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Abstract 

Distributed power generation via Micro Combined Heat and Power (m-CHP) systems, has been 

proven to over-come disadvantages of centralized generation since it can give savings in terms of 

Primary Energy consumption and energy costs. 

The FluidCELL FCH JU/FP7 project aims at providing the Proof of Concept of an advanced high 

performance, cost effective bio-ethanol m-CHP cogeneration Fuel Cell system for decentralized off-

grid applications by end of 2017. The main idea of FluidCELL is to develop a new bio-ethanol 

membrane reformer for pure hydrogen production (3.2 Nm
3
/h) based on Membrane Reactors in 

order to intensify the process of hydrogen production through the integration of reforming and 

purification in one single unit. The novel reactor will be more efficient than the state-of-the-art 

technology due to an optimal design aimed at circumventing mass and heat transfer resistances. 

Moreover, the design and optimization of the subcomponents for the BoP will be also addressed. 

Particular attention will be devoted to the optimized thermal integration that will improve the 

overall efficiency of the system at >90% and reducing the cost due to low temperature reforming. 

The main results obtained until now in terms of performance of the catalysts, membranes and the 

membrane reactors will be presented in this work. 

Keywords: Palladium membrane, fluidized membrane reactor, Hydrogen production, micro-CHP 

system, PEM fuel cell, bio-ethanol SMR 

1. Introduction

According to the Future of Rural Energy in Europe (FREE) initiative [1], rural areas represent 90% 

of all territory in the EU-27 and over 50% of the population (around 46% of population in the world 

[2]). They generate 43% of Europe’s gross value and support 55% of all employment. From these, 

there are at least 30 million homes and businesses which will probably never have access to the 

natural gas grid and instead largely rely on high carbon intensive energy sources. Paradoxically, 

rural communities have a higher carbon footprint per person than they need to and often higher than 
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their urban compatriots. This is, among others, because of the fuel sources, as well as the inefficient 

conventional technologies used. 

Major concerns on anthropogenic CO2 emissions and related greenhouse effect have pushed several 

governments to support greenhouse gas emission reduction policies. EU, for example, set a very 

high target for reduction of greenhouse gas emissions by 40% compared to 1990 levels within 2030 

(at least 80% by 2050), together with an increase by 27% of energy efficiency and renewables share 

in the energy consumption [3]. Stationary fuel cells offer a clean and efficient source of electricity 

in systems ranging from 1 kW up to 1 MW or more [4]. With an appropriate fuel processing 

technology, fuel cells are able to tap into established or accessible sources of fuels such as natural 

gas but also various other fuels including biofuels and bio-gases. 

Distributed power generation via Micro Combined Heat and Power (m-CHP) systems (cogeneration 

unit with a maximum capacity below 50 kWe [5]), has been proven to over-come disadvantages of 

centralized generation since it can give savings in terms of Primary Energy consumption and energy 

cost (residential applications are about 30% of the total consumption) and CO2 emission reduction 

[4,6,7,8,9]. The main advantage is that m-CHP systems are able to recover and use the heat that in 

centralized systems is often lost. In a distributed generation scenario, fuel cells systems could lead 

to particularly high efficiencies (electrical efficiency up to 60%, first law efficiency in cogeneration 

of more than 90%), thereby attaining considerable primary energy saving whilst avoiding 

transmission losses. However, wide exploitation of these systems is still hindered by high costs and 

low reliability due to the complexity of the system.  

Hydrogen availability is the most critical issue because it must be produced in-situ starting from the 

available fuel through a fuel processor upstream the fuel cell stack. However, at the moment 

hydrogen is still being produced by fossil fuel conversion, mainly, by reforming or gasification. 

When looking to remote installations, far away from natural gas grids and/or electrical grids, 

hydrogen can be produced from bio-renewable feedstocks. Among the various feedstocks, 

bioethanol is one of the preferred renewable sources for hydrogen production thanks to its unique 

features. Its hydrogen capacity is relatively high; it is easier to handle than hydrogen gas, being 

liquid and non-toxic; and even better, it is produced at global scale [10]. 

In this work, an overview of the main results achieved in the frame of the FluidCELL project is 

presented. The aim of the FluidCELL project is the proof of concept of an advanced high 

performance, cost effective bio-ethanol micro Combined Heat and Power cogeneration Fuel Cell 

system for decentralized off-grid applications. The main idea of FluidCELL is to develop a new 

bio-ethanol membrane reformer for pure hydrogen production (3.2 Nm
3
/h) based on Membrane

Reactors in order to intensify the process of hydrogen production through the integration of 

reforming and purification in one single unit. The technology of membrane reactors has been 

developed in the last decades and it has demonstrated a high degree of process intensification where 

the combination of a membrane based separation and a catalytic chemical reaction in one unit take 

[11,12,13,14,1516,17,18,19,20] place. In equilibrium limited reaction systems such as in fuel 

reforming or dehydrogenations, the selective separation of a product of the reaction (i.e. H2), 

implies a displacement of the thermodynamic equilibrium towards the products, thus achieving 

higher fuel conversions and direct product separation (a separation unit downstream is not required) 

[21]. The novel reactor will be more efficient than the state-of-the-art technology due to an optimal 

design aimed at circumventing mass and heat transfer resistances. Moreover, the design and 

optimization of the subcomponents for the balance of plant (BoP) are also addressed. Particular 

attention is devoted to the optimized thermal integration for improving the overall efficiency of the 

system at >90% and reducing the cost due to low temperature reforming. The traditional reformers 

include several steps for producing H2 with adequate quality to feed the fuel cell stack [22,23,24]. 

