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Background and objectives 
This report details the development and characterization of a scaled down aqueous phase 
reformer (APR) for methanol pre-reforming for the fuel cell system. The project envisions a 
two-stage reformer setup for the methanol reforming, as illustrated in Figure 1. In the first 
stage, a part of the methanol is reformed into carbon dioxide and hydrogen in an aqueous 
phase reformer, which is heated with the coolant oil from the HTPEMFC. The APR reactor is 
marked with a green box in the figure. The second stage consists of a conventional gas-phase 
reformer, in which the rest of methanol is reformed to a hydrogen-rich gas (marked with red 
box). The gas phase reformer is heated by burning non-reacted hydrogen from the fuel cell 
and if needed, additional methanol.  
 

 

 

Figure 1: Simplified schematic overview of the planned fuel cell system and its fuel reforming 
setup. The first-stage aqueous phase reformer is marked with a box with green dashed line.  

In the work task described by this report, an initial scaled down version of the APR is charac-
terized with suitable catalysts in the temperature range 150-200 °C. The performance of APR 
is examined with two scaled down systems, a laboratory scale system at University of Porto 
and a demo scale system at VTT. The scaled down APR at VTT is envisioned to be in the 
scale of 10-20% of the full-scale APR. Based on the work a go/no go decision is made con-
sidering the suitability of an APR in the final system. Further, if promising results are made, 
the results are used to design and size the full-scale APR for the final CHP system design.  
 
Main objectives in the APR characterization include  

- study the performance in different temperatures and pressures   
- study the performance and functionality of the most promising catalysts in the APR 
- produce data for the scale-up of the APR to a full 5 kW system 
- gain an understanding of the operational aspects of the APR, such as steady-state and 

dynamic control, both for load changes and in start-up/shut-down  
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Theoretical frame 
The theoretical frame section describes the selection of catalysts and the modeling of the APR 
system. The modeling part is focused on vapor-liquid and heat transfer calculations. 
 

Selection of APR catalysts (state-of-the-art) 
 
Catalysts applied in the APR system should enhance a methanol reforming reaction and a 
water gas shift reaction and avoid hydrogenation reactions of carbon oxides.  
 
The desired reactions in APR: 

CH3OH ↔ 2 H2 + CO  Methanol reforming reaction 
H2O + CO ↔ H2 + CO2  Water-gas shift reaction 
 

The undesired hydrogenation reactions: 
CO + 3 H2 ↔ CH4 + H2O  
CO2 + 4 H2 ↔ CH4 + 2 H2O  
2 CO + 5 H2 ↔ C2H6 + 2 H2O  

 
The focus of APR has been on finding suitable catalysts that show high activity for promoting 
reforming reactions at low temperatures and inhibits side reactions1,2. Various catalysts have 
been used for methanol APR based on noble (Pt, Ru) and non-noble (Ni, Cu) metals, yet the 
most used catalyst for methanol APR is Pt-based. Dumesic’s group3 made significant ad-
vances in APR by using Pt-supported on aluminum oxide catalysts. Many authors opted for 
Pt as it is very active and displays high selectivity towards H2

 3–5. Despite its high catalytic 
activity for methanol APR, Pt shows lower C-C cleavage activity compared to other noble 
metals (Ru, Ni and Ir) 6, which is needed for the APR of heavier alcohols, and reasonable 
activity for WGS reaction7. Additionally, metals such as Cu show the highest activity for the 
WGS but no activity for the C-C bond breaking. Different supports, with high surface areas, 
have also been studied with the objective of increasing the Pt loading in catalyst to increase 
catalytic activity of Pt-based catalyst 4,8,9.  
 
Nickel-based catalysts have also been investigated for the APR reaction. Although Ni-based 
catalysts show lower stability and H2 selectivity, they favor the WGS shift reaction and are 
inexpensive compared to Pt. Davda et al.1 determined the catalytic activities of various silica-
supported noble metals (based on the rate of CO2 production) for ethylene glycol APR and 
found that they decrease in the following order: Pt ~ Ni > Ru > Rh ~ Pd > Ir. To improve stability 
and H2 selectivity of Ni-based catalysts, various support materials have been considered 10–14. 
However, reports on methanol APR via Ni-based catalysts are still limited. Shabaker et al.15 

and Coronado et al.12,13 made significant advances in this field. The least studied catalysts are 
of Cu, Ce or Ru. These metal-based catalysts have been used, however, as bi-metallic com-
binations or their complexes. 
 
Based on the literature review, various Pt and Ni-based catalysts were selected to be re-pro-
duced and their APR activity experimentally evaluated with the laboratory-scale test bench 
set-up (Table 1). 
 

Table 1: Selected catalysts for the EMPOWER MeOH APR activity test at University of 
Porto. 

Active Metal Support Active metal loading (wt. %) 

Pt ɣ-Al2O3 5 

Pt MoC 1-5 

Ni ZrO2 10 

Ni CeO2 10 
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Ni [CeO2]0.25-[ZrO2]0.75 10 

Ni [CeO2]0.17-[ZrO2]0.83 10 

Ni ɣ-Al2O3 10 

Ni-Ce ZrO2 
Ni 10 
Ce 3 

Ni-Cu ZrO2 
Ni 10 
Cu 3 

Ni-Cu CeO2 
Ni 10 
Cu 3 

Ni-Cu [CeO2]0.25-[ZrO2]0.75 
Ni 10 
Cu 3 

Ni-Cu [CeO2]0.17-[ZrO2]0.83 
Ni 10 
Cu 3 

Ni-Ce ɣ-Al2O3 
Ni 10 
Ce 3 

 

Vapor-liquid equilibrium calculations 
 

The desired overall reaction in APR is: 
CH3OH + H2O ↔ 3 H2 + CO2 

 
Using the methanol conversion (X) and mole balances, one can calculate the composition of 
the gas phase leaving the APR: 
 

 yH2,APR,out =
3∙X∙zMetOH.APR,in

1+2∙X∙zMetOH.APR,in
 

 yCO2,APR,out =
X∙zMetOH.APR,in

1+2∙X∙zMetOH.APR,in
 

 yMetOH,APR,out =
(1−X)∙zMetOH.APR,in

1+2∙X∙zMetOH.APR,in
 

 yH2O,APR,out =
1−(1+X)∙zMetOH.APR,in

1+2∙X∙zMetOH.APR,in
 

 
where yi is the reactor (outlet) gas phase mole fraction of component i and zMetOH,APR,in is the 
overall (liquid) mole fraction of methanol in the water-methanol mixture fed to the APR. 
 
In steady state, the ratio of water-to-methanol entering the APR should equal that in the gas 
leaving the APR. A value of zMetOH,APR,in = 0.4 is used here. 
 
If the methanol conversion and the temperature are fixed, then also the gas phase is fixed 
(based on X) and one can solve the vapor-liquid-equilibrium (VLE) pressure and liquid com-
position. 
 
