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Abstract

In this work a methanol steam reforming (MSR) reactor has been operated thermally coupled to a
high temperature polymer electrolyte fuel cell stack (HT-PEMFC) utilizing its waste heat. The
operating temperature of the coupled system was 180 °C which is significantly lower than the
conventional operating temperature of the MSR process which is around 250 °C. A newly designed
heat exchanger reformer has been developed by VTT (Technical Research Center of Finland LTD) and
was equipped with commercially available CuO/ZnO/Al,O; (BASF RP-60) catalyst. The liquid cooled,
165 cm?, 12-cell stack used for the measurements was supplied by Serenergy A/S. The off-heat from
the electrochemical fuel cell reaction was transferred to the reforming reactor using triethylene
glycol (TEG) as heat transfer fluid. The system was operated up to 0.4 A cm™ generating an electrical
power output of 427 W,,. A total stack waste heat utilization of 86.4 % was achieved. It has been
shown that it is possible to transfer sufficient heat from the fuel cell stack to the liquid circuit in order
to provide the needed amount for vaporizing and reforming of the methanol-water-mixture.
Furthermore a set of recommendations is given for future system design considerations.
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1 Introduction

Some of the main advantages of fuel cells compared to traditional energy conversion devices are
their superior efficiency, fuel flexibility and possibility for renewable power generation making them
increasingly attractive as power sources for numerous applications. Especially high temperature
proton exchange membrane fuel cells (HT-PEMFC) based on phosphoric acid doped
Polybenzimidazole (PBI) are of increasing interest, as they show specific advantages over
conventional Nafion-based low temperature proton exchange membrane fuel cells (LT-PEMFC). No
gas humidification is needed as the conductivity of PBI membranes is not dependent on the relative
humidity. Therefore water management is uncritical as, at typical operation temperatures between
150 °C and 200 °C, no liquid water phase is present [1-3]. Also the tolerance against CO impurities of
the fuel gas is increased by several orders of magnitude which is of special interest when hydrogen is
generated from organic fuel reforming [4]. From a system point of view the waste heat from the
stack is valuable due to its higher temperature compared to LT-PEM fuel cells allowing for efficient
heat transfer and compact design in terms of heat integration. One application can be the
endothermic steam reforming of methanol by directly utilizing the waste heat from the stack [5].
Methanol shows various advantages as a hydrogen source for fuel cell applications: It can be
produced from renewable sources and with its liquid state at room temperature it is superior in
terms of energy density compared to compressed or chemically in metal hydrides bond hydrogen
storage technologies. Typically the methanol reforming reaction is performed at temperatures
around 240 °C to 260 °C [6]. Besides the overall steam reforming reaction (Eg. 1), two side reactions
are commonly considered: the methanol decomposition (Eq. 2) and the water-gas-shift reaction

(Eq. 3) [7].

CH;0H + H,0 2 CO, + 3H, AH®y5¢= +49.7 k) mol™* (Eq. 1)
CH;OH 2 CO + 2H, AH®595¢= +90.2 kJ mol™ (Eq. 2)
CO +H,0 2 CO, +H, AH®59¢= -41.2 kJ mol™ (Eq. 3)

As methanol steam reforming is an endothermic process heat must be supplied in order to keep the
process temperature steady. In theory, the heat released by the HT-PEMFC represents more power
than is required for fuel heating and vaporizing as well as for steam reforming. A combined system
running a HT-PEMFC and MSR reactor at the same operation temperature would be ideal in terms of
simplicity and overall system efficiency. In terms of heat integration only a few experimental studies
reported in literature on the thermal integration of the HT-PEMFC with a reformer [5,8-11].
However, all of these studies working with single cells or short stacks and therefore small power
outputs struggling with high voltage losses due to insufficient fuel supply and methanol poisoning.
Regarding the thermal integration between methanol steam reforming reactor and HT-PEMFC a
system configuration with two physical devices sharing a liquid coolant loop is certainly not the
optimal design in terms of heat transfer and system volume. Presumably, the most promising
approach is the alternating integration of reforming cells and fuel cells together in one stack allowing
for direct and homogenous heat conduction. The current downside of this approach is the
comparatively low activity of commercially available catalyst at low reforming temperatures which
requires disproportionately large amounts of catalyst. Therefore the width of a single reforming cell
exceeds the width of an adjacent MEA and bipolar plate unit. This results in geometry based
restrictions on heat distribution and also increases ohmic losses. In order to mitigate this issue recent
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efforts have been made to develop a low temperature MSR catalyst bringing the temperature down
to fuel cell level and still achieving full conversion at temperatures as low as 180 °C and high space
time velocities [12-14]. Regarding the electrical performance Avgouropoulos et al. [15] reported on
a 15 cell stack (Active Area: 49 cm?) combined with 15 reformer cells achieving 70 W of electrical
power output at 0.18 A cm”at an operation temperature of 200 °C.

