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Abstract

The energy and mobility sectors contribute significantly towards the global CO, emissions. The proton-
exchange membrane fuel cell finds application in both sectors and represents a possible green and sustainable
technology for electricity generation. Current production rates do not satisfy the predicted demand for
proton-exchange membrane fuel cells as the diffusion of this technology keeps increasing. Nor does the per-
part cost guarantee a globally sufficiently broad application. The industry must overcome technological and
economic obstacles to enable higher production rates at a lower cost per unit.

This research gives an overview of current proton-exchange membrane fuel cell production and stacking
technologies and provides an outlook on processes that need to be improved to enable faster and lower-cost
production. Additionally, the impact of remanufacturing as an end of life option on the circular economy,
production, and ecological impact of proton-exchange membrane fuel cells is examined.

The knowledge generated by this research shall support increasing proton-exchange membrane fuel cell
production rates to catch up with the predicted demand. Since current research on proton-exchange
membrane fuel cell remanufacturing is rare, findings on this topic will support the industry in preparing for
circular production processes in the future. Results of the present work include an overview of the current
state of production for proton-exchange membrane fuel cells, the areas that need improvement, and the role
of a circular economy.
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1. Introduction

With the Paris Climate Agreement, 194 countries and the European Union set themselves to limit global
warming due to increasing greenhouse gas emissions to well below 2°C and ideally to below 1.5°C [1].
Germany was responsible for 1.9% of global CO2 emissions in 2019 [2]. In 2019, Germany caused 39% of
its CO2 emissions by electricity generation, 23.5% by industry, 21.5% by transport, and 16% by the building
sector (only includes heat production, other sources count towards electricity consumption) [3]. In order to
counteract the climate crisis, the areas mentioned above need a transformation. One possible technology for
reducing CO2 emissions in the transport, industry, and building sectors are proton-exchange membrane fuel
cells (PEMFC) combined with green hydrogen. The use of PEMFCs can replace the use of fossil fuels in
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transport and, when installed in buildings as combined heat and power units, generate electricity and at the
same time use waste heat efficiently.

Due to limited distribution, the current annual production volume of PEMFC is still shallow. However, there
are signals from politics, such as the National Hydrogen Strategy [4], and the economy, which point to an
enormously increasing sales market for PEMFC. The Hydrogen Council forecasts that 10 to 15 million cars
and 500,000 trucks worldwide will run on fuel cell technology in 2030, and 400 million cars and 15 to 20
million trucks in 2050 [5]. The Japanese car manufacturer Toyota states that its fuel cell cars production will
increase tenfold from 3,000 vehicles per year in 2021 [6]. Optimistic forecasts see growth to up to 1.8 million
hydrogen vehicles in Germany in 2030. The use of PEMFC is not limited to passenger cars. The technology
benefits public transportation with regional trains [7].

In order to meet the anticipated demand for fuel cells, a high-rate production is required (explained in section
3.2). Furthermore, a holistic consideration of the life cycle of the PEMFC is necessary to exploit the
sustainability potential fully. Therefore, in addition to manufacturing, it is necessary to examine the aspects
of disassembly and recycling of the PEMFC. This paper aims to overview the existing processes for
assembly, high-rate production, disassembly, and end of life (EOL) options of the PEMFC and derive
necessary developments. The following section deals with the mode of operation, the components, and the
application areas of the PEMFC. Subsequently, existing stacking concepts for the PEMFC, possibilities of a
high-rate production, and effects on the production costs will be examined. Finally, possibilities and
obstacles in the dismantling and recycling process are presented.

2. Operating principle

Fuel cells convert chemical energy from gases or liquids into electrical energy and release heat during this
process [8]. In the PEMFC, this process occurs through the oxidation of a fuel and the reduction of an
oxidant [9]. The fuel is hydrogen, and the oxidant is atmospheric oxygen. The membrane electrode assembly
(MEA) separates the hydrogen and oxygen streams. The MEA consists of a semi-permeable membrane that
carries an electrolyte and two electrodes with a catalyst layer [10]. The separating membrane is only
permeable to the hydrogen protons produced during oxidation on the anode side of the catalyst but not to the
electrons. It is therefore referred to as a proton exchange membrane (PEM). The flow of electrons takes a
diversion via an external circuit to the cathode and generates electricity in the process. The electrons are then
absorbed by the atmospheric oxygen at the cathode, forming water.

In addition to the PEMFC, there are other types of fuel cells. These differ in the electrolytes used, the fuel
for the anode, the level of power, the operating temperature, and the electrical efficiency, resulting in
different areas of application [9].