The VLE calculations were conducted using cubic equation of state first proposed by Patel 
and Teja16 and later modified by Valderrama17 combined with non-density dependent mixing 
rules (NDD) proposed by Avlonitis et al18. Figure 2, Figure 3, and Figure 4 show the estimated 
reactor pressures and gas-phase mole fractions with varying methanol conversions and at 
various reactor temperatures. 
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Figure 2. Estimated reactor pressure as function of methanol conversion at various reactor 
temperatures. 

 

Figure 3. Estimated reactor gas phase mole fractions as function of methanol conversion. 
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Figure 4. Estimated reactor gas-phase hydrogen mole fractions as function of reactor pressure 
at various reactor temperatures. 

The VLE results were used to determine the pressure limits of the reactor and other equip-
ment. 
 

Heat transfer calculations 
 
Besides VLE-calculations, also a model for heat transfer requirements was implemented and 
solved. The model accounted for the following phenomena: 

 heat transfer from heating oil to reactor 
o convective heat transfer from heating oil to heating pipe 
o heat conduction through heating pipe 
o convective heat transfer from heating pipe to water-methanol solution (convec-

tion caused by rising bubbles) 

 vapour-liquid equilibrium 

 reaction heat 

 heat capacity of water, methanol, hydrogen, and carbon dioxide 

 latent heat of water and methanol leaving the reactor 
 

The model was used for studying the following effects: 

 methanol conversion 

 heat transfer area (= reactor height) 

 heating oil temperature 

 heating oil flow rate 

 the radial position of the catalyst net 

 the upward flow rate of methanol-water solution due to bubble buoyancy 

 bubble size 
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Example results are shown in Figure 5. 

 

Figure 5. Simulated reactor temperature (T), reactor pressure (p), optimal radial position of 
catalyst net (Rm), reactor gas-hold-up (ε), and heating oil pressure drop as function of metha-
nol conversion (X) and with varying heating oil temperatures (Th). 

The main outcome from simulations was that the heat transfer area (reactor height) is sufficient 
from the intended experiments. Additionally, valuable estimates on e.g. gas hold-up and heat-
ing oil pressure drop were received, which indicated that the reactor does not flood and that 
the heating bath pump is suitable.    
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Experimental  
 
The experimental section describes the examined laboratory scale and demo scale APR sys-
tems. The section focuses on catalyst selection, structures of set-ups, and measurement cam-
paigns. 
 

Laboratory scale experiments 
 

Catalysts in laboratory scale experiments 
 
Pt/Al2O3 catalysts was chosen for MeOH due the high catalytic activity and considered as a 
benchmark catalyst. On the other hand, Ni / [CeO2]0.25-[ZrO2]0.75 was chosen, due to its low 
price and appreciable activity of APR 19. Table 2 below shows the list of all catalyst prepared 
at University of Porto and their performance in MeOH APR. 
 

Table 2: A list of catalysts prepared at University of Porto for MeOH APR. 

Active metal Support Active metal loading Preparation method 

Ni ZrO2 10 IWI 

Ni CeO2 10 IWI 

Ni [CeO2]0.25-[ZrO2]0.75 10 IWI 

Ni [CeO2]0.17-[ZrO2]0.83 10 IWI 

Ni ɣ-Al2O3 10 WI 

Ni-Cu ZrO2 Ni 10, Cu 3 IWI 

Ni-Cu CeO2 Ni 10, Cu 3 IWI 

Ni-Cu [CeO2]0.25-[ZrO2]0.75 Ni 10, Cu 3 IWI 

Ni-Cu [CeO2]0.17-[ZrO2]0.83 Ni 10, Cu 3 IWI 

Ni-Cu ɣ-Al2O3 Ni 10, Cu 3 IWW 

Ni-Ce ZrO2 Ni 10, Ce 3 IWI 

 
Platinum with 5 wt. % loading supported on alumina (Pt/Al2O3) was supplied by Sigma-Aldrich. 
Nickle with 10 wt. % loading supported on 25 wt. % CeO2 and 75 wt. % ZrO2 (Ni / [CeO2]0.25-
[ZrO2]0.75) was prepared via incipient wetness impregnation (IWI) method. CeO2 and ZrO2 were 
supplied by Sigma-Aldrich and were calcined for 10 h in static air at 450 °C. Nickel nitrate 
hexahydrate (Ni(NO3)26H2O) used as a metal precursor was supplied by Sigma-Aldrich.  

 
Ni (10 wt. %) supported on [CeO2]0.25-[ZrO2]0.75 was prepared by IWI method. The support 
material was mixed with aqueous solution of nickel nitrate and kept at room temperature for 
24 h followed by drying at 110 °C for 12 h. Dried catalyst was later calcined under static air at 
500 °C for 4 h.  
 
Pt/Al2O3 catalyst reduction was performed in-situ at 260 °C, ambient pressure, N2:H2 = 1:1 for 
2 h. Whereas, Ni / [CeO2]0.25-[ZrO2]0.75, due to temperature limitations of the oven, was reduced 
ex-situ at 450 °C, ambient pressure and under H2 flow for 2 h, prior to the APR experiments 
 
 

Laboratory scale test bench set-up 
 
A set-up was designed and developed at University of Porto for methanol aqueous-phase 
reforming (APR) experiments (Figure 6 and Figure 7).  The set-up is equipped with several 
mass flow controllers (Bronkhorst) allowing different gases in the feeding stream. A N2 and a 
H2 bottles (10 L at 200 bar) are installed for operating the setup at pressures above 10 bar. 
The N2 bottle is used for pressurization, purging, water/methanol co-feeding and for diluting 
the hydrogen during catalyst in-situ reduction. The main purpose of the hydrogen bottle is for 
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the of in-situ reduction of catalysts. The setup is also equipped with several check valves to 
protect the equipment. The water/methanol solution is fed to the reactor using an HPLC pump 
(Knauer P 4.1S). This high precision HPLC pump has the flow rate ranges of 0.01-25 ml/min 
and is able to withstand pressures up to 150 bar. The pump can be controlled with the keypad 
in standalone mode and is equipped with a pressure sensor. These experiments were per-
formed in a continuously operated tubular stainless steel reactor using upward flow. The par-
allel inlet lines for gases and MeOH solution to reactor also make it possible to use an inert 
gas to be used for the co-feeding when needed. 
 

Figure 6: Simplified process flow diagram of methanol APR at University of Porto. 

 
The experiments were conducted using 0.7 g of catalyst loaded into the midsection of a fixed-
bed reactor (Figure 7). The reactor was placed inside an oven capable of heating up to 350 
°C. Placing the reactor inside the oven also served the purpose of safety. By performing ex-
periments inside the oven, it was ensured that in case of an accident, the reactants and the 
products were contained inside the oven. The outlet of the reactor stream was connected to 
the condenser. The outlet stream from the reactor was cooled down and separated into gas 
and liquid phases at the reactor pressure. A liquid reservoir was placed at the outlet of the 
condenser to collect unreacted liquid reactants. This was also installed with a check-valve so 
it can be opened after each round of experiments to empty the condenser.  A pressure trans-
ducer was installed after the condenser that digitally displayed the real-time pressure of the 
system in gas-phase. In addition, an analog display of this pressure sensor was also installed. 
A back-pressure regulator (BPR) was installed to manually control the outlet flow and to main-
tain the system pressure. Laboratory Virtual Instrument Engineering Workbench (LabVIEW) 
was being used for the purpose of data acquisition and instrument control (mass flow control-
lers). The gaseous products were then vented to either gas chromatograph or to exhaust sys-
tem. The GC ran on thermal conductivity detector (TCD) to analyze produced gases. The 
whole system was also equipped with an emergency switch to turn off the entire system in-
cluding HPLC pump. Additionally, leaks were constantly checked in all the connections and 
every time at the reactor before starting of any experiment. The result of the catalyst screening 
in MeOH APR were evaluated in terms of methanol conversion and hydrogen (H2) production 
rate. All the results were measured after achieving the steady-state conditions. 
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Figure 7: Methanol APR set-up at University of Porto. 

