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The hydrogen economy is driven by the growing share of renewable energy and electrification of the trans-
portation sector. The essential components of a hydrogen economy are fuel cells and electrolysis systems. The
scarcity of the resources to build these components and the negative environmental impact of their mining re-
quires a circular economy. Concerning disassembly, economical, ergonomic, and safety reasons make a higher
degree of automation necessary.

Our work outlines the challenges and prospects on automated disassembly of fuel cell stacks. This is carried
out by summarizing the state-of-the-art approaches in disassembly and conducting manual non-/destructive
disassembly experiments of end-of-life fuel cell stacks. Based on that, a chemical and mechanical analysis of the
fuel cell components is performed. From this, an automation potential for the disassembly processes is derived
and possible disassembly process routes are modeled. Moreover, recommendations are given regarding disas-
sembly system requirements using a morphological box.

1. Introduction

The enormously high gravimetric energy density of hydrogen makes
it the preferred energy carrier of the future. The energy density of liquid
hydrogen is around three times that of petroleum and diesel (Ziittel
et al., 2010). Due to the fluctuating power supply of renewable energy
and the growing electrification of the transport sector, new energy
carriers are needed (Abbasi and Abbasi, 2011; Manoharan et al., 2019).
For this reason, fuel cell systems and electrolyzers play a great role in a
hydrogen economy (Edwards et al., 2008). With the aid of fuel cells,
hydrogen H, and oxygen O, are converted into water HoO, while an
electrical current flows during the process (Ziittel et al., 2010). There-
fore, fuel cells in combination with gas tanks and electric engines are
being considered as a possible power train for electrification of the
transport and non-transport sector (e.g., agricultural and construction
machinery) (Bernard et al., 2009; Lajunen et al., 2018). Other promising
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applications are (micro) combined heat and power units (CHP). Over
100,000 such units have been installed in Japanese households (Olabi
et al., 2020). With increasing production capacities of fuel cells, the
recovery of the raw materials used will become more important in the
future (Clifford, 2023). The criticality of the raw materials themselves
and a sustainability requirement associated with hydrogen technology
are motivation for the development of an adapted circular economy.
Disassembly is considered the first step in the process chain of the
various circular economy strategies such as recycling, remanufacturing,
or reuse. In order to realize an economic circular economy, disassembly
must be automated in the future. However, expected and required
process steps/tools and challenges in the automated disassembly of fuel
cell stacks still need to be sufficiently discussed. That means a qualitative
overview of the product state (e.g., corrosion, material condition, and
joining techniques) at the end of life (EoL) has to be compiled by con-
ducting manual disassembly experiments. For this, a standardized
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scheme is missing to collect the (practical) product requirements for the
design of robotic disassembly cells. The subsequent examination of the
materials in terms of composition is required to evaluate the effort for
the circularity.

The paper is organized as follows: The following section summarizes
background information on fuel cell technology and the associated raw
material issues (Section 2). Section 3 provides an overview of related
work in terms of disassembly types and techniques. Section 4 clarifies
the materials and methods of this work. Subsequently, the results of the
manual disassembly, component analysis and the automation concept
are presented in Section 5. The discussion of our work is stated in Sec-
tion 6. Finally, Section 7 concludes this paper and gives a brief outlook
on future work in this field.

2. Background

This section provides a brief overview of fuel cell technology,
including the costs of a fuel cell stack, stack structure and aging phe-
nomena of the individual components. Furthermore, an overview of the
raw materials used in fuel cells is provided.

Fuel cell technology

There are various types of fuel cell technologies. However, proton
exchange membrane fuel cell (PEMFC) and solid oxide fuel cell (SOFC)
show a promising prospect for mobile and stationary applications,
respectively (Steele and Heinzel, 2011). PEMFC stacks are commonly
used as energy converters for mobile applications in vehicles. Together
with the peripheral components, also called balance of plant, they
constitute the fuel cell system. According to the cost model of Kampker
et al., the production costs of a PEMFC system at an output quantity of
30,000 systems per year (this is the production capacities announced by
Toyota in 2020) are about 235 EUR/kW (Clifford, 2023). In contrast, the
production costs for SOFC stacks from the Forschungszentrum Jiilich for
stationary applications are estimated by Harboe et al. at 1210 EUR/kW
for a production volume of 25 MW. The stack design of both fuel cell
technologies is illustrated in Fig. 1. The core of the system consists of
stacked cells, which are called fuel cells. Regardless of the fuel cell
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technology, these fuel cell stacks are composed of several cells. Each
individual cell consists of a hydrogen electrode and an oxygen electrode.
Between the electrodes an ion conducting electrolyte layer separates
each reacting space (Kurzweil, 2012). A contact layer adjacent to the
electrodes ensures the distribution of the reactants and reaction prod-
ucts and the conduction of electrons from the catalysts to the current
collector plate (Harboe et al., 2020; Rashapov et al., 2015). This current
collector plate isolates the individual cells from each other and thus
prevents the mixing of the different reaction gases. It also provides the
electrical connection between the various single cells (Taherian, 2014;
Wu and Liu, 2010). Several of the layers mentioned are additionally
coated with a protective layer. Sealings both provide a seal against the
environment and prevent the mixing of the reactants (Fergus, 2005;
Husar et al., 2007). The stack is compressed. End plates at the outer ends
of the stack provide the compression. For adjusting the clamping force
connecting techniques such as tie-rods or band connectors are used (Kim
et al., 2008; Liu et al., 2016).