The application areas of the PEMFC can be divided into stationary, portable, and mobile applications.
Applications in the portable sector include a power supply for small consumers. Stationary power generation
up to the megawatt range and combined heat and power generation are other application areas [11]. Mobile
uses for the PEMFC are trucks, submarines, cars, and buses [9]. The PEMFC is well suited for mobile
applications, as the power output can be controlled dynamically [12]. This study focuses on the PEMFC.

3. Assembly

3.1 Stacking concepts

The voltage of one fuel cell amounts to 1V approximately. Most applications, however, require higher
voltage. Therefore, several individual cells, consisting of alternately stacked bipolar plates (BPP) and MEA,

74



are combined into a stack. This process can be performed manually or automated and must be prepared in
previous work steps further explained in the following [13].

The MEA is the most crucial fuel cell component and consists of two components, which are the catalyst-
coated membrane and the gas diffusion layer. The decal process is a method to produce the catalyst-coated
membrane [14]. In this process, the catalyst material (a mixture of carbon substrate and platinum) is first
applied to a carrier medium (decal) and transferred to the polymer membrane in a further step by hot pressing.
To produce the gas diffusion layer carbon paper or fabric is needed. It is made from cut carbon fibres and
subsequently impregnated and graphitised. A microporous layer is subsequently applied to increase the water
balance of the electrode. The finished gas diffusion layer is then glued to both sides of the catalyst-coated
membrane by hot pressing and cut into shape as a MEA. The BPPs are still missing for a complete fuel cell.
They can be made from coated metal or a graphite composite material. While the composite plate can already
be provided with a seal after the manufacturing process, the metal variant requires further work steps
beforehand. The half-plates must first be cut out, which is usually done by laser, and then two half-plates
must be welded on top of each other to form a complete BPP. A gasket is applied to the combined plate after
a leak test. The gasket serves as insulation between BPP and MEA. This concludes the preparation for the
stacking.

The stacking process starts with the lower endplate and the lower current collector. A BPP with a gasket and
a MEA are stacked on top of each other alternating. This process is repeated until the desired number of fuel
cells has been reached. Then, the upper current collector and the upper endplate follow, in which the media
supply lines are also located. The individual components must be placed as precisely as possible. In the next
step, the complete stack is pressed together to connect everything tightly and minimise the resistance of the
contact surfaces. It is essential to ensure that the pressing force is applied evenly everywhere during this
process. If this is not the case, significant reductions in performance and service life cannot be ruled out. The
compressed state must be guaranteed permanently. The stack is held together by either tension bands or
tension rods. Subsequently, an initial leak test takes place, such as pressure drop and flow tests. Before the
stack is placed in a housing and covered by the distributor plate, final work steps are necessary, such as
attaching the contacts and current busbars and the cell voltage monitoring module for the cell voltage. The
so-called running-in on the test bench follows, where all mediums (hydrogen and oxygen) are connected.
Through this process, the stack's performance can be determined. Finally, another leak test may be carried
out, after which the fuel cell is installed with other system components and is ready for use [14].

3.2 High-rate production

The stacking process described in the previous section can be carried out in various ways. While the stacks
are still partly stacked by hand, partially or fully automated processes have been developed in the meantime.
Automated processes use carousel devices or conveyor and feed systems, although manual work steps are
still necessary in some cases. Pick-and-place robots could automate these processes [15]. The extended use
of robots would be a first step in the direction of high-rate production. A crucial development, especially
regarding the capacities, is required in the future [16].

In the context of this paper, the term "high-rate production” concerning the fuel cell means an approximation
to the production figures from the automotive industry. The cycle time for a vehicle is 60 seconds on average.
In order to adapt the fuel cell stack production to this, ten cells must be stacked in one second, based on a
stack with 400 to 600 cells. That situation, however, assumes that 100% of cars plant’s production need a
fuel cell stack and is therefore relevant for highly specialised fuel cell production plants. If a supplier wanted
to produce, for instance, 20.000 fuel cell stacks a year with 400 cells per stack, the cycle time would be
roughly about 2.5s per fuel cell (assumptions: 240 days and 24h of work).
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Nevertheless, the cycle times are still insufficient for the envisaged demand, so parallelisation and
modularisation of the production capacities are necessary. A modular approach might allow to adapt steadily
to increasing demands. Irrespective of this, production volumes must be increased to meet the planned future
sales volumes of fuel cell electric vehicles (FCEVs), and new and faster production facilities must be found
as a result. The necessary production capacities entail several prerequisites that need consideration as early
as the planning stage of the plants. The quality and the safety of the fuel cell must not be reduced by shorter
cycle times. Precision and repeatability are essential, and the handling of sensitive components must also be
guaranteed in terms of quality, even in automated production. Some of the components, such as the MEA
and gaskets, are flexible and thin, complicating the automated handling even further [17]. Since the same
components from different suppliers can differ in shape, size and tolerances, machines must be adaptable.
The same applies to the produced stacks, which have different dimensions depending on performance. As a
result, it is advantageous if machines already have a high degree of adaptability, which prevents long
conversion times or even breakdowns. For a smooth production process, bottlenecks in the components must
be taken into account and calculated in advance. Subsequently, the cycle and throughput times must be
adaptable [16].