The new concept addressed in FluidCELL reduces the system complexity thanks to the 

simultaneous hydrogen conversion and separation in one step (Membrane Reactor, Figure 2) with 
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expected thermodynamic advantages (net electric efficiency above 40%) and reduction of the 

reforming temperature (≤ 500 ºC) while still converting the produced methane to hydrogen. In 

addition, there is a cost reduction of the other components in the reformer (e.g. heat exchangers) 

and in the BoP (auxiliary elements) when integrating the membrane reformer to the fuel cell and 

building up the m-CHP system [7]. 

The FluidCELL work plan consisted on activities related to the whole product chain: i.e. 

development of materials/components (catalysts, membranes, supports, sealings,...) through 

integration/validation at lab-scale, until development/validation of pilot scale ATR-MR and the 

proof of concept / validation of the new PEM fuel cell m-CHP system. Additionally, assessment of 

environmental, health & safety issues -in relation to the new intensified chemical processes and m-

CHP was also carried out thanks to a screening life cycle analysis considering all components and 

steps involved to build the system. For a maximum impact on the European industry, this research 

was carried out covering the complete value chain of micro-CHP fuel cell systems. 

The FluidCELL Project is funded under the FP7 for the Fuel Cell and Hydrogen Joint Undertaking. 

The Project started the 1st of April 2014 and it will run for 44 months. In the following, the main 

results in terms of catalysts, membranes and membrane reactors are highlighted. 

2. FluidCELL concept

Several works have discussed the potentiality of micro-CHP systems based on PEM fuel cells in 

residential applications [4,7,8,9]. The conventional fuel processor lay-out (see Figure 1) consists of 

steam reformer for converting ethanol into H2 and CO, two water gas shift reactors for converting 

CO into H2 and a reactor for reducing the CO content below 10 ppm. The CO abatement can be 

carried out either by Preferential Oxidation (PROX) or Methanator (METH). 

Figure 1. Layout of PEM m-CHP unit using traditional reforming for fuel processing 

As discussed in previous works [25,26,27,28,29,30] the resulting net electric efficiency is around 

30-35%. The number of reactors and consequent temperature swings introduces losses which

penalizes the PEM efficiency which is around 55%. The FluidCELL concept allows a simplification

of the conventional lay-out by replacing the four reactors with one single reactor, namely the

Membrane Reactors (see Figure 2). The hydrogen conversion and separation is carried out in this

reactor and a pure hydrogen stream is produced which can be directly sent to the PEM fuel cell.
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a) Sweep gas layout

b) vacuum pump layout

Figure 2. Layout of PEM m-CHP unit using membrane reforming for fuel processing: a) sweep gas 

layout, b) vacuum pump layout 

The optimal lay-out for the micro-CHP system, rated 5 kWel, based on membrane reactor and PEM 

fuel cells has been defined simulating the performances of two different configurations: sweep gas 

case and vacuum pump case (see Figure 2). Parametric analysis is performed for both cases 

evaluating the impact of feed composition (water-to-ethanol ratio) and operative conditions of the 

membrane reactor (temperature and feed/permeate pressures) on performances and design 

parameters. Optimal conditions are defined as a trade-off between efficiency and Pd-membranes 

area. The Pd-membrane area is the parameter which shows the largest variation and significantly 

affects the reactor size and costs. Therefore, the electric efficiency as a function of membranes 

surface area for the two considered layouts at various pressures and W/EtOH ratios is summarized 

in Figure 5. In particular, the electric efficiency of sweep cases has an asymptote, being the pressure 

extremely influent on membranes extension and only slightly influent on efficiency. The opposite is 

true for the vacuum pump cases, which show a steep variation: pressure mainly affects the 

efficiency while the membranes area experiences a small reduction. The effect of W/EtOH ratio is 

the same in the two cases: ηel-Amem curves shift down at larger water excess. 
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Figure 3. Layouts comparison: electric efficiency and membranes area for different W/EtOH ratios 

and reactor pressures (full squared = sweep gas layout, Sweep/EtOH = 1.6, Ppermeate = 1.3 bar; empty 

dots = vacuum pump layout, Ppermeate = 0.3 bar; labels indicate Preactor (bar)) [30]. 

Table 1. Simulation results on the performance of the ATR_MR system [30]. 

Results units 
Conventio

nal case 
Sweep gas case Vacuum pump case 

W/EtOH - 6 3.6 4.2 3.6 3.6 3.6 3.6 
W/EtOHadj - - 4.7 5.4 4.7 4.8 4.7 4.7 

Sweep/EtOH - - 1.6 1.6 1.6 - - - 
T reformer °C 600 500 500 500 500 500 500 

Pressure reaction side bar 2 12 12 16 6 12 12 
Pressure permeate side bar - 1.3 1.3 1.3 0.3 0.3 0.4 

O2/EtOH at inlet of 

ATR-MR 
- - 0.43 0.42 0.42 0.46 0.44 0.44 

EtOH consumption kg/h 1.97 1.65 1.71 1.67 1.67 1.71 1.69 
EtOH input [LHV base] kW 12.29 12.73 12.44 12.44 12.73 12.59 12.29 
EtOH input [HHV base] kW 13.62 14.10 13.78 13.78 14.10 13.95 13.62 

Net AC power output kW 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
Gross DC power output kW 5.44 5.65 5.65 5.68 5.90 5.98 5.92 
Air compressor power kW - 0.21 0.22 0.25 0.16 0.23 0.22 

Cathode air blower 

power 
kW 0.13 0.13 0.13 0.13 0.13 0.13 0.13 

Vacuum pump power kW - - - - 0.28 0.29 0.22 
Balance of plant power kW 0.04 0.03 0.02 0.02 0.04 0.03 0.05 

