061 kJmol
IWE, Universi@ét Karlsruhe (TH). (2)

The PEMFC CHP system operates with natural gas, which
is converted to hydrogen by a steam reforming unit including CO+ H20 < COz + Ha;  AgH9ggy = —41.2kImol™*
a CO shift step. A CO puirification is carried out by selective )
oxidation. The product gas, which is fed to the stack, exhibits
a CO concentration <50 ppm. The PEMFC stack consists of The reaction Eqs(1) and (2)are sufficient to describe the
80 cells with an electrode area of 126%each. Furthercom-  reformer system completely.
ponents in the system are a desulphurisation unit, a water Under certain process conditions (small temperature inthe
purifying unit, compressors for air and fuel and a power in- outlet of the reforming zone, steam to carbon ratio too small)
verter for grid connection. A data acquisition and control unit carbon can be formed. A cause can be the thermal cracking
is used to operate the system and to carry out different tests of methane in accordance with reacti@).
The complete system supplies 2 kW electricity and approxi- . 0o _ 1
mately 4 kW heating power at 6 for domestic hot water CHy & C+2Hzi ArHzggy = 7S kJmor 3
and space heating. In its function as a demonstration sys-The occurrence of the crack reacti(®) is suppressed by an
tem, it is intended to provide not only operating experience over-stoichiometric addition of process water. The steam to
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Fig. 1. Flow sheet of the reformer system and cross section of actual system.

carbon ratio (S/C-ratio) is defined as a quotient of process IR spectrometer, the fontent with a thermal conductivity
water and natural gas. The S/C-ratio is monitored/controlled detector.

as a process relevant parameter. If it sinks below a critical The measurements are in close accordance with the ther-
value the reformer system goes into an “emergency stop”, in modynamic calculations.

order to prevent the formation of carbon.

The catalyst of the reformer which is a metal honeycomb
structure coated with a wash-coat and platinum. The heat for
the endothermic reactigi) will be transferred by radiation
and convection from a burner. The anode off-gas from the
fuel cell, which contains unconverted hydrogen, can be used
thermally in the burner, raising the total efficiency of the
reformer which is defined as the quotient of the produced
hydrogen to total amount of natural gas supplied to the CHP
plant(4).
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Fig. 2 represents the experimentally determined dry

. . . —H2 eq.. —_— =CO2eq. = = COeq.:
composition of the reforming product gas as a function of | — -Ciii - B H2 measurcd ® CO2 heasured
A CO measured ¢ CH4 measured

the temperature as well as simulated values (thermodynamic
eqUIIIbrlum) Wlth_the progr_am ChemCEﬂ. The measure- Fig. 2. Gas composition of the dry reforming product gas in dependence of
ments_ were carried out with an S/C-ratio of 3 and a.-t 60% the temperature, measured and simulated (S/C-ratio =3, operation at 60%
capacity. The CO, Cgand CH, contentare measured withan  of full capacity).
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Fig. 3. Influence of the quench water on the CO mole content.

The reformate will be quenched with water, therefore the
thermodynamic equilibrium (see Eq4) and (2) is shifted
to the product siderig. 3shows the influence of the quench
water on the CO content after the shift reactor.

P. Kénig et al. / Journal of Power Sources 145 (2005) 327-335

Table 1
Measured reformer efficiency with and without anode off-gas usage

Efficiency of the anode Measured efficiency of the

reformer system in %

60
73

Without off-gas
70%

energy of the reformer gas. Additionally, heat losses (esti-
mated values) are considered.

Experiments at the Fraunhofer ISE showed that the re-
former efficiency can be increased (KE4)) if the anode off-
gas is re-circulated to and burned in the burner {&dse ).

The efficiency of the anode is defined as:

HH,,Fc out
HH,,Fcin

Nanode= 1 — (5)
The Sankey diagramF{g. 4) illustrates that the efficiency
can be improved if the insulation of the reformer system is
optimised reducing heat losses.