In principle, however, making only the stacking process faster does not suffice to reach the desired
production capacities. The individual component production must be improved, too. The production of BPPs
and MEAs and the connection of the two components has great potential. The components could be produced
in the roll-to-roll process in the future. In this process, the material is unwound from a roll, processed, and
then rolled up again, which speeds up further processing and makes it possible to produce complete cells in
a short time and separate them. Hence, they are directly available for the production of stacks [ 18]. However,
even if the individual components are modified, it is necessary to observe several criteria to ensure that the
fuel cell meets all requirements. These requirements are mainly regarding the performance of the fuel cell
stack and system, where, among other things, thermal and electrical resistance must be minimised, but the
conductivities must be equally maximised. Mediums such as hydrogen and oxygen must also be supplied
and discharged without leakage, particularly when ambient temperatures change.

Furthermore, low masses and dimensions are advantageous. In addition to these aspects, manufacturing
properties and environmental influences are also relevant, in connection with which material selection,
manufacturing processes, and recycling possibilities are to be mentioned [19]. These criteria are described
in more detail in section 4. Currently, there are still some hurdles to overcome to fully automated production.
New processes with a direct coating of the electrode onto the membrane or gas diffusion layer are necessary.
The production time can be significantly reduced with a continuous lamination process. Faster and, above
all, defect-free production methods must also be planned for BPP, regardless of the material. In general, the
quality factor plays an essential role in both the components and the final products, which is why the final
controls or the methods for checking them must also be improved and accelerated [20].

Academia and industry are aware of the necessity to increase stacking velocity and stacking scalability.
Research is performed on robotised high-speed stacking processes that aim to increase stacking rates through
gripping several layers of cells at once or through the inclusion of in-line quality control to further reduce
cycle times [21,22]. Researcher designed an automated workstation layout for fuel cell stacking through the
parallelisation and decoupling of process steps [23]. Stacking velocities of approx. 2s per stack was reached.
An outlook was given that cycle times below 2s are possible but would require high development costs. An
increase in production capacities also has a positive effect on the production costs, as explained in more
detail in the next section.

3.3 Cost factors

Even though the costs for PEMFC systems have fallen by about 50% in the last 15 years, they are still too
high to achieve a breakthrough for the PEMFC as an alternative on the vehicle market alongside battery-
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powered electric vehicles. The high costs are expected to decrease in the future due to increased demand and
the associated higher production volumes [24].

In principle, the costs for the complete fuel cell system consist of the fuel cell stack costs and the costs of
the system components (for instance, air compressor, water separator, and hydrogen filter). The focus in this
work is on the stack and its components since in this area, more components are highly dependent on the
absolute production number. For small production numbers (1,000 stacks/year), five components are
responsible for over 80% of the costs. If the projected production figures of 500,000 stacks/year are reached,
only two components (BPP and catalyst) are responsible for 66% of the costs. Therefore, the total price can
be reduced most effectively by saving costs through an increased production volume [16]. According to a
report by the U.S. Department of Energy (DOE) from 2018, the price of a fuel cell system per kilowatt net
power (kWnet) should be reduced to $30 in the future (based on an 80 kWnet PEMFC and production
quantities of 500,000 stacks/year). As an overview, the DOEs findings on the costs of the individual
components, depending on the annual production volume, are shown in Table 1.

Table 1: Influence of production volume on the costs of components and the entire stack [24].

