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1. Project overview
Main objective of PEMBeyond project (http://pembeyond.eu/) is to develop an integrated
Proton Exchange Membrane Fuel Cell (PEMFC) based power system for stationary back-up
and off-grid power generation with the following targets:
•

Using crude (80-95%) bioethanol as primary fuel

•

Cost-competitive (complete system < 2 500 €/kW @ 500 units)

•

Energy-efficient (> 30% overall system efficiency)

•

Durable (> 20 000 hours system lifetime in continuous operation)

Back-up and off-grid power generation is one of the strongest early markets for fuel cell
technology today. Wireless communication systems are rapidly expanding globally, and the
need for reliable, cost-competitive and environmentally sustainable back-up and off-grid power
is growing, especially in developing countries.
Fuel cell technology has already proven to be competitive with conventional technologies diesel generators or batteries - in these applications in terms of total cost of ownership (TCO).
However, the growth of the fuel cell industry in this sector has been modest at least partially
due to high initial investment cost and fuel logistics problems. Cost-competitive PEM fuel cell
power system compatible with crude bioethanol would allow direct use of easily transported
and stored, locally produced sustainable and low-emission fuel also in developing countries,
further adding value and increasing the number of potential applications and end-users for fuel
cell and hydrogen technology.

Figure 1 - Overall concept developed in PEMBeyond project.
Figure 1 shows the overall concept of the system developed in PEMBeyond project. The
Reformed Ethanol Fuel Cell System (REFCS) will consist of the following functions integrated
as a one complete system:
1. Reforming of crude bioethanol in Fuel Processor (FP),
2. Hydrogen purification in Pressure Swing Adsorption (PSA) unit,
3. Power generation in PEM Fuel Cell System (FCS).
Optimized overall system design combined with use of improved system components and
control strategies will lead to improvements in cost, efficiency and durability throughout the
complete system. Latest automotive reformate compatible PEMFC stacks will be used,
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possessing high potential to reducing stack manufacturing costs. On top of this the stacks, as
a part of a low-grade H2 compatible fuel cell system design, will allow both FCS simplifications
(e.g. no anode humidifier needed) and complete system simplifications (e.g. higher CO ppm
and lower H2% allowed) leading to decreased cost. Optimizing the target H2 quality will be an
important task with the regard to overall system cost, efficiency and durability. An extensive
techno-economic analysis will be carried out throughout the project to ensure attractiveness of
the concept. A roadmap to volume production will be one of the main deliverables of the
project.
In addition to the complete REFCS, development of separately utilizable subsystems is
another main outcome of the project. This includes PEMFC system for back-up and off-grid
application using low-grade hydrogen directly as a fuel, low-cost state-of-the-art PEMFC stack
for various applications, and crude bioethanol processing unit for distributed hydrogen
generation (e.g. at hydrogen refuelling stations).
Serious market penetration of fuel cell technology and renewable fuel into back-up and off-grid
power generation will have a high impact on energy consumption, and particulate and
greenhouse gas emissions worldwide. Use of crude bioethanol as fuel would enable the use
of low-cost, easily transported and stored, and locally produced sustainable and low-emission
fuel also in developing countries.
PEMBeyond consortium consists of five partners from 5 different European countries:
1. VTT Technical Research Centre of Finland (VTT) – coordinator
2. PowerCell Sweden Ab (PCS)
3. Genport srl (Genport)
4. Fraunhofer Institute for Microengineering and Microsystems (IMM)
5. University of Porto (UPorto)
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2. Progress to date
In the final two years of the project, the main focus been to finish the development and
manufacturing work of different subsystems, verify their functionality against the set
specifications, and furthermore integrate the subsystems together to a functional reformed
ethanol fuel cell system (REFCS) for demonstration in a limited field trial. In parallel to the
technical tasks, other objectives were to carry out techno-economic analysis and life cycle
assessment of the prototype system. Figure 2 shows an overview of the project schedule.
The first two subsystems, FP and PSA unit, were delivered to VTT for initial testing by
August 2016. Work continued by designing and assembling the auxiliary systems, followed
by the initial testing against specifications. The FCS delivered and tested in January 2017,
after which the integration of FP and PSA unit was started, completing in May.
The REFCS integration was completed in June, but the commissioning took longer than
expected, so 2 months extension to the project duration was applied. Several fundamental
problems were faced during the commissioning, but finally in October, the system was
operated successfully for 7.5 hours.
However, closer inspection of the system and the data revealed a more serious problem: the
FP steam reformer was in no shape to continue operation for the field trial. However, the
concept was proven to work, and electricity was generated by the fuel cell system using
hydrogen produced from ethanol.