A goal of the reformer system is to reach a carbon monox-

Experiments at the Fraunhofer ISE showed that the carbonide content of about 0.3 vol.% (dry gas). The following CO
monoxide concentration with quench water can be reducedrémoval step (PrOx) by “ZSW" did not tolerate a higher CO

by the factor 10.

inlet content. It could be confirmed that this value is reached

sented irFig. 4. The numbers show the energy streams of the (€-9- LTS, low temperature shift reactor) is not necessary. A

reformer systemKig. 1) for an S/C-ratio of 2.7, an overall

new type of air cooling allows to control the temperature very

S/C-ratio (incl. quench water) of 5.6 and a reformer capacity accurately and a nearly isothermal operation of the MTS is

of 80%. .
The supplied enthalpy strearki¢n, chem) contains the

chemical energy of the natural gas. The outlet flow from the

possibleFig. 5shows the temperature and the CO contentin
dependence on the time at load changes.

reforming system contains the thermal energy of the refor- 2.2. Fuel cell stack unit
mate, the thermal energy of the exhaust gas and the chemical

Hyps chem. ©
5910 W

HL‘H_‘.«.hcm : .
15W meducl,ll\unu, :

1680 W

Qlosses’
1300 W
ch.chcm :
: 40W
Qexi\mlslgu.\
848 W

He, chem. :

9770 W

Fig. 4. Energy balance of the reformer system (Sankey diagram).

The fuel cell subsystem consists of an 80 cells PEMFC
stack (membranes: GORE 5561, 126 cactive area each)
with an air circulation cathode system (circulation with inte-
grated re-circulation blower and additional air feed blower,
humidity heat exchanger and air filter). The stack cooling
system includes a liquid deionised water cooling circuit with
pump, reservoir, deionisation unit and heat exchangers. A

load change,

load change:

900+ 3,6kW to 5,6kW hydrogen 5,6kW to 3,6kW hydrogen | ] 0.5 "
800 { — 045 s,
.. 7004 04 =
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Fig. 5. Temperature and mole content in dependence on the time and alter-
nation of load.
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Fig. 6. The fuel cell subsystem.

dc/ac inverter for direct grid connection and sensors for pres-fuel cell subsystem averages 29-30% referred to hydrogen
sure, temperature, humidity and single cell voltageg.(6) feed.
complete the system. The reformate (max. 0.3% CO; dew point45) produced

The fuel cell stack is operating in a re-circulating air oper- by the Fraunhofer ISE reformer unit passes a PrOx reactor
ation mode under nearly atmospheric air pressure to increasddeveloped by ZSW and located in the fuel cell subsystem),
the system efficiency. A radial blower recycles the cathode where a certain air flow (“air bleed”) is added to the reformate
air. Product water accumulates as steam in the air system andgtream at the inlet and outlet of the PrOx. The anode residual
can be used for membrane humidification. Additional humid- gas (stack utilisation approx. 70%) is fed back to the reformer.
ity re-circulation is realised using a combined humidity heat The PrOx-(fine) purification reduces the CO-concentration
exchanger. Due to the low operating pressure at the cathodébelow 50 ppm.
side, a radial blower with low energy consumption is used In Fig. 7the characteristics of the PEM fuel cell stack are
for the air supply. A particle filter is integrated upstream to displayed. The first stack current voltage characteristic was
this blower. An external humidification of the fuel cell stack
is not required. The flow of input air is adjusted by a control
loop regulating the relative humidity of the system, whichis _ 10,8
measured by the humidity sensor. 0,9\‘&

The heatremoval is carried out via the primary cooling cir- 08 —=261 0,20
cuit using deionised water. The cooling water flows through g 07 i w
the pump, over the PrOx, the stack and two heat exchang-% 06 = = " 0,15
ers. The heat is removed by the first heat exchanger to the 05— e // ~
secondary cooling circuit (house cooling connection). The % 041g e 670,10

a: 80% Hy, 20% CO,, DP30°C, SAP

second heat exchanger warms up the fuel cell before start urg %37, 7 . A romiied DPAC. SAB

257 0,25

potential [v

to an operation temperature of 4G. The electric conduc- 2 92 o Ton 45°C retormate) & 50°C (pure H) [—8:57 0,05
tivity of the cooling water can be measured and reduced by £ s 10 15 20 25 30 45 40 35 sda

stack power & power density [W/cm?]