Yearly production rate of 1,000 stacks 10,000 stacks 100,000 stacks 500,000 stacks
BPPs 1,5548 486% 404$ 388%
MEAs 6,5468 2,320% 1,121$ 915%
Other components 1,278% 700% 135% 127$
Cost complete stack 9,533 § 3,504% 1,722$ 1,479%
Cost complete stack (per kWnet) 119.16% 43.8% 21.52% 18.49%

However, these prices cannot be achieved by increasing capacity alone, which is why the production methods
and the materials used must be changed [ 18]. For BPP, various materials and the production variants required
were investigated in terms of the production numbers and costs required. Hydroforming (internal high-
pressure forming) is more cost-effective than progressive stamping for large production volumes when using
stainless steel. If several panels are produced simultaneously, fewer assembly lines are required, which
directly impacts costs and processing time. Another way to decrease cost by changing the material is using
an alternative stainless-steel alloy. A cost reduction of $0.13 to $0.21 per kW net could be reached, while
there are no disadvantages in use.

Further savings are also possible by using a different plating process. Even if cost reductions are possible by
reducing the platinum content and increasing the power density, prices still depend on the material costs
[25]. Especially regarding precious metals such as platinum, the material price must be paid regardless of
higher production numbers. For this reason, fluctuations must always be taken into account, and the use of
other materials should also be considered if necessary.

4. Disassembly

After a defect, caused, for example, by impurities in the MEA, disassembly of the PEMFC is a prerequisite
for reuse or further use. In principle, the process occurs in reverse order to assembly so that peripheral
components on the stack are removed first (e.g., cell voltage monitoring unit and cooling fan). In the next
step, the bracing is loosened. Then the endplates and the current collectors can be dismantled to reach the
individual cells. The cells are lifted off one after the other and can then be disassembled into their
components (BPP, gasket, gas diffusion layer and MEA) [26]. However, separating the sensitive parts bears
the risk of damaging the components and making them unusable.
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Similarly, it is hardly possible to replace individual cells, and inaccurate contact surfaces can lead to
significant performance losses. For this reason, the introduction of a conductive intermediate layer between
the BPPs was considered, which would also make it easier to detach them from each other. Flexible graphite
could be used for this purpose. It also compensates for the poorer surface quality of the plates due to its
deformability, thus reducing production costs and ensuring better current transmission. At the same time,
different loads can be better compensated, which has a positive effect on the lifetime of the entire stack [27].
A similar patent from the Toyota company involves the use of an adhesive intermediate layer of fluoroplastic
or silicone resin that can be detached by heat and serves as a seal. This method can also be used for other
types of fuel cells and is also intended to facilitate the dismantling process. For this purpose, heat is applied
to the adhesive layer and pressed apart with the help of a wedge, which makes it easier to apply the heat. In
order to be able to remove residues of the adhesive better and accelerate the separation process, a heat-
dissipating agent is applied along with the adhesive layer, which causes the dissolved adhesive to contract
again [28].

With the help of these ideas, a reduction of the disassembly time is possible, which proves to be especially
important with increasing numbers of FCEVs in the future. It becomes clear that these aspects must be
considered before assembly during the planning phase of the stack. Hence, new design guidelines must be
considered and used. "Design for disassembly" (DfD) is an approach that aims to simplify as well as speed
up the disassembly process, make it more cost-effective, and recycle as many materials and components as
possible. The right choice of materials, connecting elements, and the product’s design are fundamental steps
in the development. The disassembly process can only be improved with sufficient knowledge about the
developed object’s structure, its use, and the physical and technical limits of the disassembly process [29].
Another approach is the so-called Design for Remanufacturing (DfRem), where several design guidelines
for products are followed to facilitate the EOL phase [30-32]. These guidelines include enabling easy, non-
destructive disassembly through accessibility, modularity, ease of cleaning and handling, designing for
multiple life cycles, resistance to wear and tear, and considering the EOL phase already during the product
development process [29,30,33,34]. The DfRem method is primarily used to improve the possibilities for
closed-loop capability, which will be defined in more detail in the next chapter.

5. End of life options

5.1 Proton-exchange membrane fuel cell remanufacturing

For the PEMFC to be justifiably described as a sustainable technology, it is necessary also to consider the
end of the product life cycle. It can only be used in a genuinely sustainable manner if a circular economy
exists in addition to the use of green hydrogen. After focusing on dismantling as a prerequisite for recycling
the PEMFC in the last chapter, the following section looks at various EOL options, i.e., possibilities for
returning the PEMFC to the product cycle at the end of its life cycle.