Figure 2 - Overview of PEMBeyond project schedule.
Overview of project progress by work package during the final two years:
•

WP2 – Fuel cell stack development (WP leader: PCS)
Following the completion of the S2 stack BoS (Balance-of-Stack) development in the first
two years, the work has focused on delivering stacks according to project partners. The S2
stack BoS validation has continued by extending the degradation test up to 1,500 h, while
also carrying out shock and vibration testing.
The new 2nd generation reformate MEA were also characterized in a short-stack, and were
proven to improve the CO tolerance from 5 ppm up to 20 ppm. The stack-rollout plan was
updated to accommodate the use of new MEAs in the REFCS field trial. In total, 13 stacks
with accounting to 67 kW of nominal power has been delivered to project partners Genport
and VTT.
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Figure 3 - Left: Industrial 7 kW FCS used in REFCS. Middle: Cost-optimized 7 kW FCS.
Right: 3D printed ejector and controller installed within a 4 kW FCS.
•

WP3 – Fuel cell system development (WP leader: Genport)
Followed by completion of the first breadboard FCS in the first two years, the design and
assembly of an industrial version FCS was completed and it was delivered to VTT for
integration within the REFCS. This 7 kW system includes a Li-ion battery and power
electronics capable of supplying positively grounded -48 VDC telecom equipment.
Furthermore, a cost-optimized version of the previous system was also assembled. Both
of these systems are shown in Figure 3.
After the promising results from manufacturing and characterization of a 3D laser sintered
ejector, the work was been extended to include development of an ejector control system
and demonstration as part of a 4 kW FCS employing an S2 stack, as shown in Figure 3.

•

WP4 – Reformer development (WP leader: IMM)
Followed by the steam reforming catalyst development activities in the first two years, work
was continued on analysing different low quality ethanol grades and further testing the
catalyst stability. ETAX-B from Altia was selected as the best fuel for the REFCS operation
due to its good availability and qualities fitting the crude bioethanol specification. The steam
reforming catalyst stability was also proven in a 1,087 hour run using ETAX-B with no signs
of deactivation.
Moreover, the manufacturing and testing of the integrated fuel processor was completed
in two stages, starting first from reformer/burner reactor together with a heat exchanger
and hot-gas operated evaporator. In the second stage, catalytically heated evaporator,
integrated WGS-reactor and start-up burners were included. Finally, the complete reformer
system was evaluated in start-up, steady-state and shut-down operation, and shipped to
VTT.
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Figure 4 - Lab scale PSA unit at UPorto.
•

WP5 – PSA development (WP leader: UPorto)
A PSA prototype unit for the REFCS was acquired under a collaboration protocol between
UPorto and HyGear, and shipped to VTT. During the initial testing, performed by UPorto
and VTT, it was concluded that the unit could not meet the targeted 20 ppm CO
concentration. A vacuum pump was installed for operation in vacuum pressure swing
adsorption (VPSA) mode and the targets were met. In addition, a design of experiments
(DoE) approach was used to model the prototype PSA unit, both in PSA and VPSA
operating modes, which allowed find the optimal operating conditions according to the
desired product specification, maximizing the recovery for a given CO concentration.
Due to the poor performance of the commercially available adsorbents characterized in the
first two years of the project, UPorto developed and characterized an activated carbon
adsorbent to improve the performance of the lab-scale PSA unit (Figure 4). This adsorbent
showed superior performance producing streams with < 0.2 ppm of CO with a recovery >
75 %, which is enough to reach the automotive fuel targets (ISO 14687-2).
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Figure 5 - Layout including the REFCS container, monitoring container and H2 buffer tanks.
•