PEMFCs features the following components: a bipolar plate (BPP)
that operates as a current collector and also induces the fluid flow
through a so-called flow field (Kim et al., 2018), a gas diffusion layer
(GDL) that operates as a contact layer, a catalyst coated membrane
(CCM), another gas diffusion layer followed by the next bipolar plate.
The CCM comprises a proton exchange membrane (PEM) sandwiched
between two catalyst layers (CL). The GDL’s and the CCM constitute the
membrane electrode assembly (MEA). Thereby a PEMFC stack is
composed of the two repeating units, the MEA and the BPP. These
structure, including the sealings, represent a single cell (Schafer et al.,
2021; Song et al., 2022). Depending on the sealing concept, the sealing
can be applied to the BPP or it is a part of the MEA compound. Due to the
comparatively low operating temperature around 80°C compared to
other fuel cell technologies, PEMFCs require the use of catalysts con-
taining noble metals. The catalysts in PEMFCs are therefore preferably
based on platinum group metals (Topler and Lehmann, 0000). The
membrane is made of a polymer, consisting of polytetrafluoroethylene
(PTFE). The thus hygroscopic membrane expands and contracts due to
fluctuations in humidity and temperature. It is therefore often framed in
subgaskets to constrain the dimensional changes of the membrane and
increase mechanical stability (Ma et al., 2022). PEMFC applications
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Fig. 1. Design of a PEMFC and a SOFC from the stack to a single cell.
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generally require adequate performance to be maintained over long
periods. The United State Department of Energy (DOE) has issued a
lifetime target of 8000h for PEMFC stacks for light-duty vehicles and
30.000h for PEMFC stacks for heavy-duty trucks (US Department of
Energy, 2023). The stacks reach the end of their life due to various
degradation phenomena under dynamic and harsh operating conditions.
These conditions include starting and stopping, impurities in the fuel
and air and humidity and dynamic load cycle that result in stresses on
the chemical and mechanical stability of materials and components. Wu
et al. provides an overview of the major failure modes of the different
components in PEMFCs. With regard to the MEA, mechanical and
chemical/electrochemical degradation can lead to so-called pinholes,
resulting in early membrane failure. In the case of the bipolar plate,
corrosion or deformation predominates.

SOFCs, in contrast, are principally constructed using the following
components: An interconnector, an anode contact layer usually in the
form a nickel-mesh, the anode followed by the electrolyte and cathode, a
cathode contact layer usually in the form of a ceramic layer followed by
the next interconnector. Especially the cell layers like anode, electrolyte,
and cathode become one unit by sintering processes. Depending on the
cell design, a metallic or ceramic-based support layer is commonly used
(Maric and Mirshekari, 2021). Each cell is framed by the cell frame. This
structure build the cell frame unit. A sealing, often made of glass ceramic
composites, is placed between each cell frame unit and interconnector
(Harboe et al., 2020; Kennouche et al., 2018). The described assembly
represents one single repeating unit (SRU). SOFC stacks are formed by
many stacked SRUs and are operated at high temperatures between
600°C and 1000°C (Maric and Mirshekari, 2021). This high operating
temperature supports rapid electrocatalysis with non-noble metals
(Stambouli and Traversa, 2002). However, due to the high operating
temperatures, the components of SOFCs require high durability.
Therefore, rare earths are used as SOFC materials because they have
good chemical stability, are resistant to high operating temperatures,
and provide oxide ion conductivity (Li et al., 2020b; Sakai et al., 2005).
SOFC stacks can achieve runtimes of up to 45000 h in stationary ap-
plications (Bosio and Bianchi, 2023). Various aging phenomena such as
voltage degradation, interdiffusion, foreign phase formation, oxidation,
or fracturing can result in reduced cell performance and lead to the
complete failure of the stack (Sarner et al., 2022).