 

Demo scale experiments 
 

Catalysts in demo scale experiments 
 
In APR of oxygenated hydrocarbons, the most studied platinum-based catalyst has been 
Pt/Al2O3. Generally, Pt/Al2O3 catalyst has been reported to perform well in the methanol-fueled 
APR systems. E.g. Lin et al.5 have reported hydrogen production rate of 294 μmol/min/gcat 
(190 °C, 60 bar) and Tang4 et al. methanol conversion of 78.9 % (224 °C, 26.5 bar). Therefore, 
Pt/Al2O3 was selected to represent Pt-based catalysts in the demo scale experiments. 
 
Due to the high price of platinum, performance of nickel-based catalysts, which have similar 
properties but lower price than platinum-catalysts, have been widely studied. The mixture of 
ceria and zirconia has been reported to enhance several favorable properties over pure oxide 
materials. Such advantages have been good stability and resistance against coking20. Thus, 
methanol APR systems using Ni/CeO2-ZrO2 have achieved great catalytic performances. E.g. 
Stekrova et al.19 reported methanol conversion of 58.8 % and hydrogen production rate of 
2529 μmol/min/gcat (230° C, 32 bar). Therefore, Ni/CeO2-ZrO2 was selected to represent Ni-
based catalysts. 
 
In Table 3, key information related to chosen catalysts is given. 
 

Table 3: Properties of catalysts applied in the demo scale experiments (IWI - incipient wet-
ness impregnation). 

Active metal Support 
Metal loading 

(wt. %) 
Preparation 

method 

Reduction  
temperature 

(°C) 

Catalyst 
loaded into  
reactor (g) 

Ni 
[CeO2]0.25-
[ZrO2]0.75 

10 IWI 450 21.698 

Pt Al2O3 6 IWI 250 17.098 

 
Applied catalysts were prepared by Catator AB. The preparation method of both applied cat-
alysts was incipient wetness impregnation. Catator AB used their patented wire mesh tech-
nology, in which active metal and support of catalyst are coated on stainless steel mesh. The 
catalyst design is presented in Figure 8. 
 

Fix-bed reac-
tor 

Reactor oven 

HPLC 
+Aqueous 
methanol 

Back pressure regulator (BPR) 

Flow controllers 

Conden-
ser 

Pressure sensor 



PROJECT DELIVERABLE          

 12 

 

Figure 8: Photo of Ni/CeO2-ZrO2 catalyst segments. 

Before experiments, the catalyst segments were loaded into reactor and catalyst was reduced 
in-situ. At the beginning of the reduction, nitrogen gas was fed into the reactor. Gas flow rate 
was set to be 0.1 NLPM. Pressure of the reactor was 3.5 bar. The reactor was heated with the 
reactor trace heater. For Pt/Al2O3 targeted reduction temperature was 250 °C and for Ni/CeO2-
ZrO2 450 °C. After reaching the required temperature, the feed gas was changed to hydrogen. 
Gas flow rate and system pressure were unchanged. The reactor was kept under these con-
ditions for 4 hours, after which the reduction was ready, and heating was stopped and gas 
feed changed back to nitrogen.  
 

Demo scale reactor design 
 
In a methanol-fueled APR system, three phases coexist, namely liquid feedstock, gaseous 
reaction products, and solid catalyst. Most common reactor types for three phase reactor ap-
plications are slurry reactors, fixed bed reactors and fluidized bed reactors. In laboratory scale 
systems, most applied reactor types for APR systems have reported to be tubular fixed bed 
reactors.  
 
Major disadvantages with three-phase reactor systems are mass transfer defects. However, 
the mass transfer properties of reactors generally improve, when systems are upscaled, be-
cause linear velocities are higher in the reactors with wider diameter11. 
 
Structured reactor is also a potential reactor type. In structured reactors, geometric design and 
packing of the catalyst improve the mass transfer properties of the reactor. Due to the modern 
catalyst coating technologies, more sophisticated catalyst shapes are feasible, which de-
creases the mass transfer limitations related to tight packaging of conventional catalysts4. If 
catalyst is coated on substrate with specific geometric form, more space can be provided for 
gas flows. 
 
In the methanol-fueled APR system, one determining factor for reactor type selection is the 
applied pressure condition. Plate heat exchanger is not a good alternative to the reactor as 
the pressure would be atmospheric on the heating oil side and 15-50 bar on the water-meth-
anol side. The plate heat exchanger reformer would otherwise be a good solution as it could 
enable a high catalyst area with the plates coated with catalyst on the fuel side. Eventually, 
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the tube-shell reactor with structured catalyst was the selected reactor type for demo scale 
system, because it is rather simple to scale up with chemical engineering calculations. 
 
The reactor applied in the demo-scale test bench system was a vertical shell-and-tube type 
reactor, which was made of stainless steel (AISI316L). The shell side of the reactor was a 
1000 mm long DN25 pipe. To both ends of the reactor, welding neck flanges and blind flanges 
(DN25, PN100 and PN160, AISI316) were installed to seal the reactor and connect it to the 
piping. Inside the reactor, a 950 mm long tube was mounted, and it was used as a heating 
coil. The external diameter of the heating tube was 10 mm. The inlet and outlet of the heating 
tube were mounted on reactor wall. The reactor design is presented in Figure 9. Demo-scale 
reactor CAD-model.Figure 9. 
 

 

Figure 9. Demo-scale reactor CAD-model. 
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The shape of catalyst segments was designed to match the shape of the reactor. Catalyst net 
has a diameter of 22 mm, fits around the heating pipe inside the reactor pipe. Therefore, a 
stainless-steel mesh was bent into cylindrical shape with opening. The catalyst segments were 
designed to be stacked around the heating coil. Therefore, at the bottom of the reactor, just 
below the heating coil inlet, supporting wires where located, which prevented the catalyst seg-
ments to move below the level of the heating coil. To adjust mass transfer inside the reactor, 
a space between catalyst segments and reactor wall was needed. Therefore, a supporting 
wire was mounted to run along the reactor wall. In total, the reactor held 19 segments, each 
segment 5 cm in height, summing up to 95 cm totally. 
 