WP6 – Complete system integration (WP leader: VTT)
Followed by the first two years accomplishment, the integration design and operation
routines (start-up, steady-state and shut-down) were negotiated and agreed upon the
consortium. The first full piping and instrumentation diagram was published in August
2016. The planned REFCS container layout is shown in Figure 5.
With the subsystems arriving to VTT, the fuel processor was installed with the auxiliary
systems to allow the operation for initial characterization. The PSA unit was also installed
next to the FP for initial testing and forthcoming integration.
After the initial testing of all the subsystems were completed in January 2017, the FP and
PSA were integrated together, first by integrating the main process gas line, and
secondly the tail gas lines. In addition, automated control algorithms were developed for
the FP to allow autonomous operation of the system during field trial. Along the way, the
higher level control system (HLCS) was prepared for the integration.
In May 2017, the integrated FP+PSA was deemed to work well enough to proceed with
the full system integration to container, taking place in an industrial hall at VTT facilities.
The integration was completed in July 2017, except for the minor modifications done
during commissioning.
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Figure 6 - FP and PSA during
initial testing.
•

Figure 7 - REFCS during commissioning.

WP7 – Testing and field-trial (WP leader: VTT)
This work was officially started in August 2016, with first of the subsystems delivered to
VTT. All the subsystems were individually characterized against the set initial specifications
(Figure 6), with personnel from each partner (IMM, UPorto, Genport) visiting. Based on the
initial characterization, it was already seen that not all the requirements are fully met, but
the quality of the gas along the production and purification line was proven to be adequate,
so that the integrated system would be able to operate.
The testing activities were continued in 2017 along with the iterative FP+PSA integration,
while at the same time negotiating for possible field trial locations nearby VTT. A source
for large quantities of suitable crude bioethanol was also found, as mentioned under WP4.
In June 2017, with the full system integration on the way, the REFCS commissioning was
started (Figure 7). The commissioning proceeded by first testing the FP heat-up
procedures, then moving to reformate gas production and finally running the full hydrogen
production system. The commission took longer than expected, due to rather fundamental
problems in FP product gas filtration, condensing as well as the fuel supply system.
In October 2017, a successful 7.5 hour run with the hydrogen generator was completed,
stopped by the operator after the H2 buffer tank was full. However, after routine inspections,
serious problems were detected with the steam reformer, and continuing the operation was
not possible. However, the hydrogen produced while the system was operational, was of
good quality and the FCS was operated using the gas without any particular problems.
Thus the concept of producing electricity from ethanol using fuel processing, PSA
purification and a fuel cell, was proven to work.
Based on the operation data and experiences, an advanced concept study was completed,
suggesting improvements to the REFCS concept go beyond the 30 % efficiency target,
and reduce the physical footprint and raw material needs for manufacturing. Investigations
are still on-going to pinpoint the exact reason for decay.
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•

WP8 – Techno-economic and environmental analysis (WP leader: Genport)
A market research has been conducted for the global fuel cell telecom backup market. A
tool for techno-economic was developed and this has been used to identify the potential
market penetration and a roadmap for volume production of the system has been
developed. Based on the techno-economic tool, a microgrid simulator with web-frontend
was published: http://microgrid.demorooms.com/appStatic/simulator/index.html
Furthermore a life-cycle assessment has been done, comparing the REFCS against diesel
generator. Based on the study, the concept allows emission reductions in off-grid and long
back-up applications (200+ h/year), but for pure back-up applications, the prototype use of
materials would need to be reduced.
Both the techno-economic and LCA results are available as public reports.

•

WP9 – Dissemination (WP leader: VTT)
During the last two year, the project website (http://pembeyond.eu/) has been kept up-todate and an updated dissemination plan was delivered. Two more Industrial Advisor Group
(IAG) workshops have been held, one in Finland on November 2016 and a second one in
Italy on December 2017. In total, the project results have been presented in 7 international
scientific conferences and 4 peer-reviewed articles have been published so far.