Raw material

Around 30 materials are needed for the production of fuel cells. Since
2011 the European Commission has been publishing a critical raw ma-
terial list (Bobba et al., 2020). For fuel cells, the materials cobalt,
magnesium, REEs, platinum, palladium, borates, silicon metal, rhodium,
ruthenium, graphite, lithium, titanium, and vanadium are identified as

Resources, Conservation & Recycling Advances 19 (2023) 200172

critical in terms of supply risk, deposits, and economic importance
(Bobba et al., 2020). Therefore, circular economy approaches are
needed to close the loop of material consumption. In this context, several
circularity strategies can be applied at different phases of the product
life cycle. They can be divided into three categories (Potting et al.,
2017): (1) smarter product use and manufacture, (2) extended lifespan
of the product and its parts, and (3) useful application of materials.
Disassembly is essential for implementing the most relevant circular
economy strategies, especially at the end-of-life phase for remanu-
facturing, repurposing, and recycling (Gloser-Chahoud et al., 2021).
Figure 2 illustrates the product flow through a circular economy.

3. Related work

In this section, a brief overview is given about the related work. In
doing so, publications regarding the general disassembly types and
techniques for automated disassembly approaches are summarized.

3.1. Disassembly types

Several publications dealt with disassembly in the last years.
Thereby, four main research fields can be distinguished (Gloser-Cha-
houd et al., 2021; Laili et al., 2020). These are disassembly planning
(DP), disassembly sequencing (DS), disassembly line balancing (DLB),
and disassembly techniques (DTs). DP deals with forecasts to make de-
cisions considering the quantity, timing, quality, and location of returns
(O’Shea et al., 1998). Dealing with the uncertainties in the mentioned
parameters represents a significant challenge to plan the needed ca-
pacities and evaluate the economic efficiency of the disassembly and the
subsequent processes needed for implementing the appropriate circular
economy strategy (Jin, 2016). DS is a prominent research field in the
context of disassembly. It deals with determining the optimal disas-
sembly sequence of a given product and is not only relevant for auto-
mated disassembly solutions (Gungor and Gupta, 1998; Vongbunyong
et al., 2015). Ke et al. showed that the disassembly time could be
reduced by more than 10% using disassembly sequencing methods in
manual disassembly operations. A field study of Rosenberg et al. assesses
the disassembly time of a battery system of a hybrid electric vehicle.
Their results indicate an approximate time of 22 min. Wegener et al.
neglected the disassembly time, which is essential for an economic
assessment (Lander et al., 2021). However, Rallo et al. considered the
disassembly time in terms of reusing battery systems to show the eco-
nomic feasibility. DLB deals with assigning disassembly tasks to
different workstations in a disassembly line. In literature, several DTs
can be found. According to Baazouzi et al., the mechanical system of a
disassembly station consists of three main components. These are ma-
nipulators such as robot arms, tools to carry out the disassembly
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Fig. 2. The disassembly as key technology to implement circular economy solutions, adapted from Gloser-Chahoud et al. (2021).
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operations, and handling devices.

Disassembly can be carried out using several modes, compare
Table 1. Regarding the disassembly depth, complete and incomplete
disassembly can be distinguished. The complete disassembly can be
limited to removing all subassemblies but can involve further dis-
assembling. However, incomplete disassembly includes the removal of
specific components only. Here, there are different methods for selecting
the parts. A direct selection of target parts (high value or high impact
parts) can be used (Ren et al., 2017). In addition, the optimal disas-
sembly depth can be the result of a single (Go et al., 2012; Yeh, 2011) or
multi-objective (Alfaro-Algaba and Ramirez, 2020; Ren et al., 2020; Wu
et al., 2022; Yu-fei and Qiang, 2016) optimization.

Moreover, disassembly methods can be divided into non-destructive,
semi-destructive, and destructive methods. The non-destructive disas-
sembly is the most challenging, as all joining techniques must be de-
tached without destruction. This can be very time-consuming and
involves the use of many tools. Non-destructive disassembly can be
profitable if the components are subjected to high-quality circular
economy strategies such as remanufacturing. Semi-destructive disas-
sembly takes place when the joining elements (screws) and/or selected
parts (plastic components that must be recycled) are removed destruc-
tively, using, for instance, cutting and milling tools (Hjorth and Chrys-
ostomou, 2022; Nave, 2003).

Depending on the number of manipulators used, disassembly can be
performed either sequential when the components are removed one by
one or in parallel if more than one part can be disassembled simulta-
neously (Zhou et al., 2019). In Ren et al. (2018), two types of parallel
disassembly are mentioned: synchronous parallel disassembly, where all
manipulators start new tasks simultaneously, and asynchronous parallel
disassembly, where manipulators can start the next assigned task
immediately after finishing the previous task.