 

Demo scale test bench set-up 
 
For reactor and catalyst characterization, a dedicated test bench was built. Figure 10 presents 
a schematic PI diagram of the test bench setup and Figure 11 presents a photograph of the 
test bench. Water and methanol are premixed and filled into a tank from where it is pumped 
into the reactor with a High-Pressure Liquid Chromatography (HLPC) pump (Jasco PU-980). 
The pumping speed range is 0-10 ml/min and the pump can reach a pressure of approx. 500 
bar. The fuel feed is monitored with a Bronkhorst Mini-Coriflow M13 liquid flow meter, which 
is placed in the inlet line to the pump. The liquid is fed through a check valve to the reactor.  
 

 

Figure 10: PI diagram outlining the APR reactor test bench. 
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The reactor consists of the 100 cm long pipe with 27 mm inner diameter, as described earlier. 
The reactor is heated with heating oil circulating in a 10 mm pipe (outer diameter) through the 
reactor pipe. The catalyst net is placed around the heating pipe. The heating oil (Lauda Ultra 
350) is heated with a Huber 304C heating bath circulation thermostat. Oil temperature is mon-
itored at the inlet and outlet of the thermostat and at the inlet and outlet of the reactor with K-
type thermocouples. Liquid phase temperature in the reactor is measured in the bottom and 
in the top of the reactor. The reactor and all pipes where condensations could take part are 
heated with trace heater elements and insulated.  
 

 

Figure 11: Photo of APR test bench setup. 

 
Parallel to the reactor pipe there is a 12 mm pipe with two surface level sensors (Sick LFV310). 
These are used to control the pump and ensure that the liquid surface does not rise too high, 
which could damage the equipment downstream of the reactor, or that the surface falls below 
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the catalyst net. The pump automation keeps the surface level between these sensors (sur-
face height variations about 1 cm).  
 
The reactor pressure is measured with a Wika S-20 pressure transducer placed in the reactor 
gas phase. Reactor pressure is controlled with a manual backpressure regulator (Tescom, 
0.7–103 bar(g)). As a safety measure, an overpressure relief valve (Nueva General Instru-
ments, D10) is installed parallel to the backpressure controller. In case the reactor pressure 
exceeds 60 bar(g), the reactor gas is vented to the exhaust.  
 
In the primary gas line, downstream of the backpressure regulator, the volumetric gas flow is 
measured with a vane wheel sensor (Höntzsch). Gas pressure and temperature are also 
measured to convert the readings to readings in normal temperature and pressure (NTP). The 
major part of the gas is vented to the exhaust but a part is lead to a gas chromatograph (Ag-
ilent). With the gas chromatograph (GC), the composition of outflow gas of the APR system is 
analyzed. The GC has two detectors, flame ionization detector (FID) and thermal conductivity 
detector, which are used to detect all components and their mole fractions.  
 
All monitoring and control, except for the manual backpressure controller, are done with an 
industrial PLC (Siemens). Data is logged continuously. The automation system does also in-
clude the active safety measures. Automated shutdown is initiated in case reactor temperature 
or pressure exceeds certain threshold levels. The automation system monitors also other sit-
uations that could lead to failures, e.g. the risk of flooding the reactor. To contend spreading 
of methanol fumes in case of a methanol or fuel leak, several measures are taken. First, the 
test bench includes a methanol sensor that shuts down the system and sounds alarm in case 
the methanol levels in the laboratory air exceeds 20 ppm. Possible liquid leaks are gathered 
in a drip tray below the reactor setup. The pressurized equipment is installed within a plexi-
glass frame to prevent damages from leaks. The test bench is placed under a fume hood and 
during operation, curtains hanging from the hood improve the air circulation. The test bench 
is built in a laboratory with hydrogen, methane, and carbon monoxide sensors and both gas 
feeds and electricity are shut off in the laboratory in case of a gas alarm.  
 

 

Demo scale measurement campaign 
 
Experimental conditions 
 
In the previous methanol APR studies, the feedstock solutions have typically contained only 5 
wt. % (2.9 mol %) methanol, because the studies have been related to utilization of wastewater 
streams of Fischer-Tropsch systems. However, in this work task, APR was applied as a pre-
reforming method of methanol, and it was targeted to produce 40 mol % of hydrogen demand 
of the 5 kW HT-PEMFC based CHP system with it. Therefore, to reach higher hydrogen pro-
duction rates, the feed solution contained 40 mol % methanol. The methanol-water ratio was 
not 1:1, because more methanol was designed to be added to main reforming section. 
 
From the HT-PEMFC system, temperature of recovered waste heat could be 180 °C at high-
est. This was a limiting factor for temperature conditions of the APR system. Therefore, tem-
perature range was 160-190 °C in the experiments.   
 
To keep the feed solution in aqueous phase during methanol reforming, the system pressure 
should be above bubble point pressure of the feed solution. The bubble point pressure of feed 
solution was estimated with Wilson activity coefficient model. This is represented in Figure 12. 
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Figure 12: Estimated bubble point curve of methanol-water solution (zMetOH,APR,in = 0.4). 

 
Experimental design 
 
Activity of the applied catalysts was expected to decrease when temperature of the reformer 
was decreased. To obtain as comprehensive data as possible on catalyst performance, the 
experiments were started from the top of the temperature range. Therefore, during first exper-
iments the reformer temperature was 190 °C.  
 
The lowest tested pressure condition of each test temperature was targeted to be above the 
estimated bubble point pressure. If the hydrogen production rate was detected to be at mod-
erate level, experiments were performed also in higher pressures. However, if the production 
rate was low and the backpressure regulator released gas only extremely infrequently, exper-
iments at higher pressures were not performed. 
 
Start-up and operation 
 
Start-up of the test bench system was performed as follows. Before heating was started, the 
reactor was filled with the methanol-water solution. After feed solution was pumped into the 
reactor, heating of the test bench system was started. The reforming temperature was con-
trolled with setpoint temperatures of heating bath circulator and trace heaters.  
 
The reforming pressure was manually controlled with the backpressure regulator. When sys-
tem was heated, the system pressure increased, because methanol-water solution reached 
its bubble point pressure. If any gaseous products were formed in the reactor, the system 
pressure was able to increase above the bubble point pressure. When system reached the 
setpoint pressure, the backpressure regulator released some vapour as to remain at the set-
point pressure. Therefore, whenever gaseous products were formed, some vapour was re-
leased from the reactor.  
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Performance of the test bench system was monitored with 16 thermocouples, 2 pressure 
gauges, 2 surface level meters, and 2 flow meters. In addition, the outflow gas was analysed 
with GC. Positioning of measurements was represented in Figure 10. 
 
When the temperature profile of the reforming section reached the steady state, the analysis 
of outflow gas stream with GC was started. To have representative samples, it was urgent to 
have steady state conditions in the system. Target number of analyses per experiment was in 
range of 5-7. Therefore, system was typically in the steady state for 3-6 hours during experi-
ment. If variation in the results of GC analysis was high, greater number of samples was taken.  
 