The various EOL options differ in several aspects. A distinction is made whether a product is reused in the
same application or with a different purpose [33,35]. Furthermore, there is a difference in the point at which
the product is reintroduced into the life cycle [36]. The re-entrance point influences the amount of lost energy
and materials [37]. EOL options in ascending order of lost materials and energy are Reuse/repair,
remanufacturing (product recycling), recycling (material recycling), energy recovery and landfill disposal.
Given the cradle-to-cradle approach no waste should be produced. Thus, the first options mentioned should
be preferred, and the latter avoided. Next, remanufacturing as a possible EOL option for the PEMFC will be
discussed in more detail.

Remanufacturing, or product recycling, is the reprocessing of a product after its use phase to the quality level
of a new product [30]. The exact process steps of remanufacturing are variable depending on the application

78



but can be described as follows: Old part procurement, testing/sorting, cleaning, refurbishment, reassembly
and a final test [31,36,37]. Various studies of use cases show that remanufacturing influences costs positively
and, in particular, decreases environmental impacts compared to new production [36,38]. Remanufacturing
results in less dependence on critical raw materials, advantages for the user due to lower prices and strategic
advantages for the manufacturer [36]. Examples of remanufacturing applications in the automotive sector
include engines, gearboxes, starters and turbochargers [36]. From the field of business mathematics, there
are many publications on remanufacturing [39,40]. However, there is a lack of a deeper consideration of
remanufacturing for PEMFC from a production engineering perspective. In this consideration, it is crucial
to take a holistic approach where economic, environmental, and technological factors are considered
simultaneously to develop the optimal process. Many obstacles exist that give the remanufacturing process
its complexity. These include low volumes, uncertainty about the number and condition of EOL parts,
increasing product complexity and disassembly as a cost driver due to manual processes and low product
know-how [34,36,38,41,42].

5.2 Component recycling

While product recycling for the PEMFC has hardly been practised so far, there are already established
processes for recycling at the material level, with which different materials of the PEMFC can be recovered.
For this purpose, the stack must be broken down into its components. Peripheral components, such as control
electronics, can be recycled via conventional e-waste [ 13]. Purely metallic components such as tension rods,
current collector plates and end plates are further processed via metal scrap [43]. Other specific processes
exist for the individual components of the fuel cell, which will be discussed in more detail below.

There is a strong focus on the recycling of MEA [13]. One reason is that fuel cell defects can often be traced
back to the MEA. During the fuel cell operation, the formation of pores or the accumulation of impurities
from the fuel might damage the membrane in the MEA [43]. Another reason is the material cost. About 42¢g
of platinum is installed per stack, which is why the recovery of the materials has a high financial incentive
[44]. Furthermore, the dissemination of FCEVs will lead to a sharp increase in platinum consumption, as the
needed amount of platinum is ten times higher than in vehicles with internal combustion engines [44].

Processes for recovering precious metals from vehicle catalytic converters of internal combustion engines
cannot be used for the PEMFC, as toxic hydrogen fluorides are produced during the combustion of the
electrode [43]. Therefore, the catalyst is recovered by chemical extraction [45]. Compared to the catalyst,
the recovery of the membrane has not been in focus so far but is becoming significantly more relevant
because of increasing production numbers. The recovery of the membrane is complicated because it merges
with the gas diffusion layer and the catalyst layer during the operation of the PEMFC, which is why the
economic benefit of recovery still needs to be examined in detail [13].

Recycling of BPP depends on the material used. Metallic BPP can be recycled via ordinary metal scrap
[13,43]. Graphic BPP made from thermoplastics can be cleaned and reprocessed into granulate for BPP
production by injection moulding. In the case of BPP made from thermosets, re-melting is not possible, so
only further use as, e.g. filling material is possible [13].

6. Conclusion

The production of PEMFCs is expected to grow, as they represent a sustainable alternative to existing
technologies in several application areas. Various developments are still necessary to ensure that the
diffusion of PEMFCs is successful in the future.

The current production rate of PEMFC is not sufficient to meet future demand. Steps towards high-rate
manufacturing have already been taken using pick-and-place robots, carousel devices, feeding systems, and
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direct coating of the electrode by the roll-to-roll process. The mentioned measures, however, are currently
not yet sufficient. There is still potential for optimisation in the production of the individual components and
the necessary function tests. Parallelisation and decoupling of process steps are necessary to increase
production rates. Furthermore, production costs must be reduced in the future, partly because the fuel cell
costs make up too large a proportion of FCEVs. As production numbers increase, more cost-effective
manufacturing processes can be applied, among other things. Existing EOL options and dismantling
processes also need to be improved to increase the recyclability of PEMFCs. Inadequate dismantling
processes hamper remanufacturing. These processes constitute a significant cost factor in remanufacturing
due to mainly non-uniform and manual processes. If dismantling is considered in earlier life cycle phases,
through DfD and DfRem, process costs will decrease. Increased recyclability reduces environmental
pollution and dependence on critical raw materials.