Currently, the disassembly of complex products such as electric
vehicle batteries is carried out manually, leading to a bottleneck in
processing products at the end-of-life phase (Yun et al., 2018). More-
over, the disassembly of fuel cells poses safety risks to human workers.
For these reasons, the automation level of partially or fully automated
solutions is essential to push future circular economy solutions for fuel
cells.

The selection of the disassembly mode depends on the product
design, the state of the components, and the materials used. Besides, it
affects the economic and environmental performance of the disassembly
process. Therefore, conducting manual disassembly experiments of end-
of-life fuel cell stacks is essential to determine the appropriate disas-
sembly modes for these products, find out the challenges and perspec-
tives on automated disassembly of fuel cell stacks, and derive the
automation potential for the disassembly process. In Wittstock et al.
(2016) the challenges in automotive fuel cell recycling have been dis-
cussed. However, there are still gaps regarding potential solutions for
automated disassembly of fuel cell stacks and the associated practical
challenges.

Resources, Conservation & Recycling Advances 19 (2023) 200172
3.2. Disassembly techniques

As was mentioned in the previous section, several works dealt with
techniques to automate the disassembly. Recent research activities
consider products such as motor engines, battery systems from electric
vehicles, laptops, hard disk drives, automotive water pumps, and tur-
bochargers (Bdiwi et al., 2016; Choux et al.,, 2021; DiFilippo and
Jouaneh, 2017; Gerbers et al., 2016; 2018; Huang et al., 2020; Klas et al.,
2021; Li et al., 2020a; Rastegarpanah et al., 2021; Schmitt et al., 2011;
Wegener et al., 2015; Weyrich and Wang, 2013; Zorn et al., 2022).
Additional research activities have also been conducted in the
1990s/2000s. These research activities has covered products such as car
wheels (Biiker et al., 2001), washing machines (Seliger et al., 2001),
electric motors (Karlsson and Jarrhed, 2000), air conditioner and
washing machines (Uchiyama et al., 1999), Televisions (Nave, 2003;
Scholz-Reiter et al., 1999), printed circuit board (PCB) (Knoth et al.,
2002), personal computer (PC) (Hohm et al., 2000) and car components
(Knackfuss and Schmidt, 1996). The main processes studied are detec-
tion using (3D/2D) sensors to localize and/or correct position, handling
components, and separation of joining techniques. In these works, fully
automated (Biiker et al., 2001; Feldmann et al., 1999; Knackfuss and
Schmidt, 1996; Nave, 2003; Scholz-Reiter et al., 1999) and partially
automated disassembly approaches (Hohm et al., 2000; Karlsson and
Jarrhed, 2000; Knoth et al., 2002; Seliger et al., 2001; Uchiyama et al.,
1999) are proposed. However, the studies attempt to have relatively big,
stiff, and non-porous components. Opposing properties are requirements
for fuel cell stacks disassembly. The existing principles and approaches
for localization and handling in (dis)assembly literature could help to
develop an automated robot-based disassembly cell. In terms of manual
disassembly Kroll et al. presented a methodology to evaluate the ease of
manual disassembly. However, this methodology neglected automated
robotic cells’ requirements and design aspects for disassembly. Wald-
mann et al. presented an overview of state-of-the-art methods for dis-
assembling aged Li-ion battery cells. Battery cells are comparable to fuel
cells due to their layered structure. Challenges for disassembly are
identified, and requirements for the disassembly process and disas-
sembly tools are made. However, no implementation of automated
disassembly is proposed. A highly experienced experimenter using the
appropriate equipment for cell opening is mandatory. Marshall et al.
also provide a method for manual disassembly of battery cells. Ac-
cording to the authors, automation is necessary and would allow this
process to be scaled up. Comprehensive overviews of automated disas-
sembly are given in Poschmann et al. (2020), Meng et al. (2022), where
Meng et al. considers artificial intelligence approaches. Most of these
approaches pursue robot-based automation for disassembly, where
typical process steps include localization of joining such as screw (Bdiwi
et al., 2016; DiFilippo and Jouaneh, 2017), unfastening screws, (DiFi-
lippo and Jouaneh, 2017; Gerbers et al., 2016; Li et al., 2020a; Nave,
2003), unfastening nuts (Rastegarpanah et al., 2021) and handling (Klas
et al., 2021; Schmitt et al., 2011). Works like (Choux et al., 2021;
Weyrich and Wang, 2013; Zorn et al., 2022) propagate a computer
version-based approach for the localization, also serving as a base for the