Evaluation 
 
Based on gas flow rate after back-pressure regulator, GC analysis data and amount of catalyst 
into reactor, the hydrogen flow rate and production rate were calculated: 
 

ṅH2, out=
yH2,  out⋅V̇out, NTP⋅pNTP

R⋅TNTP
  

PRH2
 = 

ṅH2, out

mcat
   

 

where  �̇�𝐻2
 is molar gas flow rate of hydrogen, �̇�𝑁𝑇𝑃 is volumetric gas flow rate at NTP condi-

tions, 𝑇𝑁𝑇𝑃 is normal temperature, 𝑝𝑁𝑇𝑃 is normal pressure, R is the gas constant, 𝑃𝑅𝐻2
is 

hydrogen production rate per catalyst mass, and 𝑚𝑐𝑎𝑡 is mass of catalyst loaded into reactor. 
 
To evaluate catalyst performances, hydrogen flow rate was compared with hydrogen demand 
of the 5 kW CHP HT-PEMFC system. In EMPOWER project, target was to produce 40 % of 
hydrogen demand of FC system with APR, and the targeted electrical efficiency of the FC in 
was 55 %. Based on these targets, the hydrogen demand of full-scale HT-PEMFC system was 
calculated: 
 

ṅH2, FC = 
ηAPR⋅PFC

 ηFC⋅LHVH2
⋅MH2

 = 
40 % ⋅ 5000 W

 55 % ⋅ 119.96 kJ/g ⋅ 2.016 g/mol
 = 0.902 mol/min   

 
where  𝜂𝑖 is efficiency of system i, 𝑃𝐹𝐶 is electrical power of fuel cell system, 𝐿𝐻𝑉𝐻2

 is lower 

heating value of hydrogen, and 𝑀𝐻2
 is molar mass of hydrogen. 

 
To get more information about catalyst performance, the catalyst demand of full-scale APR 
system was also calculated. 
 

mcat, full scale=
ṅH2, FC 

PRH2
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Results 
The results section represents performances of studied catalysts in the laboratory and demo 
scale systems. 
 

Results of laboratory scale experiments 
 
All catalysts were tested for MeOH APR under same operating conditions (230 °C and 190 °C 
at 3.2 MPa). Figure 13 shows the results of methanol conversion and H2 production rate using 
Pt/Al2O3 at different flow rates of water/methanol solution. The methanol conversion using a 
solution containing 40 mol % of methanol was quite low. Increasing residence time increased 
H2 production rate but decreased the MeOH conversion. The APR performed at 190 °C 
showed negligible activity (<1 % of MeOH conversion). MeOH APR performed at 230 °C 
achieved a methanol conversion of 3.9 % at 6.3 WHSV (h-1), 230 °C and 3.2 MPa. For the 
same operating conditions, the highest H2 production rate achieved was 1023.1 µmol/min/gcat 
at 21.2 WHSV (h-1). 
 

 

 

  

Figure 13: 40 mol % MeOH APR at 230 °C & 190 °C at 3.2 MPa for Pt/Al2O3. 

 
The Ni/[CeO2]0.25-[ZrO2]0.75 catalyst showed an activity comparable to the Pt/Al2O3. It was ob-
served a fast deactivation of the catalyst, preventive to run the experiments at higher residence 
times.   
 

 

Figure 14: 40 mol % MeOH APR at 230 °C & 190 °C at 3.2 MPa and 21.2 WHSV (h-1) for 
Ni/[CeO2]0.25-[ZrO2]0.75. 
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Results of demo scale experiments 
 
 
Experiments with Ni/CeO2-ZrO2 
 
Before experiments with the Ni/[CeO2]0.25-[ZrO2]0.75 catalyst were started, some preliminary 
tests were performed to find suitable experiment conditions. In the first preliminary tests, al-
most no hydrogen production was detected. At its highest, 5 mol % of hydrogen was detected 
in a single GC sample. During preliminary tests, operating condition varied in range of 190-
200 °C. Over a one-week period, the activity of the catalyst dropped dramatically. The hydro-
gen concentration detected in outlet stream was below 1 mol %. Therefore, it was considered 
that the catalyst was deactivated. 
 
Based on an overall examination of the catalyst behavior, it was decided not to renew the 
catalyst reduction as the catalyst was evaluated not to be suitable for the final application of 
the project. In the final application, the APR system should be able to remain in working order, 
even if the system was down for long periods. Therefore, such activity loss during a three-
week period was a major disadvantage for the use of the Ni/[CeO2]0.25-[ZrO2]0.75 catalyst. In 
addition, the in-situ reduction of the Ni/[CeO2]0.25-[ZrO2]0.75 catalyst at 450 °C poses a major 
challenge for the final application.    
 
Experiments with Pt/Al2O3 
 
The commissioning of the test bench system succeeded with Pt/Al2O3 catalyst. In temperature 
of 190 °C, hydrogen production was detected as gas flow rate and as moderate concentration 
in GC analysis. Thus, a set of experiments was performed with the Pt/Al2O3 catalyst. In total 
13 experiments were carried out, seven at target temperature of 190 °C, three at 180 °C, two 
at 170 °C, and one at 190 °C. 
 
Figure 15 presents the average hydrogen concentration in the GC samples of each experi-
ment. It can be observed that at constant temperature conditions, the hydrogen concentration 
increases when reforming pressure increases. Reason for this behavior was that the higher 
the setpoint pressure was, the more hydrogen or other gaseous products had to be produced 
to elevate system pressure to such level that the backpressure regulator releases gas from 
the reformer. Error bars of hydrogen concentrations were relatively large in some experiments. 
This resulted from irregularity of gas releases of the backpressure regulator, which might have 
caused hydrogen concentration variation in the pipeline from which the sample was injected. 
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Figure 15: Hydrogen concentrations detected in the GC samples. Error bar describes variation 
of hydrogen concentration during certain experiment. Samples were taken after the system 
reached steady state. 

 
The most significant factor related to the system performance was hydrogen production rate. 
In Figure 16, the achieved hydrogen production rates in experiments are represented. 
 

 

Figure 16: Hydrogen production rate per catalyst mass. 
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The highest hydrogen production rate was detected in the measurement, in which the process 
conditions were 190 °C and 26.1 bar(g). The hydrogen molar flow rate was 2.05 mmol/min 
and when it was scaled with the weight of the catalyst loaded into the reactor, the production 
rate was 119.7 µmol/min/gcat. 
 
To understand better the system efficiency, the hydrogen production rate was compared with 
the target production rate of the full-scale APR system. The result was that the methanol APR 
test bench system was a 0.23 % scale down from the full-scale system. This was significantly 
less than the targeted scale of 10 %. From the perspective of the catalyst loading, the best 
achieved hydrogen production rate meant that the full-scale APR system would demand at 
least 7.538 kg of the Pt/Al2O3 catalyst, which from an economic point of view is not possible.  
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Risk mitigation actions 
Due to the poor performance of the laboratory and demo scale APR setups, risk mitigation 
actions were required to improve system efficiency. In the work plan, the risk of non-noble 
metal catalyst not having high enough activity for APR pre-reforming was foreseen and the 
following mitigation actions were prepared before the start of the project:  
 

 Use of noble metal (Pt) in catalyst and accept higher CAPEX.  

 Accept larger reactor size and lower volume power density.  