Fraunhofer IWU's research efforts will address several of the problems mentioned. For example, there are
already concepts concerning the component design of individual components and about high-rate
technologies and manufacturing processes for producing these components. The degree of automation can
be increased with robot-based manufacturing processes. However, alternative technologies are required
concerning the desired cycle times of several cells per second. In this regard, there are already initial
industry-oriented solutions that enable such production rates through continuous flow processes. For the
further qualification of these processes, it is necessary to implement corresponding test facilities to carry out
quality-relevant and cycle-time-specific optimisations using the demanding components of the fuel cells.
Other innovative concepts about fuel cell design with adaptive assembly elements intend to increase the
efficiency of the fuel cell in operation, especially with fluctuating ambient temperatures. These also need to
be further qualified regarding an automated high-rate production.

Furthermore, the economic advantages of remanufacturing the PEMFC as an EOL option are investigated.
The necessary steps to improve the EOL processes and cycle capability of the PEMFC will be analysed.
Another research topic is the standardisation and automation of the PEMFC disassembly process.

References

[1]  United Nations, 2015. Paris Agreement.

[2] Global Carbon Project, 2020. CO2-Emissionen: Grofite Lander nach Anteil am weltweiten CO2-
AusstoB im Jahr 2019 [Graph]. In Statista.
https://de.statista.com/statistik/daten/studie/179260/umfrage/die-zehn-groessten-c02-emittenten-
weltweit/. Accessed 24 September 2021.

[3] Roland Berger GmbH, 2020. Potenziale der Wasserstoff- und Brennstoffzellen-Industrie in Baden-
Wirttemberg.

[4] BMWi, 2020. Nationales Reformprogramm 2020 - Die Nationale Wasserstoffstrategie.

[5] Hydrogen Council, 2017. Hydrogen scaling up: A sustainable pathway for the global energy
transition.

[6] Toyota Europe, 2018. Toyota moves to expand mass-production of fuel cell stacks and hydrogen
tanks towards ten-fold increase post-2020. Toyota Europe, May 24.

[7] Hebling, C., M. Ragwitz, T. Fleiter, U. Groos, D. Hérle, A. Held, M. Jahn, N. Miiller, 2019. Eine
Wasserstoff-Roadmap fiir Deutschland.

[8] Lipman, T.E., Weber, A.Z., 2019. Fuel Cells and Hydrogen Production. Springer New York, New
York, NY.

[9] Jorissen, L., Garche, J., 2017. Wasserstoff und Brennstoffzelle, in: Topler, J., Lehmann, J. (Eds.),
Wasserstoff und Brennstoftzelle. Technologien und Marktperspektiven, 2., aktualisierte und
erweiterte Auflage ed. Springer Vieweg, Berlin.

[10] Kurzweil, P., 2013. Brennstoffzellentechnik. Springer Fachmedien Wiesbaden, Wiesbaden.

80



[11]

[12]

[13]

[17]

[18]

[21]

[22]

[26]
[27]

[28]

Badenhop, T., Schellen, M., 2017. Brennstoffzellen in der Hausenergieversorgung, in: Topler, J.,
Lehmann, J. (Eds.), Wasserstoff und Brennstoffzelle. Technologien und Marktperspektiven, 2.,
aktualisierte und erweiterte Auflage ed. Springer Vieweg, Berlin.

TUV Siid, 2021. PEM-Brennstoffzelle. https://www.tuvsud.com/de-de/indust-re/wasserstoff-
brennstoffzellen-info/brennstoffzellen/pem-brennstoffzelle. Accessed 18 October 2021.

Ahlfs, S., Goudz, A., Streichfuss, M., 2020. Die Brennstoffzelle. Springer Fachmedien Wiesbaden,
Wiesbaden.

Kampker, A., Ayvaz, P., Schon, C., Reims, P., Krieger, G., 2020. Produktion von
Brennstoffzellenkomponenten.

Kampker, A., Ayvaz, P., Schon, C., Reims, P., Krieger, G., 2020. Produktion von
Brennstoffzellensystemen.

Porstmann, Wannemacher, Richter, 2019. Overcoming the Challenges for a Mass Manufacturing
Machine for the Assembly of PEMFC Stacks. Machines 7 (4), 66.