Thermal recovery kW 9.08 6.54 6.89 6.61 6.52 6.83 6.75 
ηel [LHV base] %LHV 33.1 40.6 39.3 40.2 40.3 39.2 39.6 
ηel [HHV base] %HHV 29.9 36.6 35.5 36.3 36.5 35.4 35.7 
ηth [LHV base] %LHV 63.0 53.1 54.2 53.3 52.6 53.5 53.5 
ηth [HHV base] %HHV 57.1 47.9 48.9 48.1 47.5 48.3 48.3 

Pd-membranes area m
2
 - 0.37 0.30 0.22 0.29 0.14 0.19 

PEM stack area (MEA) m
2
 2.42 2.50 2.50 2.51 2.61 2.65 2.62 

H2 

production/permeation 
Nm

3
/h 4.12 3.18 3.18 3.20 3.32 3.37 3.33 

HRF % - 65.9 63.8 65.7 68.5 67.4 67.4 
HRFadj % - 76.8 74.2 76.5 80.8 79.0 79.0 
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For the sweep-gas layout, net electric efficiency higher than 40 % can be achieved for a wide range 

of operative conditions, but large Pd-membranes area is required (≈0.4 m
2
); for the vacuum pump

layout efficiency is lower (down to 39%), but Pd-membranes area is lower too (≈0.2 m
2
). Future

work is the economic evaluation of the system for off-grid installations. Main results of the 

simulations for the two investigated layouts of ATR-MR, together with the conventional case based 

on conventional fuel processor (SR) are summarized in Table 1 [30] In general the FluidCELL 

concept increase the net electric efficiency by about 20% with respect to conventional fuel 

processor. The fuel cell active area is slightly larger than the conventional case to balance the higher 

auxiliaries consumptions. Finally, the overall efficiency of the FluidCELL and conventional case is 

similar, meaning that, in the conventional case, the thermal efficiency balances the lower electric 

efficiency.Error! Reference source not found. 

Detailed information on the simulation can be found in Foresti et al. [30].The sweep gas layout has 

been selected for the final prototype. In case of damage of the membranes in the membrane reactor, 

with consequence impurities in the permeated hydrogen, methanator will be included as guard bed 

between the reformer and the PEM fuel cell. This is just adopted for the prototype since the system 

is still under development. 

3. Material and methods

3.1 Catalyst 

Catalysts play a crucial role in terms of complete ethanol conversion and maximizing the hydrogen 

yield. The literature surveys reveal that the ethanol conversion and selectivity to hydrogen during 

reforming reaction highly depend on the type of metal used, type of precursors, preparation 

methods, type of catalyst support, presence of additives, and operating conditions, i.e. water/ethanol 

molar ratio and temperature. The ethanol reforming over several metals (supported on different 

materials) has been extensively reported in recent literature. Various noble metals (Pt, Pd, Rh, Ir, 

Ru) [31,32,33] are well-known for their high catalytic activity, but Pt and Rh appear particularly 

appropriate at lower temperatures. Among non-noble metals, nickel [34] is one of the most studied 

metals, because of its high activity and its relatively low cost; cobalt has also been investigated due 

to its aptitude to C-C bonds rupture. However, several studies reported the promising performances 

of bimetallic systems, which exploit the synergistic effect related to the presence of two active 

species [35,36,37,38,39], showing significantly different catalytic properties than either of the 

parent metals. In addition, supports strongly affect the catalyst activity and stability. Different 

supports have been proposed in literature and the most suitable performance was shown by metal 

oxides with redox properties [40]. Of particular interest are the CeO2 and CeO2-ZrO2 based 

supports, as these are known to greatly improve catalytic performance due to support metal 

interaction and oxygen storage capabilities [41,42]. This capability has been attributed to some 

unique properties of CeO2, such as the high oxygen storage capacity, the high oxygen mobility and 

the ability of cerium to switch easily between the oxidized and reduced states (Ce
3+

↔ Ce
4+

).

Two different series of catalysts were prepared by wet impregnation according to procedures 

previously reported: Pt-Ni/CeO2 [38,39] Pt-Ni/CeO2/SiO2 [43]. Pt-Ni/CeO2/SiO2 catalysts with 

different CeO2/SiO2 ratios (25, 30 and 40 wt%) were developed. The prepared supports were 

denoted as XCe (X = 25, 30, 40) where X represented the CeO2 content (wt%), likewise, the 

catalysts were indicated with the symbols PtNiXCe. 

Chemical composition of the samples was measured by X-ray fluorescence (XRF) spectrometry. 

Textural properties were analyzed by N2 adsorptionedesorption experiments at liquid nitrogen 

temperature. Average crystalline sizes were measured by X-ray diffraction (XRD) through Scherrer 

formula. Temperature Programmed Reduction (TPR) and Oxidation (TPO) on fresh and spent 

catalysts, respectively, were performed in situ, in the laboratory apparatus. Thermogravimetric 

analysis on the samples after stability tests were also performed. The different characterisation 
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equipment and procedures are detailed elsewhere [43]. In addition, fluidization tests were also 

carried out to assess the mechanical stability. 

The experiments of oxidative steam reforming of ethanol were conducted in a fixed-bed continuous 

flow stainless steel reactor. The test setup used in the experiments has been described in more 

detailed previously [43]. 

The catalysts prepared at different CeO2/SiO2 ratio were tested between 300 and 600 °C while the 

stability was evaluated at 500 °C. The feed ratio was preliminary fixed to 4 and the H2O/C2H5OH 

mixture was introduced at an ethanol flow rate of 0.13 mL/min. The air flowrate was fixed to 119 

Ncm
3
/min and the diluting stream was modulated in order to obtain the following composition:

10%C2H5OH:5%O2:40%H2O:45%N2 (water/ethanol mol ratio r.a. = 4 and oxygen/ethanol mol ratio 

r.o. = 0.5); gas hourly space velocity was fixed to 5600 h
-1

.