In the present study a 12-cell HT-PEM fuel cell stack with direct liquid cooling has been thermally
coupled with a novel aluminum heat exchanger MSR reactor (HER) which has been developed by VTT
(Technical Research Center of Finland LTD) (Fig. 1/A). The design of the HER focused on optimizing
the heat exchange fluid flow inside the reforming reactor to ensure homogeneous heat supply to the
catalyst packed channels. The reformer has been manufactured using a novel method based on
multi-port extruded (MPE) aluminum tubes which have been connected by laser welding. Besides the
thermal coupling also a direct supply of the hydrogen rich reformate to the fuel cell stack was
performed. The heat transfer fluid which was used for the heat transfer between fuel cell and
reforming reactor was routed through each bipolar plate (BPP) of the stack in parallel / Z-flow. It
allowed for a uniform heat distribution over the stack minimizing hot spot areas. This was necessary
as the stack operating temperature has been defined at 180 °C as a trade-off between fuel cell
degradation and methanol conversion. In a first step stack and methanol steam reformer have been
characterized separately elaborating the performance of both devices. Furthermore the fuel cell
stack and the reforming reactor were successfully coupled and operated in steady state mode.
During operation mass flow rates, temperatures and pressures were measured in order to provide a
detailed heat balance database.

Reformate
out

A

A
Thermofluid
out

Thermofluid
in
Fuel in

Fig. 1: (A) Packed bed methanol steam reformer. (B) Reforming channels of the packed bed MSR reactor.

The steady state energy balance of the stack can be written as:

QA + QC + QStack,th = QHTF stack T Qloss,stack (Eq. 4)

The indices ‘a’ and ‘c’ refer to the heat due to the enthalpy change of the anode and respectively
cathode gas flow through the stack. The index ‘Stack,th’ describes the reaction zone and represents
the heat, that is actually available in the stack. The major part of this heat is drained by the heat
transfer fluid ‘HTF,stack’. The last term describes the loss due to free convection, radiation and
conduction through the support and piping of the stack. The goal is to minimize this term in order to
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transfer the maximum amount of heat to the coolant media from where it can be further utilized by
the MSR.

As the loss to the surroundings cannot be measured directly, the individual fractions of heat flows
crossing the stack boundaries have to be calculated using measured data. The thermal heat produced
by the stack can be calculated with equation 5 assuming gaseous product water. The reaction
enthalpy is given in Table 1 for different temperatures.

: I
QStack,th = Neell '_(_ AH; )_ Pel (Eqg.5)
2.F
Temperature [°C] AHL [ mol]
160 -243177
180 -243374
200 -243569

Table 1: Reaction enthalpy for gaseous water production from hydrogen and oxygen

Each flow at the inlet of anode and cathode is measured and regulated by individual mass flow
controllers. The outgoing mass flows are calculated using the actual gas composition as the
stoichiometric fuel and oxygen consumption of the stack is well known and only dependent on the
current load and the number of cells [3]. For the calculation of the cathode inlet gas enthalpy the
humidity is neglected as the test bench is operated with dried compressed air. The sensible heat lost
through anode and cathode of the stack is unavailable for the MSR process and can be calculated for
anode and cathode separately using equations 6 and 7.

QA(Hydrogen) = rth,s : (/1A '(th,in - th,out )+ th,out - hH2,r) (Eq. 6)
QA(Reformate,dry) = I’th,s '(ﬂA '(th,in - th ,out)+ th,out - th.r )+ rhCOZ ref '(hCOZ,in - hCO2 ,out)

Qc = moz S '(ﬂc '(hOZ,in - hOz out )+ hOz out hoz ’r)

: : (Eq.7)
+ My, in '(th,in = hy, out )+ Myor '(tho,r - hHZO,out)

The index ‘r’ refers to the reaction zone temperature of the fuel cell stack which is assumed to be
equal to the temperature set point at the fuel cell coolant outlet. Index ‘s’ indicates the
stoichiometric quantity of a substance. The enthalpies are calculated using empirical equations by
McBride et al. [16].