a deionising cartridge connected in parallel to an adjustment 300 005 010 015 020 025 030 085 048
valve. The dc/ac inverter supplies the electricity generated by current & current density [A/cm?]

the stack to the grid. The periphery consumes max. 10% of

generated electrical power at full load. The efficiency of the  Fig. 7. Current voltage and current power characteristic of the stack.
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recorded with pure hydrogen. The stack reached an electrical 3, ~900
power of 1.9 kW with an average single cell voltage of 0.6V = L i 500
and a current of 40A. The dc/ac inverter has a short-time -2 [ 5
input power of 2.2 kW, so the characteristic ends byA45 : ) Wf&ﬁw 00 &

The second characteristic was recorded using simulated‘T: I ;
reformate gas (humidified hydrogen with 20% carbon diox- £ .| " 50 5
ide and traces of CO). The PrOx was supplied with upto £ | L400 3
3700 ppm CO and 4% air bleed. 2% air bleed was also added* | [f L300 E
to the fuel gas at the PrOx outlet. The concentration of car- § ] T_MTS_Out [ 200
bon monoxide atthe stackinlet varied between 10 and 20 ppm 2 uo 54 —~PelFC

—P_therm_FC k100

during the recording of the characteristic. < P._therm_Reformer

The single cell voltage fell below 0.6V at 26(appr0x. O0:00 030 1:00 130 2:00 230 300 330 4:00 4:30

1.2kW) at a constant anode utilisation of 70%. The peak
power was reached at an average cell voltage of 0.5V and
42A (approx. 1.7 kW). Because of high utilisation the stack Fig. 8. Time-dependent behaviour of power and reformer temperatures dur-
voltage was falling faster above #2(due to mass transfer  ing different load changes.

problems).

Time / h

acterisation of the thermal and electrical operating behaviour
for different operating points of the EDISon system.

During further tests, the steady state and dynamic be-
haviour of the system was examined.

The accomplished measurements were limited thereby to
a system output power of the EDISon-system in the range
corresponding to 3.7-5.1 kW hydrogen power.

3. System testing equipment

The IWE at the Universit Karlsruhe (TH) is co-partner of
a fuel cell test laboratory (FC-TestLab) since October 2003,
in which fuel cell systems and components are tested. The
FC-TestLab is operated in cooperation with the European In-
stitute for Energy Research (EIfER), an European Economic
Interest Group that was created in 2001 by the French util- 4.1. Electrical and thermal characterisation
ity Electricite de France (EdF) and the Unive#iKarlsruhe
(TH). For defining the thermal and electrical output power of the
In the FC-TestLab fuel cell systems for stationary EDISon-system, differentoperating pointswere adjusted dur-
applications (fuel cell heating systems, CHP systems) areing a test over 4.5 h and the resulting characteristic recorded.
examined in terms of capability, efficiency and stability in In Fig. 8 the most important reformer temperatures (re-
the context of national and international research projects.former input temperature ReformerIn, reformer output
Main focus is the investigation of the dynamic behaviour temperature IJReformerOut, outputtemperature of the mid-
(start up, load changes, shut down) and the connection to thedle temperature shift MTS_Out) as well as the electrical
electrical grid. Beside complete systems also componentsand thermal power of the PEM fuel cell stack éRPFC,
like fuel cell stacks can be tested. The laboratory is equipped P_therm.FC) and the thermal power of the reformer cooling
with three test cabins, which allow independent operation of circuit (P.therm.Ref) are displayed.
several systems. Starting at a system output power of 3.7 kW Hit the
Each test cabin offers gas connectors (natural gad\p beginning of the measurement, every 30 min a load change
CO, CQ, Oy, compressed air), a DI water supply and connec- was implemented (3.7 kW 4.4 kW— 5.1 kW— 4.4 kW —
tors for the electrical grid feed-in. Alternatively the systems 3.7 kW— 5.1 kW— 3.7 kW— 4.75 kW— 4.05 kW). This can
can be charged with different electrical loads. Furthermore, be clearly seen in the characteristics of the electrical output
thermal loads are available for the simulation of heating sys- power of the fuel cell stack, which follows directly the applied
tems and for the determination of the thermal efficiency of a load changes.
fuel cell system during different operating conditions. From the characteristics of the thermal output power of
the fuel cell stack, it can be recognised that it lags behind the
electrical output power with a delay of several minutes. The
4. Testing results and discussion decisive factor is therefore the inertia of the mass warming
of the stack and the relatively low heat transfer coefficients.
After successfully installing the EDISon system extensive The good adaptation to the load changes can be seen clearly.
measurements were made in order to be able to characterise The thermal output power of the reformer cooling circuit
the system behaviour. The single components of the EDISonshows similar characteristics. A good adaptation to the ac-
system had only been operated and tested separate from eaatording load conditions and the inertia of the thermal mass
other, before the installation in the test laboratory at the IWE. of the reformer can be seen.
In the first tests the main focus was therefore put on the char-  The results of the characterisation are displayéélvie 2
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Table 2