Table 1
Overview of the possible disassembly modes, inspired by Zhou et al. (2019), Vongbunyong et al. (2015).
Disassembly Alternative
mode
Disassembly Complete part Complete, subassembly level ~ Incomplete, selective Incomplete, selective Incomplete, Incomplete,
depth level high value strategy high impact strategy unrestricted single unrestricted multi-
objective objective
Disassembly Non- Semi-destructive: joining Semi-destructive: joining components and selected Destructive disassembly
method destructive components parts
Disassembly Sequential Parallel Parallel asynchronous
sequence
Automation Manual Partially automated: Human Partially automated: No collaboration Fully automated

level machine collaboration
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disassembly task planning. Wegener et al., Gerbers et al., Huang et al., Li
et al. propose a Human-Robot-Collaboration for the disassembly. Major
drawbacks of those approaches are the single process focus without deep
product EoL conditions, the missing highlights about possibly recover-
able materials, and the systematic design of an automated flexible
disassembly robot cell.

4. Materials and methods

In this section, the manual disassembly, which serves as input for
automation concept and the disassembled samples are introduced.
Additionally, the chemical analyses are outlined. Figure 3 summarizes
the structure of this work.

4.1. Manual disassembly

The analysis of the manual disassembly has been carried out similar
to Wegener et al.. In Wegener et al. only the following aspects have been
documented during the disassembly: disassembly sequence, disassembly
step, and required tools. However, this work extended the list by
essential properties and derived automation aspects regarding the future
conception and implementation of an automated disassembly solution,
compare Table 2. These aspects serve as starting point for the applica-
tion of VDI2221 for the design of technical products and systems
(VDI2221, 2019).

4.2. Disassembled samples

The manually conducted disassembly experiments included three
fuel cell stacks. The external appearance shows signs of use. The stack’s
physical characteristics and operating conditions are given in Table 3.
The two PEMFC stacks are complete, including the two end plates and
compression elements such as tie rods. One of the two stacks also con-
tains connections on the upper-end plate for the supply and removal of
reactants and products. In both PEMFC stacks, the sealing concept
provides the sealing to be part of the MEA compound. The SOFC stack is
a short-stack and was developed and manufactured by the For-
schungszentrum Jiilich. It contains the lower end plate and five stacked
cells without compression elements and media connections. All stacks
investigated were in operation, showed signs of aging and have been
used at a research facility. The disassembled sample stacks represent the
basic product structure of PEMFC and SOFC stacks, compare also (Kim
et al., 2008).

4.3. Analysis methods of disassembled components

The analysis of MEAs’ composition and structure was carried out
with the help of Scanning Electron Microscopy with Energy-dispersive
X-Ray Spectroscopy (SEM/EDS) using Philips XL30 SEM with EDAX-
EDS (Philips FEI Deutschland GmbH, Germany) with an accelerating
voltage of 20kV. The structure of MEA was analyzed on the sample cross-
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Table 2
The acquired properties and the associated derived aspects for automation.

Component property Derived automation aspect

Material stiffness (yes/no) Gripper principle
Magnetic (yes/no) Gripper principle
load m / kg robot payload & Gripper property
Dimensions [ x h x w / mm Gripper property

Required disassembly tool

Required disassembly tool

Expected cycle time

Robot numbers, required disassembly tool
peripheral components

Joining technology
Reversibility (yes/no)
Approximate time t / s
Required number of hands

Table 3
The sample overview of the manual disassembly.
Description Stack 1 Stack 2 Stack 3
O .
Type PEMFC PEMFC SOFC
Dimension I x w x h / 278 x 130 x 570 x 180 x 370 x 225 x 50
mm 164 250
Cell numbers 40 120 5
Active surface a x b / 154 x 92 202 x 110 200 x 200
mm
load m / kg ~ 10 ~ 35 ~ 17
Assembly year N/A 2004 N/A
Operating hours t / h 4000 550 550

sections revealing the thickness of each layer, such as GDL, electrode,
and membrane. The composition of electrodes was estimated on the
untreated electrode material free of GDL residuals. For the purpose of
composition estimation, the spectrum from each electrode side via area
scan (surface size > 500um?) was collected. For analysing the compo-
sition of end plates and bipolar plates FT-IR spectroscopy (Nicolet 5
Thermo Fisher Scientific Inc., United States) was used. The two different
analysis methods must be chosen because massive components such as
the end plates and bipolar plates are too large for other methods. In
contrast, the MEA can be cut to small sample sizes. An analysis of the
structure, the components and the materials of the SOFC stack of the
Forschungszentrum Jiilich is already presented in Harboe et al. (2020).