The heat which is discharged by the heat exchange fluid can be calculated by making use of the
measured temperatures, mass flow rate and specific heat capacity.

QHer stack = MHEF * CHEF '(THEF,stack,out _THEF,stack,in) (Eq. 8)
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2  Experimental

The stack used as heat and power source was a 12-cell short stack with a membrane area of 165 cm?
manufactured by Serenergy A/S. The bipolar plates were manufactured from BBP 4 material which is
a graphite composite (Eisenhuth). Each bipolar plate was made of two halves with a milled structure
in between which represents the cooling channels as the stack is liquid cooled. The cavities for the
anode and cathode reactant gases are formed at the outside of each half-plate. The membrane
electrode assemblies (MEAs) applied in the stack are Celtec-P 1100 W produced by BASF which are
assembled around a phosphoric acid doped polybenzimidazole (PBI) based membrane. The test
bench for the system was designed with the purpose to flexibly run the stack with pure hydrogen or
hydrogen rich reformate from the MSR. Anode and cathode could also be purged with nitrogen for
inerting. Fuel and air supply of the stack were realized in counter flow design using mass flow
controllers (MFC) in case of pure hydrogen operation. Both, anode and cathode gas outlet were open
to the environment with no gas recirculation. The cooling of the stack was realized using triethylene
glycol (TEG) as a heat transfer fluid which was circulated by a combined heating/cooling unit model
Tango by Peter Huber Kaltemaschinenbau AG. In order to monitor the TEG flow a positive
displacement flowmeter (Omega FDP2022-A) was installed in the coolant loop prior to the stack.

After the heat transfer fluid passed the stack it was routed to the HER where the heat, which has
been absorbed from the stack, was utilized in the MSR process. The HER was build using 10 parallel
multi-port extruded (MPE) aluminum tubes for the packed bed with a total volume of app. 1.4 dm?
(Fig. 1/B). The weight of this novel reformer design is app. 6.5 kg at 4.7 dm?3 of total volume. Due to
their internal structure with multiple thin walls MPE tubes provide excellent heat transfer into the
catalyst bed. The heat transfer fluid is routed around and between each of the tubes to ensure a
homogenous heat transfer over the whole reactor length. Furthermore the manufacturing is
simplified by reducing the total length which has to be welded while simultaneously reducing the risk
of internal leakage all at one. However, the manufacturing of the HER was still a challenging task due
to the thin walls of the MPE tubes in combination with aluminum as constructing material which
hindered the laser welding. The reactor was equipped with 1.9 kg of RP-60 catalyst by BASF which
has been crushed to particle sizes between 250 um and 400 um. The dimensioning of the catalyst
amount required in the reformer was based on the results of a previous study reported by Vidal et al.
[16] where the same catalyst was studied for kinetic model development and reactor dimensioning.
Furthermore, a study on the catalyst performance in relation to the particle size identified the
particle size used in the reformer as the most suitable (Fig. 2). Reducing the particle size by one order
of magnitude improves the conversion rate by 15 %. By decreasing the particle size internal and
external mass transfer limitations are reduced whereat smaller catalyst particles also originate a
higher pressure loss [17].
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Fig. 2: RP-60 catalyst particle size effect on methanol conversion at 180 °C tested with 1.5 g catalyst and S/C 1.5. Dotted
lines were added for better readability.

The pre-mixed methanol-water-mixture was pumped by a compact micro annular gear pump type
MZR-2521 by HNP Mikrosysteme which is designed for flows up to 9 mLmin™. The flow was
controlled using a Coriolis mass flow meter M13 manufactured by Bronkhorst (Fig. 3). For the
evaporation of the methanol-water-mixture an electrically heated, low pulsation evaporator
developed at the Institute for Chemical Process Engineering of the University of Stuttgart was used.
The electrically heated device was chosen over a liquid/liquid heat exchanger due to its remarkable
smooth and controlled evaporation even at transient load conditions [18]. After the conversion in the
MSR the wet, hydrogen rich gas mixture is routed to a condenser where the reformate is cooled
down and the excess water or unconverted methanol is collected. After passing through the stack
the unused excess fuel is vented. On the cathode side the air is supplied by a mass flow controller
type F-201AV manufactured by Bronkhorst. Temperatures of any media are measured using type K
thermocouples which have been calibrated at 180 °C. The pressure of the reactants is monitored by
Cerabar T PMC131 pressure transducers from Endress+Hauser at the inlet of the stack while the
pressure of the heat transfer fluid is measured at the inlet and outlet. System monitoring and control
was realized using Delphin TopMessage modules. All measured Data are logged and stored in a data
base. All hot components and piping have been properly insulated with glass wool
(A=0.040 W m™ K'*) and rubber based foam by Armacell type HT/Armaflex (A=0.042 W m™ K™).
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Fig. 3: Process chart for the coupled HT-PEMFC / MSR reactor system