Ethanol conversion (X) and hydrogen yields (Y) were evaluated following the Eq. (1) and Eq. (2), 

respectively, while the formula for carbon formation rate (CFR) is reported in Eq. (3). 

molC2H5OH,;in - molC2H5OH,out 

X(%) = *100 (1) 

molC2H5OH;in 

molH2 

Y(%) = *100 (2) 

6*(molC2H5OH,in) 

masscoke 

CFR = *100 (3) 

masscatalyst*masscarbon,fed*time 

3.2. Membranes preparation, characterisation and permeation tests 

Much effort has been put in the development of Pd-based membranes for selective H2 separation in 

the literature in order to overcome the barrier towards large-scale industrial applications [11,12]. In 

general, membrane stability over a long period of time with sufficient perm-selectivity is the key 

parameter which would make these membranes interesting for industrial scale. The selection of the 

proper support where Pd-layers are deposited becomes important in order to achieve this interesting 

goal. Surface roughness and the presence of large pores inhibit the deposition of thin palladium 

membrane. Asymmetric porous ceramic tubes have good surface quality to support very thin (< 5 

µm) Pd-based membranes. Ceramic supports also show improved H2 diffusion through the support, 

thus enhancing permeations through the membranes [44]. However, the mechanical strength of 

these supports is much lower compared to porous metallic supports. Therefore, thicker ceramic 

supports are needed. On the other side, metallic supported membranes have shown very good 

stabilities over time with outstanding selectivities [45,46]. However, the permeance values 

measured are 3-4 times lower than ceramic supported membranes when membranes are developed 

by direct electroless plating (ELP) deposition [44,45], thus higher membranes area should be 

installed in the reactor in order to achieve the desired targets of H2 permeation with a corresponding 

economical penalty for the process. As it can be concluded, there is not yet an ideal membrane for 

H2 separation and still a compromise between durability and functionality should be achieved. Both 

metallic and ceramic supported Pd-membranes have been used in the literature in fixed bed and 

fluidized bed configurations showing high resistances to erosion. 
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The systhesis of Pd-Ag membranes was carried by different techniques using previously reported 

procedures: direct simultaneous Pd and Ag electroless plating (ELP) [44,45,46,47], direct physical 

vapour deposition magnetron sputerring (PVD-MS) [48,49] or combining PVD-MS and ELP 

techniques [48]. Pd-Ag membranes were supported on ceramic porous tubes (10/7 mm o.d./i.d. 

(provided by Rauschert Kloster Veilsdorf) and prepared by ELP with various thicknesses by 

varying the plating time (15, 30, 45, 50, 60 and 70 minutes) for ultra-thin film [50] and between 4 to 

5 h for thin film (~ 4 µm). The plating bath when preparing the ultra-thin membranes was 

composed of palladium acetate (10 mM), silver nitrate (0.4 mM), EDTA (0.15 M), ammonia (5 M) 

and hydrazine (15 mM) [50]. On the other side, the plating bath when preparing the thin membranes 

was composed of palladium acetate (11.70 mM), silver nitrate (0.64 mM), EDTA (0.15 M), 

ammonia (5 M) and hydrazine (15 mM). 

The Pd and Ag contents of the Pd-Ag membrane layer were determined by the difference of their 

initial and final concentrations in the plating solution measured using a Varian Vista MPX 

inductively coupled plasma optical emission spectrometer (ICP-OES). The thickness was analyzed 

by an Environmental Scanning Electron Microscope (ESEM) (FEI Quanta 250 FEG) and for each 

membrane at least 5 measurements were carried out. In addition, the EDX coupled to the ESEM 

was used to analyze the composition of the selective layer. The XRD patterns of the Pd-based films 

were examined with an X-ray Bruker D8 Advance diffractometer, the scan speed was 1.00 º min
-1

and the step width 0.02°, in the range 2ϴ = 30-90º with a Kβ radiation at 40 kV and 15 mA. H2 and 

N2 permeation tests have been carried out in the permeation setup at the TUE described by Medrano 

et al. [46]. 

3.3. Lab scale reactors 

Once the catalysts and membranes were developed showing promising results, both were combined 

in modules for lab scale testing under reacting conditions. The fluidized bed membrane reactor set 

up was designed and built for hosting Pd-based membranes produced in the FluidCELL project as 

well as commercial ones. 

The experimental tests have been carried out at the TU/e using the permeation setup under reactive 

conditions (Figure 4). This experimental set-up is able to perform reactive permeation experiments 

with a maximum of five membranes. There are three thermocouples, and two pressure sensors 

distributed over the reactor height. A vacuum pump can be switched on to decrease the partial 

pressure of the permeate side, as low as 10 mbar. The system does further include feed connections 

to pure components as O2, H2, N2, CO, CO2, CH4 and pressurized air. The components can be fed 

through a mass flow controller, which depending on the type of mass flow controller can have a 

maximum flow of 2 L/min (CO) up to 22 L/min (N2). There are two separate storage vessels for 

ethanol and water, which can be fed to a CEM where both components can be evaporated. All the 

tubes connected to the reactor inlet are traced, as well as the tubes used for the retentate, to maintain 

the temperature well above the boiling point of water and ethanol. The retentate can then be 

analyzed by FT-IR. The FT-IR is able to measure concentrations (after calibration) for water and 

ethanol, which was not possible at a lab scale. The retentate then passes through a cooler where the 

water and ethanol are condensed and separated in a flash column. The retentate is connected to a 

Sick® analyzer, which is able to measure concentrations of the dry retentate. A similar analyzer is 

also connected to the retentate side, which is able to measure hydrogen concentrations in the range 

of 0-100% and COx concentrations on a ppm accuracy. The permeate side can be connected to a 

Horiba film flow meter at which flow rates can be measured accurately, depending on the one used 

in the range of 0.2 -10 ml/min, 0.02 – 1 l/min, and 0.2 – 10 l/min. The membranes can also be 

assessed individually, by closing valves manually which are placed on top of the reactor. 
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Figure 4. The lab facility at the TU/e 

4. Results and Discussion

4.1. Catalyst 

4.1.1. Structural characterization of the catalyst and support 

The chemical composition obtained by XRF analysis as well as the specific values of the support 

and bimetallic catalysts surface area are presented in Table 2 [43]. The experimental CeO2 and metal 

contents were close to the nominal values, indicating the effectiveness of the preparation procedure. 