5. Results

In this section, the results of the manual disassembly are summa-
rized. The encountered challenges regarding an automated solution are
highlighted. Furthermore, the chemical analysis and conception for an
automated approach are presented.
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Table 6
The disassembly steps of stack 3.
N2  Disassembly step Required Stiffness Magnetic ~ Mass Dimensions [ x Joining Reversibility =~ Approx. Required
tools (yes/no) m/g hxw/mm technology Timet/s number of
hands
1 Disconnect interconnector Hammer Yes Yes 1450 3700 x 2250 Joining by No 8 2
from frame by breaking glass and chisel annealing
ceramic sealing
2 Disconnect frame from Hammer Yes Yes 947 3700 x 2250 Joining by No 8 2
second interconnector by and chisel annealing
breaking glass ceramic
sealing
3 Breaking the porous cell out Hammer Yes Yes 240 200 x 200 Joining by No 5 1
of frame sintering and
annealing
4 Disconnect nickel mesh from Hammer Yes Yes - 195 x 225 Spot welding No >100 2
interconnector by breaking and chisel
spot welds
5 repetition of steps 1 to 4, depends on the number of cells
5.1. Analysis of the disassembly steps
Table 8
. . R The SOFC-specific challenges.
The described stacks were disassembled manually. The individual P 8
disassembly steps are documented in Tables 4, 5 and 6. Furthermore, the Challenge Reference  Geometric ~ Corrosion  Joining  Material
tools used for each disassembly step were specified. The disassembled Welded joints (e. See Fig. 9 v v
parts were analyzed in terms of dimension, mass, magnetic properties, 8., nickel mesh)
and stiffness. Porous and brittle See v v
materials Fig. 10
Solid annealed See Fig. 1 v v

5.2. Challenges in disassembly

This section gives a common and type-specific overview of meeting
challenges in the disassembly of PEMFC and SOFC. The major PEMFC-
specific challenges are presented in Tables 7.

The SOFC related challenges are listed in Tables 8. Both systems are
sharing common challenges, which are summarized in Table 9. All
challenges are classified in the respective tables according to the critical
aspects regarding geometric issues, corrosion, joining techniques, and
material. In general, fuel cell technology can be considered a new
technology for large-scale applications. The considered fuel cells show a
variety in terms of geometry, materials, and weights. This is also
consistent with previous literature such as (Song et al., 2022), where a
comprehensive review on assembly techniques has been carried out.

5.2.1. Selected specific challenges in disassembly of PEMFC

The mechanical analysis outlines specific challenges regarding the
disassembly steps and their requirements. Therefore, certain important
steps are selected and comprehensively described. Special emphasis was
placed on challenges in manufacturing technology. Figure 4 shows the
end plate of stack 1, where a paste partially covers the nuts. The thread-
nut connection is made on both end plates to the outside. Accordingly,

Table 7
The PEMFC-specific challenges.
Challenge Reference Geometric ~ Corrosion  Joining  Material
Compressed See Fig. 6 v v
stacks
(extension
during
disassembly)
Limp/flexible See Fig. 8 v
components
Higher process See v v
forces during Section
destacking (due 5.2.1
to adhesive-
bonded sealing)
Clamping of the See v
stack for Section
disassembly 5.2.1

sealing (entire
stack baked
together)

the paste is applied to both thread-nut connections. The paste only
partially protects the nuts and seems to be eroded through the operation
time.

As shown in Fig. 5 the nuts of stack 2 are covered by plastic caps.
Furthermore, every joining technology is fixed by an additional lock nut.
The incomplete covering of the entire joint probably led to the corroded
nuts. Consequently, two aspects have to be considered during the
automated disassembly. Firstly, computer vision systems have to be
capable of detecting covered nuts. Secondly, nuts and other joining
techniques are subject to environmental and process influences (in terms
of fuel cell: hydrogen corrosion), which may lead to different disas-
sembly behaviors.

The fuel cell stacks are typically compressed during the assembly to
achieve high energy density per square measure (Song et al., 2022). For
this reason, it is expected that the compression is saved and will be
converted into a length extension of stacks, compare Fig. 6. The length
extension depends on the pre-load of the manufacturing process and the
pre-load loss. Table 10 presents the quantitative extension of the
considered PEMFC stacks. The tests also showed that single cells adhere
to each other, which can subsequently lead to unexpected separation
during the handling process.

An automated disassembly approach may have to consider positional
changes during the disassembly process. Specifically, in case of the
disassembly of nuts, strategies are required to prevent jamming of the
stack (see Fig. 7), which could lead to an increasing loosening torque.
Besides the disassembly of the nut itself, another important aspect is the
handling of the nuts and the threaded rod.