In order to optimize the heat exchange between stack and reforming reactor and minimize unwanted
convection heat losses the gas flows through the anode and cathode side of the stack are an
important factor as air cooling is a commonly used technique for HT-PEMFC. Typically air cooling can
be reasonably used for stacks with an electrical power output <5 kW [2,19,20]. This shows especially
the importance of the cathode air flow on the overall heat balance of the system. The mass flow
passing through the cathode (and also anode) of the stack is basically influenced by two parameters:
the current load and the overstoichiometric factor. The current load can usually not be varied as the
powered application requires a stable power output of the fuel cell system. The situation is different
regarding the stoichiometric ratio. Respecting a minimum airflow through the stack to ensure stable
operation and minimal cell voltage variation the stoichiometry can be varied in a wide range in high
temperature PEM fuel cells. The reduction of the cathode stoichiometry leads to a reduction of cell
voltage but does not influence cell degradation as long as local oxygen starvation is avoided [21,22].
By reducing the anode stoichiometry local hydrogen starvation is much more likely to occur
compared to the cathode. Therefore experiments have been performed where the stoichiometry
was reduced stepwise while stack and individual cell voltage have been monitored.

A measure on system level to optimize the heat recovery has been taken by installing a spiral finned
tube heat exchanger in the cathode feed. This concept has been chosen to pre-heat the air entering
the stack using the hot cathode off gas as a heat source with the goal to further minimize the
convection cooling effect by reducing the enthalpy difference between inlet and outlet of the
cathode.

Prior to directly coupling the MSR reactor to the fuel cell its performance was characterized by VTT in
a stand-alone setup. The temperature of the reformer has been controlled at the heating medium
inlet which is also representative for the coupled system as the temperature is controlled at the
coolant outlet of the stack. Tests have been performed at 175 °C, 180 °C and 185 °C and with
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different mass of catalyst to methanol feed (W/F) ratios. The reduction of the catalysts was
performed in situ starting at 0.7 % hydrogen diluted in nitrogen at 160 °C and slowly increasing
temperature and hydrogen percentage in 10 minutes intervals stepwise to 205 °C and respectively
5 %. After the reduction the reformer was flushed with nitrogen.

The general procedure for testing the coupled HT-PEMFC with the MSR was the following: During the
start-up phase the system was heated externally using the Huber Unistat Tango which circulated hot
TEG through stack and MSR reactor. Coolant inlet and outlet temperature as well as the inlet
pressure of the stack were permanently monitored during this process to ensure homogeneous
heating within temperature gradient and pressure limitations of the stack. Especially the pressure of
the heat transfer fluid at the inlet of the stack was kept below 20 kPa at any time to avoid internal
coolant leakage. The flow of the heat transfer fluid was controlled by adjusting the pump speed of
the Huber unit. Nitrogen was purged through anode and cathode during heat-up.

Only as the temperature of the coolant outlet of the stack was above 120 °C the nitrogen purge was
stopped and hydrogen and air were supplied through MFCs to anode and respectively cathode. For
further heating to the preconfigured temperature of the system a current density of 0.2 Acm™ was
set using a DC load EL9080-200HP from Elektro-Automatik GmbH which speeded up the process
through internal heat production. Heat and fuel coupled system experiments were only performed
after the whole system reached a steady-state. Switching from hydrogen to reformate was done at a
stack load of 0.1 Acm™ by slowly decreasing the external hydrogen supply while simultaneously
feeding the MSR with a methanol-water-mixture and subsequently hydrogen rich reformate to the
stack.