BET measurements show that all the catalysts exhibited high surface areas. Only a slight decrease 

of surface area with CeO2 loadings was observed over the supports, ascribable to the partial 

plugging of SiO2 pores, which hindered N2 adsorption [51]. However, the 30 and 40Ce samples 

displayed practically the same surface area. The deposition of Pt and Ni resulted in a small decrease 

of specific surface area with respect to that observed for the CeO2/SiO2 supports: the lowest SSA 

value was recorded over the PtNi40Ce catalyst, despite, also for the final catalysts, no relevant 

differences were observed for the catalyst having 30 and 40 wt% of ceria loading. This further area 

decrease may be a consequence of the support pores blocking by the nickel oxide or metallic 

platinum phase. Further details on catalyst microstructure as well as on H2-TPR tests are detailed in 

Palma et al. [43]. 

Table 2. Physicochemical properties of the supports and the bimetallic catalysts [43]. 

Sample SiO2 

(wt%) 

CeO2 

(wt%) 

Ni 

(wt%) 

Pt 

(wt%) 

SSA 

(m
2
/g) 

dCeO2 

(Å) 

dNiO 

(Å) 

SiO2 100 - - - 400 - - 

25Ce 75.2 24.8 - - 294 64 - 

30Ce 68.3 31.7 - - 240 78 - 

40Ce 58.1 41.9 - - 242 78 - 

PtNi25Ce 72.3 23.8 2.93 0.97 239 62 135 

PtNi30Ce 65 30.2 3.73 1.09 225 82 85 

PtNi40Ce 54.6 39.4 4.80 1.25 219 73 127 
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The supports and bimetallic catalyst was tested under fluidization condition at both low and high 

temperatures. The particle size distribution after fluidization tests has been compared with the one 

of the catalyst as received. The results are shown in Figure 5, as particle size distribution (measured 

by laser diffraction in wet condition with Fritsch Analysette 22) of fresh supports and after 

fluidization at 25 and 400 ºC for 24 h. Ceria and ceria/zirconia based supports showed very weak 

mechanical resistance. Particle size distribution were not stable under fluidization being this effect 

stronger when testing at 400 ºC (see Figure 5-a and -b). On the other side, the CeO2/SiO2 support 

(Figure 5-c) and the Pt-Ni/CeO2/SiO2 catalyst (Figure 5-d) showed a good resistance to attrition and 

size distribution stability under fluidization. Particle size distributions were stable under fluidization 

in both cold and hot fluidization tests. Therefore silica gel was chosen as mechanical support in 

order to maintain the fluidization regime in the reactor. In addition, this material is characterized by 

a very high specific surface, which is expected to enhance active species dispersion and, as a 

consequence, the specific activity of the final catalyst. 

a) b) 

c) d) 

Figure 5. Particle size distribution before and after fluidization test (blue: fresh, red: after Room 

Temp. fluidization, green: after hot fluidization, 400 °C). a) CeO2 support; b) CeO2/ZrO2 support; c) 

CeO2/SiO2 supports; d) Pt-Ni/CeO2/SiO2 catalyst. 

4.1.2. Catalytic activity and stability 

The catalytic activity of the PtNiXce samples tested under oxidative/autothermal (ATR) and non-

oxidative (ESR) conditions was evaluated between 300 and 600 ºC. The ethanol conversions under 

oxidative and non-oxidative conditions as a function of the temperature for different space velocity 

(GHSV) are detailed in Figure 6. Total ethanol conversion was recorded at T > 430 °C for ESR as 

well as oxidative/autothermal tests and the results were not affected by GHSV variations. However, 

in the ESR case, the reduction of contact time was responsible for lessened conversions of C2H5OH, 

which at 340 °C dropped to 73% and 47%, respectively at 20000 h
-1

 and 30000 h
-1

 (Figure 6-a). On

the contrary, a conversion of almost 100% was observed at 10000 h
-1

 even at T < 340 °C during
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oxidative steam reforming reaction (Figure 6-b). It is also interesting to note that oxygen (not 

shown) was completely converted between 300 and 600 °C and this parameter was not affected by 

contact time decrease from 360 and 120 ms. When O2 was added to the reaction mixture, the 

ethanol conversion was higher in comparison with the values obtained in SR reaction for T < 

430 °C. Other authors [52] reported that in the presence of rare earth metals oxides, the increase of 

ethanol conversion may be attributed to the higher C–C bond cleavage capacity promoted by 

oxygen, which may result in ethanol dehydrogenation to acetaldehyde, oxidation of ethoxy species 

to acetate and their decomposition to CO2. In particular, it was observed that, in the presence of 

oxygen, the reaction rates for oxidation reactions are higher than those under ESR conditions. 

Moreover, whatever the contact time selected, the system, under both oxidative and non-oxidative 

conditions, reached thermodynamic equilibrium at almost 480 °C. 

a) b) 

Figure 6. C2H5OH conversion as a function of temperature for GHSV=10000 h
-1

 (■), 20000 h
-1

 (●) and

30000 h
-1 

(▲): a) ethanol steam reforming (ESR) and b) oxidative steam reforming. 