 Accept less (< 60%) reforming in pre-reformer and use additional fuel in anode tail gas 
oxidizer (ATO), while accepting a lower efficiency. 

 Operate the HT-PEM stack at a higher temperature, thus increasing the APR activity 
but accepting a higher stack degradation 

 Add an own ATO for the APR and accept lower system efficiency. 
 
However, these mitigation actions were deemed insufficient as also the Pt catalyst showed 
poor performance and the measured activity was far lower than expected based on research 
reported in literature. Therefore, alternative methanol pre-reforming methods were evaluated. 
Based on literature review, following issues were taken under investigation. 
 

1) Wash-coated microchannel reactor as an alternative APR reactor type 
2) Gas-phase reforming with heat-exchange reformer at low-temperatures 
3) Suitability of oxy-stem reforming (partial oxidation) of methanol as pre-reforming 

methods 
 
Reactor design related mass transfer limitations were evaluated as a possible reason for poor 
activity of catalysts in the original setups. Therefore, wall-coated microchannel reactors were 
examined as alternative reactor type. Due to the small diameter of microchannel reactor, mass 
transfer limitations are not typically an issue in these reactor types. In addition, wall-coated 
reformers have smaller power requirement for delivery of fuel than the packed catalytic bed 
reformers and due to the coated catalytic layer, they have smaller thermal resistance 21.  
 
Wash-coating is a coating procedure, which can be applied with microchannel reactors. In 
wash-coating, wall surface of microchannel is first washed, rinsed, and dried, after which the 
microchannels are filled with catalyst containing slurry. After the capillary reactor is filled, the 
microchannels are cleared by forcing gas through it. This procedure leaves a thin catalyst film 
on wall surface 22. Performance of wash-coated microchannel reactors was examined by Uni-
versity of Porto. 
 
During re-evaluation of methanol pre-reforming, one alternative method for APR was sug-
gested to be low-temperature gas-phase reforming. Even though usage of gas-phase reform-
ing requires an energy demanding evaporation step, it is advantageous that reaction may 
occur in ambient pressure.  
 
Typically, activity of catalysts applied in methanol steam reforming systems drops dramatically 
when reforming temperature is decreased below 200 °C. However, because low-temperature 
gas-phase reforming would be applied as a pre-reforming method in this project, methanol 
conversion of 40 % could be on sufficient level. Although the number of publications related 
to low-temperature methanol steam reforming is limited, some promising results have been 
reported. For example, Yu et al.23 reached hydrogen production rate of 393.6 ml g−1-cat h−1 at 

150 °C, and Cai et al.24 achieved methanol conversion of 65.9 % and hydrogen production rate 
of 107 mmol·gcat

−1 h−1. In their another study Cai et al.25 reported that preparation method and 
conditions had a major impact on catalyst performance. In case a suitable catalyst is found, a 
heat-exchanger reformer could be a working solution and can be further examined on Cata-
tor’s heat exchangers.   
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Wash coated microchannel 
 
Mass transfer limitation in APR seems to have presented one of the biggest hurdles to over-
come and different reactor designs were studied in order to tackle the mass transfer limita-
tions. Washed coated microchannel reactor facilitates the access of reactants to the catalyst 
active site, avoids channeling, improves product removal, reduced the pressure drop and im-
proves the heat transfer, hence, increasing reactivity towards hydrogen production26. In-house 
and commercial catalysts were deposited on the microchannel reactor wall by wash coating 
method. Figure 17 below shows the schematic diagram for the wash coated microchannel 
APR. 

 

Figure 17: MeOH APR for the was-coated microchannel. 

Stainless steel microchannel was used to coat the inner walls of the reactor with previously 
prepared / commercially available catalyst. The microchannel was pretreated in order to clean 
and increase the roughness of surface. A water based catalyst slurry / suspension was pre-
pared with varying catalyst to solvent ratio to achieve suspension most suitable for the optimal 
coating of the channel. Polyvinyl alcohol (PVA) was also used, as a binder to increase the 
adhesion between catalyst suspension and microchannel wall. Additionally, acetic acid was 
used to adjust the pH of the suspension (4-5) and to avoid the agglomeration of the particles. 
Various solutions were prepared to coat inside microchannel with a ‘static technique’22,26,27. 
For this technique, microchannel is completely filled with the prepared catalyst suspension 
and solvent is removed with the controlled evaporation. Lastly, the coated catalyst microchan-
nel is calcined and reduced prior to the MeOH APR.  
 
Prior to the coating of microchannel, the preliminary coatings were performed on a stainless 
steel plates to later mimic the same coating results in microchannel since it is rather difficult 
to evaluate the quality of coating inside of the microchannel. The first pretreatment attempted, 
with acid/base (HCl/NaOH), proved to be ineffective to etch the surface. As a result, the pre-
formed coating showed no adhesion to the surface. To tackle this problem, aqua regia solution 
was used for surface roughening. As it can be seen in the Figure 18, the plate was immersed 
inside the solution. 
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Figure 18: Preparation of catalyst coating on a stainless steel to implement for microchannel. 
(a) aqua regia solution (b) immersion of place in the aqua regia (c) dip coating of the plate (d) 
coating achieved on the plate with various surface treatment time. 

After the surface treatment, the plates were immersed in previously prepared catalyst suspen-
sion for 30 min. For this experiments, 0.5 wt.% Pt/Al2O3 was used with catalyst to solvent ratio 
of 1:5. Additionally, 0.5 wt.% PVA was used as a binder as mentioned before.  After the im-
mersion in the suspension, the plate was dried for 12 h at 100 °C for the solvent evaporation. 
Figure 18 (d) shows the achieved coating on the plate. The upper side of the plate that was 
surface treated for 20 min presented a better adhesion in comparison to the one treated for 
10 min. The surface treatment (aqua regia for 20 min) and mentioned catalyst suspension 
recipe was used to coat the microchannel reactor. The performance evaluation of the micro-
channel for the MeOH APR is ongoing. 
 
 

Pt/MoC catalyst for low temperature methanol steam reforming 
(MSR) 
 
Low-temperature MSR as methanol pre-reforming is currently being evaluated to increase the 
process efficiency. Generally, Cu and Pd-based catalyst are the most widely used catalysts in 
MSR. However, at temperature between 160 and 180 °C, matching the operating temperature 
of HT-PEMFC, these catalysts show low performance. Moreover, Cu-based catalysts show 
considerable deactivation, mostly related to change in oxidation state, sintering and coke dep-
ositions 28.  On the other hand, the catalytic activity of Pd-based catalysts, is easily influenced 
by the support and preparation method, and the generally Pd-based catalysts are not cost-
effective compared to Cu-based catalysts24. UPorto developed a CuO/ZnO/Ga2O3 catalyst 
synthesized by co-precipitation method. The in-house catalyst displayed catalytic activity 2.2 
times higher than commercial CuO/ZnO/Al2O3 catalysts.  