3  Results and discussion

3.1 High temperature fuel cell stack

Experiments on the cathode and anode stoichiometric ratio sensitivity on the stack voltage were
performed without the reforming reactor, running the stack on pure hydrogen at a stack current
density of 0.3 A cm™ and with moderate stoichiometry variations. As expected the results show that
especially the anode side of the stack is prone to starvation as the measured cell voltage range
increased dramatically when going to low stoichiometries. Reducing the cathode stoichiometry leads
also to a reduction of the cell voltage whereas the cell voltage range between the best and the worst
performing cell only slightly increases towards low stoichiometric ratios (Fig. 4/A/B). For further
experiments in combination with the reformer the cathode stoichiometric ratio was set to 2.5
whereas the anode stoichiometry was controlled at 1.18 both values as a trade-off between cell
voltage homogeneity and potential stack waste heat utilization. Reducing the cathode stoichiometry
from 4.0 to 2.5 resulted in a stack heat gain of 11.4 % while decreasing the stoichiometric ratio at the
anode from 1.3 to 1.18 resulted in only a heat gain of 5.1 %.

Experiments assessing the benefit of the cathode heat exchanger were also performed without the
reformer coupled to the stack which was supplied with hydrogen externally. During these tests a
significant increase of the cathode inlet temperature was achieved (Fig. 4/C). It was observed that
the cathode inlet temperature with installed heat exchanger rose with increasing air flow. This can be
associated to the increasing pressure drop at higher flow rates in the heat exchanger which enhances
the heat transfer. At a current density of 0.4 A cm™ and a cathode stoichiometry of 2.5, which equals
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33 sL min™ of air supplied to the cathode, the temperature was raised by about 38 K through the
heat exchanger. This temperature gain at the cathode inlet in turn results in a theoretical heat gain of
around 27 W (equation 7) as the heat which is dissipated by the cathode air flow is reduced by this
amount.

The electrical performance of the 12-cell stack is given in Fig. 4/D with stack voltage and power
versus current density at 180 °C. The measurements were performed with pure hydrogen as well as
with hydrogen rich reformate. In both cases the anode stoichiometric ratio was set to 1.18. Cathode
air was supplied with a stoichiometry of 2.5 with the cathode heat exchanger in use. In case the stack
was operated with reformate a pre-mixed methanol-water-mixture with a steam to carbon ratio of
1.5 was used. Running on reformate a maximum current density of 0.4 Acm™ at a stack voltage of
6.5V and an average cell voltage of 539 mV was achieved limited by the performance of the
methanol-water-pump. The amount of heat which was transferred to the heat transfer fluid is
plotted in (Fig. 4/E). Utilizing all measures like cathode air preheating and stoichiometry cutting up to
86.4 % (494 W) of the stack waste heat were successfully transferred to the TEG. The remaining
13.6 % of the heat were lost due to convection in the gas channels of the BPP and general
environmental losses. For this experiment the flow of the heat transfer fluid was set to 2.2 L min™.
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3.2 Packed bed heat exchanger methanol steam reformer (HER)

3.2.1 Optimization of heat exchange fluid flow distribution by CFD

During the design process of the HER, COMSOL Multiphysics was used to optimize the fluid
distribution in a single cell and at the inlet and outlet manifolds to ensure homogeneous heating of
all MPE tubes. Fig. 5/A shows the geometry of the empty volume of the HER for the TEG part where
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the grey area is the empty volume created between the MPE tubes and walls of the reformer. Blue
areas represent the empty volume created by the piping. The channels are connected to the piping
by four pipe manifolds which distribute the flow at the inlet and outlet. For the further fluid routing
half pipes were attached to the reformer wall in order to reduce its dimensions. However, in the final
design of the HER the pipes were detached from the body due to limitations in the manufacturing
process. In the CFD simulation nine TEG channels have been considered with the following
assumptions:

- Laminar flow through the entire geometry
- Isothermal conditions
- Isotropic fluid (properties from TEG data sheet at reformer operating temperature)

The main issue for a uniform flow distribution in one single channel was the distance between two
MPE tubes (which is the height of the channel) and the geometry of the channel inlets and outlets.
The height was optimized to 4 mm to create enough pressure drop along the channel but enabling
machining and welding. Simulation of a single channel showed uniform flow distribution in the
middle part of the channel. The inlet and outlet pipe manifolds were machined in a way that one
quarter of the wall of the pipe was introduced inside each channel (Fig. 5/C). This was done to reduce
the dead volume at the top and bottom of the channels.