Stability performances over the three catalysts in terms of ethanol conversion under oxidative 

conditions are shown in Figure 7. All the bimetallic catalysts exhibited excellent stability: during 

100 h reaction, the samples maintained a stable catalytic activity without deactivation. Lower 

durability was observed with PtNi25Ce while PtNi40Ce showed the strongest deactivation. The best 

stability performances were observed with the PtNi30Ce catalyst. 

Figure 7. Stability performance over the three catalysis in terms of ethanol conversion; PtNi25Ce 

(square), PtNi30Ce (triangle), PtNi40Ce (circle), equilibrium (dashed vertical line); T=500 ºC, GHSV = 

5600 h
-1

, r.a. = 4, r.o. = 0.5. [43]. 
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The spent catalysts were characterised by thermogravimetric, TPO and XRD analysis to investigate 

the factors resulting in their different stability performance. Carbon formation rate as a function of 

of Ni average crystalline sizes for the different catalyst is shown in Figure 8. PtNi30Ce catalyst 

showed the lowest carbon selectivity. Also other authors [53,54,55] observed that coke deposition is 

strongly dependent from the nickel crystallites, proving that the largest Ni crystallites caused the 

greater carbon deposition. At comparable operative conditions in terms of temperature, space 

velocity and water/ethanol ratio the catalysts developed in the present study assured CFR values 

three order of magnitude lower than that found in other works. Detailed information on the catalyst 

activity and stability can be found in Palma et al. [43]. 

Figure 8. Carbon formation rate as a function of of Ni average crystalline sizes for the different 

catalyst [43]. 

3.1.3. Kinetic test and model 

Kinetic tests have been carried out in the kinetic setup described in Ruocco et al. [56] to determine 

which kinetic model better describes the reaction of ethanol autothermal reforming. The operating 

conditions in terms of S/C and O/C have been selected considering the simulation for defining the 

optimal lay-out and performances of a rated 5 kWel PEM fuel cell m-CHP system [30] in which the 

overall thermal balance of the plant has been assessed and compared with conventional ethanol 

reforming including also the presence of the PEM fuel cell. The S/C ratio used would circumvent 

the carbon formation on the catalyst, although independent study on a similar catalyst (see Ref. 

[57]) show that at low S/C ratios coke selectivities of this catalyst were among the lowest found in 

the recent literature. 

The results of these tests (and additional tests with oxygen addition, not reported here) suggested us 

to describe the autothermal reforming of ethanol with the following set of reactions as illustrated in 

Figure 9. Two different pathways have been considered for the ethanol autothermal reforming. In 

the first pathway, the ethanol first reacts with O2, the remaining ethanol is converted into equivalent 

ethanol (C2H5OHeq) and after that followed by SMR and WGS. In the second pathway the ethanol is 

instantaneously converted into a mixture of gas corresponding to equivalent ethanol, (C2H5OHeq = 

CH4 + H2 + CO) and after that the methane partial oxidation occurs followed by the SMR and 

WGS. 
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Figure 9. Set of possible reactions for ethanol autothermal reforming [56]. 

The set of equations and the variables used for the kinetic model and the methodology for 

calculating the rate of conversion for each reaction case (a and b) as well as the comparison 

between the experimental results and model for ethanol steam reforming and ethanol autothermal 

reforming reactions at different operating conditions are reported in Ruocco et al [56]. From the 

results the ethanol autothermal reforming can be assumed to follow the pathway described in Figure 

9-b. A comparison between the two experiments and the model predictions are plotted in Figure 10.

The results show that the modelling is predicting the outlet composition with a very low error.

Figure 10. Model (second pathway) comparison with experimental values [56]. 
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4.2. Membranes 

Pd-Ag films are not dense when directly deposited on porous supports by PVD-MS. The H2/N2 

ideal perm-selectivity selectivities are very low and not suitable for H2 purification. Ultra-thin Pd-

Ag membrane layers were also prepared by a combination of PVD-MS and ELP techniques, 

showing a very high H2 permeance (8 x 10
6
 mol m

2
 s

1
 Pa

1
 at 400 ºC and 1 at with H2/N2 ideal perm-

selectivity around 500. Detailed information and characterization of these membranes can be found 

in the work of Fernandez et al [48,49]. 

The ultra thin membranes deposided by ELP showed lower compositions (ICP: Pd = 94.2 ± 0.5 

%wt, Ag = 5.8 ± 0.5 %wt, EDX: Pd = 92.9 ± 0.7 % wt, Ag = 7.1 ± 0.7 % wt) than thin film 

membranes (EDX: Pd = 85.6  ± 1 %wt, Ag = 14.4 ± 0.9 %wt). The difference in the membrane 

composition is related to the higher silver content of the bath when plating the thin membranes. 

The dependence of the Pd-Ag membrane thickness as a function of the plating time is shown in 

Figure 11. The orange and green points refer to the membranes prepared in references [58] and [44] 

respectively. The red dashed line represents a 1.0 µm/h metallic layer growth rate. In the zoom-in 

graph presented at the right bottom part, the correlation between the membrane thickness and the 

plating time is presented showing an almost linear dependence. Membrane thicknesses obtained 

with longer plating times (see orange and green dots) seems to follow this correlation. There may be 

a small decrease at longer plating times indicating that the membrane growth becomes somewhat 

slower probably due to the decrease in the concentration of the reactants along the time or to a 

decrease in the specific surface area for the autocatalytic Pd deposition. 

Figure 11. Pd-Ag membrane thickness as a function of the electroless plating time: blue dots (this 

work), orange dot reference [58], green dot reference [44] [50]. 