Fowler, D., Gurau, V., Cox, D., 2019. Bridging the Gap between Automated Manufacturing of Fuel
Cell Components and Robotic Assembly of Fuel Cell Stacks. Energies 12 (19), 3604.
Huya-Kouadio, J.M., James, B.D., Houchins, C., 2018. Meeting Cost and Manufacturing
Expectations for Automotive Fuel Cell Bipolar Plates. ECS Trans. 83 (1), 93—109.

Cooper, J.S., 2004. Design analysis of PEMFC bipolar plates considering stack manufacturing and
environment impact.

U.S. Department of Energy, 2015. Fuel Cell Technologies Office: Multi-Year Research,
Development, and Demonstration Plan. 3.5 Manufacturing R&D. U.S. Department of Energy.
https://www.energy.gov/eere/fuelcells/downloads/hydrogen-and-fuel-cell-technologies-office-multi-
year-research-development. Accessed 3 February 2021.

Fraunhofer-Institut fiir Produktionstechnik und Automatisierung IPA, 2022. H2FastCell —
Pilotanlage fiir die Produktion von Brennstoffzellensystemen - Fraunhofer IPA.
https://www.ipa.fraunhofer.de/de/referenzprojekte/H2FastCell.html. Accessed 21 January 2022.
whbk - Institut fiir Produktionstechnik, 2022. Projektbeschreibung EMSigBZ: Entwicklung eines
modularen und skalierbaren Produktionssystems zur Herstellung von Brennstoffzellen-Stacks.
https://www.wbk kit.edu/wbkintern/Forschung/Projekte/EMSigBZ/?site=home. Accessed 21
January 2022.

Bobka, P., Gabriel, F., Romer, M., Engbers, T., Willgeroth, M., Droder, K., 2019. Fast Pick and
Place Stacking System for Thin, Limp and Inhomogeneous Fuel Cell Components, in: Wulfsberg,
J.P., Hintze, W., Behrens, B.-A. (Eds.), Production at the leading edge of technology. Springer
Berlin Heidelberg, Berlin, Heidelberg, pp. 389—399.

Brian D. James, Jennie M. Huya-Kouadio, Cassidy Houchins, Daniel A. DeSantis: Strategic
Analysis, Inc. Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for
Transportation Applications: 2018 Update.

Thompson, S.T., James, B.D., Huya-Kouadio, J.M., Houchins, C., DeSantis, D.A., Ahluwalia, R.,
Wilson, A.R., Kleen, G., Papageorgopoulos, D., 2018. Direct hydrogen fuel cell electric vehicle cost
analysis: System and high-volume manufacturing description, validation, and outlook. Journal of
Power Sources 399, 304-313.

Schiemann, J., Kerlenboom, A., Prause, H.J., Peil, S., 2007. Verwertung von Brennstoffzellen und
deren Peripherie-Systeme.

Ruge, M., Schmid, D., Buechi, F., 2003. Verfahren und Vorrichtung zum Stapeln von
Brennstoffzellen 2003. Accessed 27 January 2021.

Suzuki, H., Yodoshi, N., Tejima, G., Nakashima, T., Akagawa, R., 2005. Fuel cell disassembly
method. Accessed 3 February 2021.

81



[29]

[30]
[31]

[32]

[33]
[34]

[35]

[36]

[41]
[42]
[43]
[44]

[45]

Abuzied, H., Senbel, H., Awad, M., Abbas, A., 2020. A review of advances in design for
disassembly with active disassembly applications. Engineering Science and Technology, an
International Journal 23 (3), 618-624.

Nasr, N., Thurston, M., 2006. Remanufacturing: A Key Enabler to Sustainable Product Systems.
Freiberger, S., 2005. Design for Recycling and Remanufacturing of Fuel Cells, in: Proceedings /
Fourth International Symposium on Environmentally Conscious Design and Inverse Manufacturing.
2005 4th International Symposium on Environmentally Conscious Design and Inverse
Manufacturing, Tokyo, Japan. 12-14 Dec. 2005. Union of EcoDesigners, Tokyo, pp. 466—471.
Hesselbach, J., Herrmann, C., 2011. Glocalized Solutions for Sustainability in Manufacturing.
Springer Berlin Heidelberg, Berlin, Heidelberg.

VDI, 2002. Recyclingorientierte Produktentwicklung. Accessed 11 June 2021.
Kurilova-Palisaitiene, J., Sundin, E., 2014. Challenges and Opportunities of Lean Remanufacturing.
Int. J. Automation Technol. 8 (5), 644-652.