Several different geometries where simulated with varying numbers of pipe splits and positions of
the inlet and outlet manifolds. Finally, the best performing geometry was selected (Fig. 5/B). Thermal
oil inlet and outlet pipe were split twice. Consequently, the manifolds at the side of the channels had
two inlets or outlets (depending on the direction of the flow). These two inlets respectively outlets
help to equalize the pressure at the inlets and outlets of the different channels. As a result, the
maximum relative difference of volumetric flow rate between the channels is app. 4 %.
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3.2.2 HER performance assessment test

In analogy to the fuel cell tests the MSR reactor has been characterized separately prior to the heat
and fuel coupling of stack and reformer to assess its performance. Experiments were executed at
different mass of catalyst to methanol flow ratios (W/F) and operation temperatures (Fig. 6/A). The
temperature of the MSR was controlled at the heating fluid inlet of the device to ensure almost
identical conditions to the coupled system setup where the temperature is controlled at the coolant
outlet of the stack prior to entering the reformer. At 175 °C, 90 % methanol conversion was reached
at a catalyst weight to flow ratio of app. 730 kg s mol™, at 1500 kg s mol™, equaling a methanol flow
of 3.1mLmin?, no unconverted methanol was traceable in the reformate stream. At 180 °C
complete conversion was measured at a W/F ratio of 962 kg s mol™ which equals a hydrogen yield of
around 250 L h™ kg.,« *. This is a good result for such a low reforming temperature also confirmed by
the work of Pan et al. [5] who reported a hydrogen yield of 200 L h™ kg.,;* at 180 °C also using a
Cu0/Zn0O/Al,O; catalyst. At the highest tested temperature of 185 °C full conversion was reached at a
methanol flow of 6.2 mL min™ achieving a hydrogen yield of 323 L h™ kg, ™.

The CO content in the reformate gas was measured to be relatively constant in the area of around
0.3 %Vol at 175 °C. At higher temperatures the CO content increased slightly but generally stayed
below 0.5 %Vol (Fig. 6/B).
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Fig. 6: Packed bed HER characterization results. (A) Methanol conversion versus weight of catalyst to methanol flow ratio
(W/F). (B) CO concentration in reformate versus weight of catalyst to methanol flow ratio (W/F). Measured at 175 °C,
180 °C and 185 °C. Dotted lines added for better readability.

3.3 Thermally and fuel coupled HT-PEMFC with MSR reactor

The switch from hydrogen to reformate feed was performed after the system was heated up and
reached a steady state (Fig. 7/A). During the transition phase where reformate and hydrogen were
supplied simultaneously to the stack a small voltage drop of about 4 mV per cell was observed which
is assumed to be related to presence of app. 0.4 % of CO in the reformate stream and the partial
pressure reduction of H,. After the complete shutdown of the external hydrogen supply the voltage
dropped app. by another 11.6 mV per cell which is also likely due to CO poisoning and partially from
the reduced hydrogen partial pressure due to dilution by CO, in the reformate. The peak in the
methanol feed is related to the abrupt shut down of the pure hydrogen supply by the MFC whereby
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the pressure conditions in the supply line changed abruptly. As the back pressure after the reforming
reactor dropped the methanol-water-mixture pump overshot the required value by factor 2 until the
controller readjusted the setting.

The average cell voltage over time is depicted in Fig. 7/B. The two voltage drops at Roman numeral
one and two were due to gas bubbles coming from the methanol-water-intake of one of the fittings
of the dosing pump. These gas bubbles led to a temporary fuel starvation with voltage drop upon
reaching the stack. Refastening of the fittings fixed the problem. Another issue regarding the system
control was found when increasing the fuel cell load. It was observed that the whole reformate
supply chain (pump, reformer, condenser and pipes) of the HT-PEMFC reacted slowly when changing
load levels. The control system changed sequentially the methanol flow followed by the electric load
adjustment, however, the quick response of the stack to the load change was not matched by the
reformer and the temporary starvation induced a voltage drop. The hydrogen rich reformate flow
reached the membrane electrode assembly (MEA) of the stack only after a time delay. This is related
to the high component and pipe volume of the fuel supply line which acts like a buffer. This
temporary mismatch between electric load and fuel supply is responsible for the voltage drops as
seen in Fig. 7/B when stepwise increasing the current density.