The H2 permeance and H2/N2 ideal perm-selectivity as a function of the membrane thickness at 400 

ºC and 1 bar transmembrane pressure difference is shown in Figure 12. The H2 permeance of the 

0.46 µm thick membrane is extremely high (1.53 x 10
-5

 mol m
-2

 s
-1

 Pa
-1

) but shows a relatively low

H2/N2 ideal perm-selectivity (close to 50). When the thickness increases from 0.46 to 1.17 or 1.29 

µm, the H2 permeance reduces to 0.9 x 10
-5

 mol m
-2

 s
-1

 Pa
-1

. On the other hand, 1.17 and 1.29 µm

thick membranes showed similar hydrogen permeances. However, the H2/N2 ideal perm-selectivity 

was almost double for the thicker membrane. This may indicate that after around 1 hour of plating 

time the entire surface of the support was covered by a Pd-Ag layer. In these membranes, defects in 

the porous support are significant which can explain the difference in selectivity. Detailed 

information and characterization of these membranes can be found in the work of Meléndez et al 

[50]. 
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Figure 12. H2 permeance and H2/N2 ideal perm-selectivity as a function of the membrane thickness at 

400 ºC and 1 bar [50]. 

On the other side, single gas permeation tests of the thin membranes showed H2 permeances (3 to 5 

× 10−6 mol∙m
−2

∙s
−1

∙Pa
−1

) and ideal perm-selectivities (H2/N2 > 10,000) at 400 °C and 1 bar higher

than the target of the project. Table 3 compares the membrane permeation properties of the 

membrane prepared in this work with other Pd-based membranes reported in the literature. The 

ultra-thin membranes developed in the present work show one of the highest H2 permeances 

reported in the literature for supported membranes. 

Table 3. Comparison of different commercial and Pd based membranes reported in the literature. 

Membrane/Support 
Thickness 

(µm) 
Method 

Temp 

(°C) 

Calculated H2 

Permeance 

x10
-7

 mol m
-2

s
-

1
Pa

-1
 at 1 atm 

H2/N2 ideal 

perm-selectivity 
Ref. 

Pd77Ag23/ No 1.9-3.8 PVD 2 

steps 

400 190 2,900 
[59] 

Pd77Ag23/Micro-channels 2.2 PVD 2 

steps 

400 88 ---- 
[60] 

Pd92-Ag8/ϒ-Al2O3/YSZ 0.9 ELP 400 65 1,100 [61] 

Pd-Au/Al2O3 2-3 ELP 500 62 1,400 [62] 

Pd-Au/YSZ-PSS 1-5 ELP 400 43-52 10,000-20,000 

(H2/Ar) 
[63] 

1

Pd85-Ag15/α-Al2O3 4 ELP 400 42 20,000 [64] 

Pd85-Ag15/α-Al2O3 3.2 ELP 400 31 8,000-10,000 [58] 

Pd-Ag/α-Al2O3 2 to 10 ELP 350 6 - 31 500 to >1,000 [65] 
1

Pd/ ϒ-Al2O3 2-4 ELP 400 27 500 [66] 

Pd/Metallic 3 to 5 ELP 450 20 450 H2/He [67] 
1

Pd-Ru/Al2O3-PSS 6.4 ELP 400 19 15,000 @ 10 bar [68] 
1

Pd-Ag/α-Al2O3 3 to 9 ELP 350 15 > 7,600 [69] 
1

Pd/Metallic 12 PVD-ELP 417 11 1,100 [70] 

Pd/Metallic 7.6 450 9 Infinite, after [67] 
1
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3,500 h >6000 

H2/He 

Pd/ No 76 Self-

supported 

600 4 >>10000
[71] 

1

Pd85-Ag15/α-Al2O3/ZrO2 4 ELP 400 38 >10,000 [44] 

Pd85-Ag15/Metallic 4-5 ELP 400 10 >200,000 [45] 

PdAg/ZO2 1 PVD+ELP 400 80 500 

[48] 

This 

work 

Pd91-Ag9 / Al2O3 0.46 ELP 400 157 48 
[50] 

This 

work 

Pd92.8-Ag7.2 / Al2O3 0.78 ELP 400 106 636 

Pd94.3-Ag5.7 / Al2O3 1.17 ELP 400 91.7 1270 

Pd92.8-Ag7.2 / Al2O3 1.29 ELP 400 91.9 2460 

(1)
Commercial Pd based membranes.

4.2.1. Long term stability 

The 1.29 µm thick membrane was tested for 1000 h at 400 °C and 1 bar pressure difference in order 

to assess its long-term performance. The H2 and N2 flow rates were monitored over time in order to 

determine the evolution of the H2 permeance and the H2/N2 ideal perm-selectivity as presented in 

Figure 13. The reactor was fed with air for two minutes to carry out the activation of the selective 

layer. After the activation, the membrane showed a H2 permeance of 9.0-9.4 x 10
-6

 mol m
-2

 s
-1

 Pa
-1

.

Nitrogen suffered a small increase in its permeance too. During the first 400 hours, and after 

activation step, the H2 permeance kept a constant value with a constant H2/N2 ideal perm-selectivity 

of ~2460. After this period, another small increase in nitrogen was detected. This small increase in 

the nitrogen permeation is probably related to damaging of the membrane sealing, leading to the 

aforementioned issue (measure in Helium – ethanol leak test after the long term stability test). 

Afterward, the nitrogen permeation maintained constant until the end of the 1000 hours of operation 

with a constant H2/N2 ideal perm-selectivity of 1900. 