Measured thermal and electrical output power as a function of the adjusted percentage system power

System power Hydrogen power FC electrical FC thermal Reformer thermal Total thermal

(%) (kW) power (kW) power (kW) power (kW) power (kW)

50 3.70 1.275 1.100 1.150 2.250

55 4.05 1.375 1.300 1.250 2.550

60 4.40 1.475 1.400 1.300 2.700

65 4.75 1.550 1.550 1.400 2.950

70 5.15 1.650 1.700 1.500 3.200

4.2. Steady state behaviour of the system In order to confirm the dynamic characteristic of the sys-

tem relative to the size of the load changes, including also the

The steady state operating behaviour of the system wassmaller step changes and to complete and to prove the results
determined by performing a test for 5 h. The operating point in 4.1, two tests according teig. 10were recorded.
was chosen at a system power of 3.7 kW. Fihe result is In the first measurement starting at a hydrogen power of
shown inFig. 9. 3.7 kW the EDISon system was charged with load ramps each

Beside the most important reformer temperatures (seeof 0.35kW H. The time duration of the ramps was about
Section4.1) again the electrical and thermal power of the 0.5h. The second measurement was performed in the same
PEM fuel cell stack is displayed. way in reverse starting at 5.1 kWhoH

After approximately 2 h a minimal decrease of the electri- ~ As already seen in 4.1 the electrical output power follows
cal output power of the fuel cell stack can be observed, but directly the load changes. The thermal output power of the
re-stabilising again during subsequent process measurementiiel cell stack lags behind again the electrical output power.
at 1.2 kW and confirming the results of the measurements in Both reaching and confirming the average values of 4.1.
4.1. It was proven extensively in 4.1 that the system is able

Also the thermal output power averages the value accord-to perform high load step changes and to adapt to load
ing to the measurement in 4.1. The closed loop control char- changes within minutes. A stabilisation period of about half
acteristic of the fuel cell stack cooling circuit can be seen

clearly. 3. - 900
E 4 T_Reformer_Out L 800
4.3. Dynamic behaviour of the system = 231 s
% 5 ‘___,,__.__ T_Reformer_In /_‘/ 500 @]

The dynamic characteristic of the fuel cell CHP system i; ] " =
marks a furtherimportant and interesting pointin the analysis £ | | R
of systems. To be able to persist as a power generation systenZ= | F400 B
under real conditions, certain demands on the load adaptation® | | TMTS Out : 3(){)5
potential of the CHP system are made. 2 > Fags