Changing the electric load also affects the heat generated by the fuel cell which again has an
influence on the coolant liquid temperature entering the stack (Fig. 7/C). As the outlet temperature
of the fuel cell was controlled at 180 °C the inlet temperature dropped with every load step. The
peaks in the coolant temperature at stack and reformer outlet result from the rapid heat generation
after each electric increasing load step. As the heat capacity of the complete coolant line with its
components is quite large the control loop reacts slowly to changed operating conditions. The
settling time to bring the stack outlet temperature back to the pre-set value was around one hour.
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Fig. 7: Coupled system performance. (A) Switch between hydrogen and reformate feed. (B) Average cell voltage, current
density and methanol flow versus time. (C) Heat exchange fluid temperature at stack inlet, outlet and reformer outlet
versus time. For all figures: Anode stoichiometry: 1.18; Cathode stoichiometry: 2.5; Operation Temperature: 180 °C.

The heat and energy balance of the coupled system has been calculated for a current density of
0.4 A cm? at steady state and a Sankey diagram has been deduced (Fig. 8). The diagram summarizes
all heat and energy flows going in and out of the system. From the plot it is clear that sufficient heat
is transferred to the liquid circuit (494 W) in order to provide enough energy for vaporizing and
reforming the methanol-water-mixture (194 W and 129 W respectively). As the vaporizer was
electrically heated within this experiment the theoretically calculated energy amount needed for
total evaporation and superheating to 180 °C from room temperature (22 °C) was used in this
calculation (n=1). With a total of 4.6 % (9 W) only a minor amount of heat is lost to the environment
due to convection, radiation and the anode flow while cathode flow losses account for 52 W (9 %).

Unused chemical energy > 186 W (15.7 %)

Electrical Power 427 W (36 %)

Chemical
Energy

129 W
26.2 % of CL Heat

194 W
39.2 % of CL Heat

Heat Demand
Reformer

Offheat Cooling
Liqduid (CL) 494 W Heat Demand
Heat 572 W 86.4 % of Heat Evaporator

(48.3 %) (41.7 % of Chem. Energy)

Other (losses to environment,

offheat anode, etc.) 52w

9 % of Heat
(4.3 % of Chem. Energy)

26 W
4.6 % of Heat
(2.3 % of Chem. Energy)

Fig. 8: Sankey plot of system heat and energy balance at maximum power output. Anode stoichiometry: 1.18; Cathode
stoichiometry: 2.5; Current Density: 0.4 A cm'z; Coolant outlet temperature: 180 °C; Coolant flow: 2.2 L min™.

The most substantial energy loss is due to the overstoichiometric operation ratio of the anode feed.
With 186 W (15.7 %) the amount of unused chemical energy is not negligible. To overcome this loss
the anode waste gas has to be reused within the system. As the anode off gas contains a high
amount of CO, (around 70 %Volg,) direct recirculation back to the stack inlet is not possible without
high purge rates which implies high losses again in a comparable scale. One option can be the
removal of CO, and other impurities from the anode off gas before recycling the stream back to the
stack inlet. For this approach inorganic microporous membranes [23,24] or supported ionic liquid
polymer membranes might be used [25-27]. If gas purification is considered, the better idea from a
system point of view would be the integration of the purification system between stack and reformer
in order to increase the hydrogen partial pressure. This would be beneficial for the cell potential
according to the Nernst equation [28] and due to kinetic effects. Another approach is the steam
reforming of methanol inside a palladium based membrane reactor [6,24,29-31] which directly
separates hydrogen from the reformate stream after reformation.
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4  Conclusion

In the present work a heat and fuel coupled system composed of a liquid-cooled high temperature
fuel cell stack and a methanol steam reformer was characterized. The amount of heat which is
rejected from the stack by the heat exchange fluid and which is available for further utilization was
quantified with respect to the load level of the HT-PEM stack. At a load level of 0.2 Acm™, 33 % of
the energy supplied by the hydrogen rich reformate feed were available as sensible heat in the
coolant. At a load level of 0.4 A cm™ this value was increased to 42 %. The methanol steam reforming
reactor equipped with crushed commercial BASF RP-60 catalyst achieved full conversion at 180 °C at
a weight of catalyst to methanol flow ratio of 962 kg s mol™. This equals a methanol flow of 4.8 mL
per minute. At 180 °C the CO fraction in the reformate stream was below 0.5 %Vol in all tested cases.
Finally it can be stated that the experimental outcome shows that direct heat coupling of a reformer
and a high temperature PEM fuel cell as heat source using a liquid heat transfer fluid is possible at
180 °C.
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