Figure 13. H2 and N2 long-term permeances (mol m
-2

 s
-1

 Pa
-1

) and H2/N2 ideal perm-selectivity of the

1.29 µm thick membrane at 400 °C and 1 bar pressure difference [50]. 
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4.2.2. Membranes for the prototype 

Thin film (~ 4 µm) Pd-Ag membranes developed by direct simultaneous Pd and Ag electroless 

plating (ELP) has been selected for the prototype. Selective layers are deposited onto alumina 50 

cm long porous tubes with thicker wall (10/4 mm o.d./i.d., provided by Rauschert Kloster 

Veilsdorf) to improve the mechanical properties compared to the 10/7 mm o.d./i.d. supports. First 

batch of membranes has been already manufactured (see Figure 14). The complete set of 

membranes and spare parts will be delivered by end of November 2016. 

Figure 14. Membranes for the prototype. 

4.3. Lab scale reactors (reaction measurements). 

The authothermal reforming of ethanol has been carried out in the experimental setup described 

above. The oxygen-to-ethanol ratio is set to be 0.4, to assess the method of converting a feed 

mixture of ethanol, water and air to an equivalent composition of CO, CO2, H2O, and CH4. The 

operating temperatures for these experiments were again set to be 450, 500 and 550 °C. The 

operating pressures for these experiments were also again set to be 2, 3, and 4 bar(a). In the 

following figure a comparison between the experimental results and model prediction is reported. 

a) b) 

c) 

Figure 15. Hydrogen permeation, model vs. experimental results at a) 450 °C, b) 500 °C, and c) 550 °C 

by varying feed pressure on the x-axis. 
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From the three graphs above we can observe that the hydrogen permeation increases significantly, 

at higher temperatures. In general the model reported above is able to describe the observed 

experimental results. 

The hydrogen recovery factor (HRF) at 4 bar(a) during these standard experiments are tabulated in 

Table 4. From the table we can clearly observe an increasing trend of the HRF
1 

with increasing

temperature. At which the HRF is defined as the maximum pure hydrogen obtained relatively from 

the ethanol present after combustion. This is mainly due to the higher methane conversion at higher 

temperatures, which enables more hydrogen to permeate through the membrane. 

Table 4. Hydrogen recovery factor (HRF) versus Temperature 

Temperature 

°C 

Feed Pressure 

(bara) 

HRF 

(%) 

450 4 27.5 

500 4 34.9 

550 4 46.4 

4.4. Membrane reformer prototype 

A membrane reactor was designed for an output of 3.2 Nm
3
/h with a Hydrogen Recovery Factor

(HRF) of 76.8 %. The reactor design employs 37 tubular membranes of 40 cm length. The compact 

design aims to meet the targets for efficient hydrogen production either as a stand-alone reactor or 

integrated within the micro-CHP system. 

Operating conditions of the reactor are 12 bar(a) at 500 °C. Hydrogen permeation through the 

membranes is enhanced by the use of steam as sweep gas on the permeate side of the membranes. 

The reactor is designed to operate at partial feed load down to 40% of its nominal value. Nominal 

feed conditions consider a water to ethanol ratio (molar) of 3.6 and oxygen to ethanol ratio of 0.43. 

A view of the fuel processor under construction is shown in Figure 16. Once assembled 

functionality tests will be performed on this prototype before integration into PEM fuel Cell CHP-

system. 

Figure 16. Skid with fuel processor. 

1𝐻𝑅𝐹 =
(𝐻2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒𝑑)

(6𝐶2𝐻5𝑂𝐻 − 2𝑂2)
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4. Conclusions

The Fluidcell project is developing an ethanol autothermal reforming prototype for hydrogen 

production for fuel cell applications. the results summarized in this paper, briefly report the 

development of new catalysts for fluidized bed applications that has been tested under reactive 

conditions in a fluidized bed membrane reactor. The kinetic model developed for this catalyst 

matches very well the results of the experiments carried out in a lab scale prototype. 

New membranes with high flux and high selectivities have been developed and scaled up. These 

membranes have been integrated at lab scale (5 short membranes in a single reactor) obtaining up to 

66% hydrogen recovery and high hydrogen purity. 

According to these results a prototype (with 37 longer membranes) has been designed and built and 

is currently being assambled for the final field tests. 
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Abbreviations 

ATR Autothermal reformer 

ATR-MR Autothermal membrane reformer 

BoP Balance of plant 

CFR Carbon formation rate 

CHP Combined heat and power 

ELP Electroless plating 

ESR Ethanol steam reforming 

FBR Fluidized bed reactor 

FBMR Fluidized bed membrane reactor 

FC Fuel cell 

FP7 Seventh Framework Programme 

GHSV Gas hourly space velocity 

HHV High heating value 

HRF H2 recovery factor 

HT-WGS High temperature water gas shift 

HX heat exchanger 

ICP-OES Inductively coupled plasma optical emission spectrometry 

ID Inside diameter 

IMDBL Inter-metallic diffusion barrier layer 

kW kilowatt 

LHV Low heating value 

LT-WGS Low temperature water gas shift 

m-CHP Micro Combined Heat and Power 
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MEA Membrane electrode assembly 

METH Methanator. 

MR Membrane reactor 

O/C Oxigen-to-carbon ratio 

OD outside diameter 

PEM Polymer electrolyte membrane type 

PEMFC Polymer electrolyte membrane fuel cell 

PEM m-CHP Polymer electrolyte membrane fuel cell micro combined heat and power 

PROX Preferential oxidation 

PSS Porous stainless steel 

PVD-MS Physical vapour deposition magnetron sputerring 

SR Steam reforming 

SMR steam methane reforming 

S/C Steam-to-Carbon ratio 

TEM Transmission electron microscopy 

TPO Temperature programmed oxidation 

u fluidization velocity 

umf minimum fluidization velocity 

WGS Water gas shift 

WHSV Weight hourly space velocity 

W/EtOH Water ethanol ratio 

XRD X-ray diffraction 

ηel Net electric efficiency 
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