Therefore, during different test procedures the system be- 2 0.51 -
haviour on dynamic load changes was examined more pre-
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Fig. 9. Time-dependent behaviour of power and reformer temperatures dur- Fig. 10. Time-dependent behaviour of power and reformer temperatures
ing the static operating point at 3.7 kW hydrogen power. during ramped load: (a) increasing, (b) declining.
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according to 4.1, whereas the thermal output power stays _ i
always below the values of the characterisation (4.1). This is L S P I
attributable to the fact that 10 min is not enough to reach the ¢ condenser | 1
corresponding stationary operating point of the stack, which |
would provide the maximum thermal output power. : : 1
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tributable to a short-time operation failure (idle state) of the heat L\
power inverter. exchangdr ¢
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5. Model-aided analysis tool _
Fig. 12. Example of a PEMFC CHP system model.
In parallel, a model-aided system analysis tool, based on
system tests, will be developed for the modelling of different
types of fuel cell systems. In the experimental modelling ap- PEMFC) as reported for instance [(h5—20] are adapted to
proach a general system model is parameterised on the basifit into the general system model.
of measured data of a system. The aim of this model isto get The parameters necessary for the description of the system
information about the efficiency of the system and individual and its components are determined by measured data using
system components, to reveal problems during operation andsuitable identification methods.
to analyse the optimisation potential. The system behaviour is described by sets of charac-
The model is to provide information about input and out- teristic curves, state space and differential equations using
put values, internal variables of state as well as the systemMatlab/Simulink™.
efficiency in the static and in the dynamic operation mode. A first evaluation of the procedure is performed with
The modelling is based on a variable, parameterisable sys-the EDISon system. Since this system is accessible in as
tem model (i.e. applicable to as many different systems asmuch detail as possible, all system values and parameters
possible) with sub-components accordingd-tg. 12 can be measured. By simulation of static operating points
Beside the development of new models for the sub- as well as dynamic processes and subsequent comparison
components of the CHP system, known simulation basedwith measurements on the real system, the model will be
models for the sub-components (like reformer unit and verified.
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6. Conclusions [2] J. Doelman, J. Power Sources 37 (1/2) (1992) 75-80.
[3] B. Vogel, A. Heinzel, Fuel Cells Bull. 3 (1) (1998) 9-11.

With the measurements described here it was shown that [4! J- Komiya, N. Fujiwara, H. Fujiki, T. Miura, |. Yasuda, Abstracts
2002 Fuel Cell Seminar, Palm Springs, CA, USA, November 18-21,

the EDISon system is able to perform maximal load step 2002, pp. 942-945

changes in the range of 3.7-5.1 kW hydrogen power. AlISO (5] N. Shinke, S. Ibe, S. Takami, Y. Yasuda, H. Asatsu, M. Echigo, T.
load changes within a period of 10 min can be performed Tabata, Abstracts 2002 Fuel Cell Seminar, Palm Springs, CA, USA,
with only a small performance loss in the thermal power. November 18-21, 2002, pp. 956-959.

The resulting system dynamics are sufficient for most appli- (61 J-C. Cross, W.L. Mitchell, P. Chintawar, M. Hagan, C. Thompson,
D. Swavely, Abstracts 2000 Fuel Cell Seminar, Portland, OR, USA,

cations. The EDISon sy_sFem also shqws very goqd resultsin 5. ber 30-November 2, 2000, pp. 206-262.
the total power output rising expectations of relatively good (7] T. winkelmann, G. Gummert, Proceedings of the Fuel Cell World
efficiencies. 2004, Lucerne, Switzerland, June 28-July 2, 2003, pp. 217-

Further work will be done in the field of characterisation 224.

of the system regarding the following aspects: [8] E. de Wwit, K. KIinFJer, Proceedings of the Fuel Cell World
2004, Lucerne, Switzerland, June 28-July 2, 2003, pp. 225-
e Measurements at an expansion of the system hydrogen  226. . _ _ _
power range of 3KW hito 5.9 kW H, [9] \K/érll-;elkgjdst,selraol?;fntgbgfrtschntt Bericht, Reihe 6, Nr. 516, VDI-
o Detailed vaUiSition of the gas flows for CalCU|ating the [10] G. G%Iiucci, L. Pe;truzzi,. E. Cerelli, A. Garzisi, A. La Mendola, J.

system efficiencies. Power Sources 131 (1/2) (2004) 62-68.
e Charging the system with real load profiles of electrical [11] A. Lokurlu, T. Grube, B. Khlein, D. Stolten, Int. J. Hydrogen En-
and thermal power demands. ergy 28 (7) (2003) 703-711.

[12] W.G. Colella, J. Power Sources 118 (1/2) (2003) 118-128.
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