Various sealing concepts and materials are used in PEMFC, as shown
by Ye and Zhan (2013) and Stahl et al. (2015). The seal is exposed to
chemical, thermal and mechanical environments. Critical parameters
that accelerate seal aging can include temperature, pressure, and rela-
tive humidity. These conditions can cause the seals to bond to the sub-
strate at the EoL of the stacks (Dillard et al., 2004). Kommling analyses
the ageing of seals. These include typical sealing materials used in
PEMFC stacks. Due to chemical ageing of the seal by the critical
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Table 9
The joint challenges of SOFC and PEMFC.
Challenge Reference Geometric ~ Corrosion  Joining  Material
Worn & rusted See Fig. 5 v v
connections
Different See v v
component Tables 4-6
thicknesses
Non-unified See v
stack design Kampker
etal. (2023)
Hazard See Férriz v
materials (e. etal. (2019)
g., Nickel base
oxide is
classified as
carcinogenic
Low quantity of See v v v
manufactured Clifford
and EoL stacks (2023)
Jamming of the See Fig. 7 v
different
layers through
tie rods
Insufficient data Schiemann v v v v
at disassembly  etal. (2007)
step (health
status,
degradation,
operating
time)
Difficult See Fig. 12 v v
accessibility of
joints due to
small
component
distance
Material-specific ~ See Wu v v
separation (e. etal. (2008)

g. degradation
phenomena)

parameters mentioned above, chain fission reactions can occur in the
polymers. These affect the macroscopic properties of the seal and cause
it to become adhesive. As a result, BPP and MEA can adhere and must be
separated during disassembly. Together with low component thick-
nesses and component distances of BPP and MEA, this poses a further
challenge during disassembly. Due to the low component thicknesses,
especially of the bipolar plate, there is also the challenge of clamping the
stack during non-destructive disassembly without damaging the edges.
In terms of material stiffness the MEA of stack 1 challenging for handling
due to non-stiff flexible behavior, compare Figure 8. In Stack 2, a sup-
porting frame holds the MEA, making handling easier.
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As documented in Tables 4 and 5 both stacks have different di-
mensions. Due to the non-standardized market regarding fuel cell size,
geometric variation can be expected during the disassembly of fuel cells.

5.2.2. Selected specific challenges in disassembly of SOFC

Specific challenges for disassembly have been observed with respect
to SOFC. The challenges as well as requirements for the disassembly
process are described as follows. A sealing is used to guarantee the
tightness of the stack. The sealing prevents the mixing of the process
gases. Due to the high operating temperatures and demanding condi-
tions, the sealing must be chemically and physically stable (Sabato et al.,
2016). Glass ceramic is therefore used. The solid sealing, which is firmly
attached to the frame and interconnector, must be cut open during
disassembly before the individual components can be destacked.
Figure 9 shows the manual breaking of the sealing using a hammer and
chisel. For this purpose, a force is applied to the sealing between the
interconnector and the frame. In the case of automated disassembly, this
requires the sealing to be detected and the tool to be precisely fed into
position.

Another challenge in the disassembly of SOFC stacks is the porosity
of the cell. During the operation of the stack or when the sealing is cut
during disassembly, the cell can fracture. Thus, the cell frame unit can
no longer be destacked as a coherent component. The broken fragments
of the cell must be handled separately. A suction of smaller fragments
and particles is conceivable during disassembly. Fragments and particles
could also lead to a contamination of the gripper. Figure 10 shows the
broken cell of a cell frame unit of the stack. Smaller fragments of the cell
are still connected to the frame. Nickel meshes are used as the anode
contact layer. To achieve contact between the nickel mesh and the
interconnector, the meshes are spot-welded. The non-destructive sepa-
ration of the nickel meshes from the interconnector poses therefore a
challenge due to the many welded joints (Fig. 11). A further challenge is
the difficult accessibility of joints due to small component distance
(Fig. 12). This makes it difficult to insert a cutting tool and increases the
risk of damage to the components during disassembly.

5.3. Analysis of material composition

The disassembled components have been examined for structure and
composition. The SEM analysis of the cross-section of the MEA (stack 1)
shows the layered structure and allows determining the thicknesses of
the layer, compare Fig. 13. In the center of the MEA, the membrane
(30-50 pm) can be seen, which is coated with the electrodes (~10 ym
and ~19 um, respectively). The elements C, O, F and S are indicated by
determining the composition with an EDS analysis, which can be
assigned to the membrane material perfluorosulfonic acid (PFSA). Ac-
cording to the literature (Kurzweil, 2012), it is the most commonly used
material for membranes, e.g., under the brand name Nafion.

par. covered

Fig. 4. The partially covered nuts of stack 1.
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Uncovered

Fig. 6. The length extension on the right-hand side of stack 1 while unfastening
the nuts.