 
Despite the significant gain in activity compared to commercial catalysts, the CuO/ZnO/Ga2O3 
does not display the required activity to achieve a compact methanol pre-reforming unit and 
meet the Empower project goals. 
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Transition metal carbides such as molybdenum carbide (MoC) has been attracting much at-
tention in various hydrogenation and reforming reactions. Abudula et al., Ma et al.29 and Sun 
et al. have already shown high catalytic activities of molybdenum carbide catalysts at lower 
temperatures for methanol reforming. Based on these literature results, Pt supported on MoC 
was synthesized at UPorto and tested for low temperature MSR activity.  
 
 
Catalyst preparation 
 
H2PtCl66H2O and (NH4)6Mo7O244H2O were used as precursor and were supplied by Sigma-
Aldrich. Pt/MoC synthetizes targeted Pt loading of 1.6 wt.%. An aqueous solution of 
H2PtCl66H2O and (NH4)6Mo7O244H2O were stirred at 80 °C for 4 h. The resulting suspension 
was filtered and then dried at 100 °C for 12 h and finally calcined at 500 °C (3 °C/min) for 4 h 
in static air. The carburization of the calcined catalyst was performed with temperature pro-
grammed reaction process as mentioned before in a furnace. The catalyst was loaded in a 
crucible and placed inside the furnace. Afterwards, it was carburized in CH4 /H2 (20/80, v/v) 
by increasing the temperature to 300 °C from room temperature in 1 h and then increased to 
700 °C with heating rate of 1 °C/min. It was kept at 700 °C for 2 h and then cooled down to 
room temperature in CH4/H2 atmosphere. The catalyst was then passivated in O2/Ar (1/99, 
v/v) for 12 h. Before the MSR activity tests, the catalyst was reduced ex-situ in CH4/H2 flow 
(15/85, v/v) at 590 °C for 2 h29. Later, prepared catalyst was then taken out of the furnace. The 
prepared catalyst was pelletized and then milled and sieved in order to obtain particles be-
tween 100-300 µm. Almost plug flow pattern was assumed in the reactor using a catalyst 
diameter to reactor length ratio higher than 50 (lreactor / dparticle > 50)) and the reactor to catalyst 
diameter ratio higher than 30 (dreactor / dparticle > 30). The tubular reactor was filled with 0.7 g of 
catalyst, mixed with 0.7 g of glass beads with the same diameter. The reactor was closed and 
placed inside an oven in vertical orientation. The catalyst was reduced in-situ during 30 min 
with a mixture of hydrogen, 10 ml·min-1, and of nitrogen, 200 ml·min-1, with a temperature 
ramp of ca. 5 K∙min-1 from 433 K to 478 K to avoid sintering the catalyst. Then the catalyst was 
characterized for low temperature MSR in the temperature interval 200 – 300 °C and pressure 
interval 1-2 bar. Figure 19 below shows the catalytic activity results of Pt/MoC for 40 mol % 
MeOH aqueous solution.  The results show no activity below 200 °C and at 220 °C only 20 % 
of MeOH conversion was recorded. The Pt/MoC was evaluated by ICP and a Pt content of 
1 % was found, demonstrating that preparation method was inadequate.   

 
  

Figure 19: Low temperature MSR for Pt / MoC at 167 kg*s/mol residence time at various tem-
perature (a) In-lab 1.6 wt. % Pt/MoC (b) MoC based catalytic activity for low temperature MSR 
reported by Ma et. al 29. 

(b) (a) 
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To prepare the Pt/MoC catalyst, the incipient wetness impregnation method was also em-
ployed, following the recipe reported by Cai et al. 24. For this synthesis method, a certain 
amount of H2PtCl66H2O and (NH4)6Mo7O244H2O were stirred together at 40 °C for 24 h and 
continued to stir at 50 °C until the aqueous solution of salts becomes slightly dry. This slurry 
was later completely dried at 50 °C for 24 h. The obtained Pt/Mox powder was then calcined 
at 500 °C for 4 h in static air. Calcined catalyst was loaded in a crucible and put into furnace 
for the reduction and carburization process. Then the reactor was heated to 350 °C (5 °C/min) 
under H2/Ar flow (5/95, v/v) and kept there for 2 h. Once the furnace was cooled down to room 
temperature, the gas mixture was changed to CH4/H2 (15/85, v/v). Then it was heated up to 
300 °C (5 °C/min) and kept there for 1 h. Then it was heated up to 700 °C (1 °C/min) and kept 
there for 2 h and then cooled down to room temperature. Finally, it was purged with N2 flow 
for 30 min in order to remove absorbed gases. The prepared catalyst was loaded into the fix 
bed reactor and methanol steam reforming at low temperature was performed, following the 
same procedure previously reported. However, the prepared catalyst showed no catalytic ac-
tivity between 200 °C – 300 °C. Following these results, a characterization of the catalyst was 
performed in order to identify the reason behind the cause for no catalytic activity.  
 
 
SEM-EDS 
 
Scanning electron microscopy coupled with energy dispersive spectroscopy was performed 
on the catalyst as to mainly confirm the presence of Pt metal inside the prepared catalyst since 
leaching of active metal has been a problem with the preparation of catalyst. EDS, Figure 20, 
confirmed the presence of Pt in the catalyst. Other detected elements on the catalyst surface 
were carbon, molybdenum and oxygen, as expected for Pt/MoC. Additionally, elemental map-
ping of the catalyst shows a homogenous distribution of Pt metal on the catalyst surface.  
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Figure 20: SEM-EDS images for prepared Pt/MoC (targeted Pt loading 1.6 wt. %) catalyst. 

 
H2-TPR 
 
H2 temperature programmed reduction was also performed on the catalyst as to see the effect 
of oxidation and to determine the reduction temperature of the prepared catalyst (Figure 21). 
TPR was performed in catalyst immediately after taking out of the furnace and after exposing 
to air for 30 min (approximate time needed to take the catalyst out of furnace, weighing and 
loading in reactor with silica beads). As illustrated in Figure 21, the catalyst starts to oxidize 
instantly as it comes in the contact with air (in black). A peak at 350 °C with a shoulder at 
400 °C was observed, which can be associated with Pt and MoC (since MoC has two reduction 
peaks at 350 °C and 700 °C). The second peak was observed at around 600 °C, which can 
be due to MoC as mentioned earlier.  
 
However, when the catalyst is exposed to air for 30 min, it is evident that the intensity of this 
peaks is almost doubled. Since Pt nanoparticles are considerably stable in air, it can be as-
sumed that the shoulder appearing in TPR with the peak at 350 °C is associated to Pt since 
even after the air exposure to 30 min the intensity of the peaks remains almost the same. But, 
the peaks at 350 °c and 650 °C after air exposure is almost the double, indicating that the 
MoC is highly unstable in air. This might be the reason of no catalytic activity by the prepared 
catalyst since literature reports carburization, reducing and reforming as in-situ and consecu-
tive processes, without ever exposing the catalyst to air.  

 

 

Figure 21: H2-TPR of prepared Pt/MoC. TPR performed immediately after carburization (in 
black) and TPR performed after 30 min of air exposure (in red). 