Steinhilper, R., 1999. Produktrecycling: Vielfachnutzen durch Mehrfachnutzung. Fraunhofer-IRB-
Verl., Stuttgart.

Lange, U., 2018. Ressourceneffizienz durch Remanufacturing — Industrielle Aufarbeitung von
Altteilen.

Sundin, E., 2004. Product and process design for successful remanufacturing. Zugl.: Link6ping,
Univ., Diss., 2004. Univ, Linkoping.

Butzer, S., Schétz, S., Steinhilper, R., 2017. Remanufacturing Process Capability Maturity Model.
Procedia Manufacturing 8, 715-722.

Sitcharangsie, S., [jomah, W., Wong, T.C., 2019. Decision makings in key remanufacturing
activities to optimise remanufacturing outcomes: A review. Journal of Cleaner Production 232,
1465-1481.

Liu, C., Zhu, Q., Wei, F., Rao, W., Liu, J., Hu, J., Cai, W., 2019. A review on remanufacturing
assembly management and technology. Int J Adv Manuf Technol 105 (11), 4797-4808.

Golinska, P., Kawa, A., 2011. Remanufacturing in automotive industry: Challenges and limitations.
JIEM 4 (3).

Freiberger, S., 2007. Priif- und Diagnosetechnologien zur Refabrikation von mechatronischen
Systemen aus Fahrzeugen. Zugl.: Bayreuth, Univ., Diss., 2007. Shaker, Aachen.

Simons, A., Bauer, C., 2015. A life-cycle perspective on automotive fuel cells. Applied Energy 157,
884-896.

Wittstock, R., Pehlken, A., Wark, M., 2016. Challenges in Automotive Fuel Cells Recycling.
Recycling 1 (3), 343-364.

Xu, F., Mu, S., Pan, M., 2010. Recycling of membrane electrode assembly of PEMFC by acid
processing. International Journal of Hydrogen Energy 35 (7), 2976-2979.

Biography

Patrick Alexander Schmidt (*1993) M. Sc., is a research fellow in the body in white,
assembly and disassembly department at the Fraunhofer Institute for Machine Tools
and Forming Technology IWU. He has been a research fellow at Fraunhofer IWU
since 02.2020. In 2019, he completed his master's degree in industrial engineering
with a specialisation in mechanical engineering at Chemnitz University. Previously,
he studied industrial engineering at Pforzheim University, with an exchange semester
at the Tecnologico de Monterrey, Mexico. His research areas include PEM fuel cells,
disassembly processes, circular economy, and remanufacturing.

82



	01 paper_370_2
	02 paper_382_1
	03 paper_385_2
	04 paper_338_2
	05 paper_319_1
	06 paper_317_1
	07 paper_374_2
	08 paper_344
	09 paper_320_1
	10 paper_369_1
	11 paper_339_2
	12 paper_328_2
	13 paper_360_1
	14 paper_368_1
	15 paper_333_1
	16 paper_348_2
	17 paper_386_3
	18 paper_326_1
	19 paper_351_3
	20 paper_376_3
	21 paper_384_2
	22 paper_341_2
	23 paper_375_1
	24 paper_400_2
	25 paper_395_1
	26 paper_364_1
	27 paper_318_1
	28 paper_383_2
	29 paper_399_3
	30 paper_332_1
	31 paper_361_1
	32 paper_342_2
	33 paper_314_1
	34 paper_398_2
	References
	.

	35 paper_403_2
	36 paper_350_2
	37 paper_357_2
	38 paper_380_1
	39 paper_334_3
	References

	40 paper_352_1
	41 paper_294_1
	42 paper_315_1
	43 paper_393_1
	44 paper_335_1
	45 paper_324_1
	46 paper_340_2
	47 paper_390_2
	48 paper_394_1
	49 paper_356_1
	50 paper_372_2
	51 paper_389_1
	52 paper_336_2
	53 paper_327_1
	54 paper_381_2
	55 paper_367_1
	56 paper_325_3
	57 paper_377_1
	58 paper_388_1
	59 paper_373_2
	60 paper_353_2
	61 paper_347_1
	62 paper_343_1
	63 paper_365_3
	64 paper_379_2
	65 paper_387_3
	66 paper_355_2
	67 paper_354_1
	68 paper_404_2
	69 paper_349_1
	70 paper_378_1
	71 paper_363_1
	72 paper_346_1
	73 paper_392_1
	74 paper_323_2
	75 paper_371_1
	References

	76 paper_396_3
	77 paper_345_3
	78 paper_359_1
	79 paper_331_1