 

Hence, catalyst reduction and carburization was then performed in-situ after the catalyst syn-
thesis and calcination. For this, a set-up suitable for performing reduction and carburization at 
temperature high as 700 °C was built up. All the process from synthesis to carburization was 
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performed as mentioned before 24. The results for the low temperature MSR are shown in the 
Figure 22 and can be compared to the results reported in literature by Ma et al.29 and Cai et 
al.24 (Figure 23).  The prepared in-lab catalyst showed more than 70 % of methanol conversion 
at 180 °C while reaching up to 90 % methanol conversion at 200 °C for a space-time ratio of 

161.7 kgsmol-1. This catalytic activity of prepared catalyst is in accordance with the perfor-
mance of catalyst reported in literature (Figure 23); Ma at al. reported nearly 75 % of conver-
sion at 175 °C. At the same conditions, the CuO/ZnO/Ga2O3 catalyst developed by UPorto 
show an activity of ca. 65 %. Despite, the higher activity of Pt/MoC, compared to other catalyst 
reported in the literature, it has a limiting disadvantage. The performance of in-lab catalyst was 
only comparable with the literature findings when reduction and carburization was performed 
in-situ, which limits its usability in real CHP applications.  
 

 

Figure 22: 1.6 wt. % Pt/MoC low temperature methanol steam reforming with residence time 

of 91.6 and 161.7 kgsmol-1 at various temperature. 

 

 

Figure 23: (a) Low temperature methanol steam reforming performed on various MoC based 

catalysts by Cai et al.24 with residence time of 67 kgsmol-1 at 160 °C and (b) various MoC 

based catalytic activity reported by Ma et al.29  with residence time of 160 kgsmol-1. 

 
 
 
 

(a) 
 

(b) 
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Oxy-steam reforming of methanol as a pre-reforming method 
 
Oxy-steam reforming (OSREF) was evaluated as one possible way to conduct pre-reforming 
upstream the gas-phase reformer (GPR) in the fuel-cell platform. Again, it is difficult to find 
catalyst compositions with high enough activity at temperatures below 250°C. The idea behind 
OSREF is to burn a minute amount of methanol to pre-heat the mixture and to compensate 
for the endothermic reforming process. Temperature neutral reforming is possible if the 
O2:Methanol ratio is slightly above 0.1. Additional oxygen (air) is required to enhance the tem-
perature from ca. 150 to the reaction temperature. 
 
Since the combustion process will consume fuel (either methanol or produced reformate), 
OSREF will affect the reformer efficiency. Simulations indicate that the reformer efficiency will 
decrease by ca. 10%, if OSREF is used as a fuel-processing method. If the conversion in the 
pre-reformer is limited, the overall efficiency loss can be reduced but the highest efficiency is 
obtained if OSREF is completely replaced with ordinary steam reforming (SREF), i.e. utiliza-
tion of OSREF will always reduce the reachable reformer efficiency. 
 
Only in a situation where the residual fuel content in the off-gases is extremely low and when 
additional methanol supply is required in the GPR, OSREF can be used without jeopardizing 
the overall reformer efficiency. Additional methanol supply to the GPR is required if the anode 
stoichiometry goes below ca. 1.1. On the other hand, burning this additional methanol directly 
in the GPR will give similar efficiency values as including a separate pre-reforming step based 
on OSREF. OSREF will also contribute with some complexity, since air must be supplied to 
the fuel/steam mixture and it will dilute the hydrogen fed to the fuel cell. 
 
OSREF is consequently not considered as a successful way to circumvent the activity prob-
lems found in the current APR set-up. Installation of an OSREF step would not improve the 
system efficiency.  
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Conclusions and next steps 
In this work task, laboratory scale and demo scale methanol-fueled APR systems were de-
signed and built, commissioned, and characterized. The goal was to develop a sustainable 
methanol pre-reforming method for a HT-PEMFC system. The focus was in the catalyst per-
formance experiments as well as evaluating the reactor design.  
 
The APR system used a methanol-water solution containing 40 mol% of methanol as its feed-
stock. Initially, the performances of two catalysts, Ni/[CeO2]0.25-[ZrO2]0.75 and Pt/Al2O3, were 
evaluated. These were chosen based on previous studies reported in literature. The experi-
ments were performed at 190 °C and 230 °C with the laboratory scale set-up and at tempera-
ture range of 160-190 °C with the demo scale set-up. Pressure ranges were chosen to be 
above the bubble point pressure of the feed solution. Compared to earlier reported studies on 
methanol APR, the major difference was the significantly higher methanol concentration of the 
feed solution and the lower temperatures.  
 
The experiments with the Ni/[CeO2]0.25-[ZrO2]0.75 catalyst reached generally poor results. At 
190 °C, the H2 production rates with both experimental set-ups were negligible. In addition, 
the catalyst was detected to lose its activity significantly during experiments. As in-situ reduc-
tion of the catalyst would not be possible for short notice in the 5 kW HT-PEMFC based CHP 
system, it was considered, that the Ni/[CeO2]0.25-[ZrO2]0.75 had low potential to be applied in 
the final application.  
 
With the Pt/Al2O3 catalyst, some hydrogen production was detected at 190 °C. However, with 
the demo scale set-up the hydrogen production rate of the system was only 2.05 mmol/min at 
its best, corresponding to 0.23 % of the hydrogen demand of the final application (targeted 
level was 10 %). This would require approx. 7.54 kg of the Pt/Al2O3 catalyst in the full scale 
APR. Corresponding results were measured in the laboratory scale setups with achieved 
methanol conversion of less than 1%.  
 
Following these results, alternative methanol pre-reforming methods were evaluated. Based 
on literature review, following issues were taken under investigation. 
 

1) Wash-coated microchannel reactor as an alternative APR reactor type 
2) Gas-phase reforming with heat-exchange reformer at low-temperatures 
3) Suitability of partial oxidation of methanol as pre-reforming methods 

 
To combat mass-transfer limitations with the previously studied catalysts, wash-coated micro-
channel reactors were studied as another reactor type. The performance evaluation of micro-
channel reactors is still ongoing. As another alternative pre-reforming technology, low-temper-
ature methanol steam reforming was evaluated with different catalyst. Studies with platina-
molybdenum-carbide catalysts showed results comparable with literature with methanol con-
versions of 70% at 180 °C. However, this required in-situ reduction of the catalyst, which in 
the EMPOWER applications is not feasible. Ex-situ reduction of the catalyst resulted in no 
catalytic activity. Oxy-steam reforming of methanol was also studied as a way to increase the 
temperature in the pre-reforming process. However, calculations showed that the total system 
efficiency would be negatively affected in all operation points with an oxy-steam pre-reformer.  
 
Based on the studies done up to now, the conclusions are that the evaluated catalysts and 
concepts are not suitable for APR pre-reforming for the micro-CHP system. It is proposed to 
continue to work related to APR on laboratory scale at Uporto and on demo scale at VTT with 
the most promising alternatives, if such are found. The 5 kW system would be built without the 
APR, thereby giving freedom to start the assembly of the prototype HTPEMFC system. In case 
suitable catalyst alternatives are found at Uporto, it is possible to estimate how the overall 
system efficiency could be enhanced if the APR system is implemented. This would also be 
valuable data for the 50-100 kW system plans and design. 
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