Table 10
The quantitative extension of the stacks.

Stack Original length [, / mm  Extended length [, / mm  Increase i, / %
Stack 1 164 177 7.93
Stack 2 570 577 1.22

For a composition analysis of the electrodes, the GDL had to be
removed manually. Then the revealed surface could be analyzed by EDS.
The results show that one electrode uses only platinum as a catalyst,
whereas the other side also contains ruthenium. In comparison with the
literature (Auer et al., 1998; Kurzweil, 2012), the side containing
ruthenium can be assigned to the fuel gas electrode (anode), since
ruthenium is used to prevent CO poisoning of the catalyst. GDLs are
applied to both sides of the electrodes (~250 pym and ~220 pm,
respectively), whereby a microporous layer (MPL) can also be seen to-
wards the electrode. EDS analysis shows that the carbon fibers of the
GDL are treated with polytetrafluoroethylene (PTFE).

The MEA of stack 2 has the same structure as the one just described.
Differences can only be found in the composition of the electrodes. The
electrodes do not contain ruthenium as a catalyst, instead both elec-
trodes use only platinum as a catalyst according to EDS analysis. This
makes an identification of the electrodes not possible.

Furthermore, the composition of the flow fields was determined by
EDS. Both are made of a metal foam, whereby one consists mainly of
nickel and has a core of aluminum. The other consists mainly of

Fig. 7. Unstacking the PEMFC Stack.

chromium. In the literature, nickel is reported chiefly as the material for
metal foam flow fields (Kim et al., 2018). The analysis of the other
components with the FT-IR measurement showed that the bipolar plates
of both stacks were made of stainless steel with the alloy elements
chrome, nickel, and molybdenum. Especially the bipolar plate of stack 2
is similar in composition to the frequently used stainless steel 316, which
is mentioned in the literature as a material for bipolar plates (Xiao Zi
et al., 2005). The end plate of stack 1 is made of a phenolic resin; the end
plate of stack 2 has an aluminum core coated with zinc.

5.4. Prospects on automated disassembly concept

Several aspects have been taken into account regarding automated
disassembly. Based on the manual disassembly experiments, process
routes and a morphological box has been developed for the future design
of the automatic cell. Table 11 presents the proposed concept (with two
possible solutions) of the automated disassembly. Due to the low
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Fig. 8. The flexible behavior of Stack 1.

Chisel — ‘

Frame: located below the connection

Interconnector

Fig. 9. Breaking the glass ceramic sealant (SOFC Stack from Forschungszentrum Jiilich).

expected and practical found weight, a lightweight robot (up to 10 kg)
can be used for the disassembly process. Also the weight of the tools,
Human-Robot-Collaboration should consider that carcinogenic mate-
rials are used in fuel cells. Therefore, an exhaust system is suggested to
reduce Aerosol. The number of robots can be limited to one robot by
utilizing external fixation devices in case of screw/nut spinning. Artic-
ulated robots offer flexibility in terms of different geometric and process-
specific requirements. The different sizes of end plates/fuel cell stacks
require flexibility in placing and the subsequent fixation. T-slot and hole
pattern work tables provide this flexibility. A manual feed process is
suggested based on the current low expected lot size. Although pneu-
matic screwdrivers are inexpensive to purchase, they are not economical
due to energy losses during operation. However, in manual disassembly,
they are used to dissemble fasteners. The handling can be conducted by
using one or two gripper principles e.g., magnetic/clamping for the
magnetic components. However, our manual disassembly also showed
non-magnetic components. Therefore, a second gripper principle, such
as suction, is suggested to deal with different requirements. The
compensation of positional errors and force-sensitive disassembly could
be realized using a force control approach. In the case of disassembly for
non-remanufacturing purposes, the position control of the robot is
sufficient.

The disassembly process routes of PEMFC and SOFC stacks were
developed based on the stack designs of the stacks investigated in this
work. In Fig. 14a and b, respectively, the process routes are presented.
No specific separation methods are specified here. However, possible
specific separation methods are given in the following section with
reference to DIN 8580 and DIN/TS 54405 (DIN8580, 2020;
DIN/TS54405, 2020). The aim of disassembly is to achieve the most
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material-specific separation of the process input possible.

For the process route of PEMFC stacks an entire PEMFC stack without
BoP components is considered as process input. The first step is to
disassemble the tensioning system. This process step requires the stack
to be compressed because a mechanical stress of several kN is applied to
the stack. The tensioning system can be disassembled by unscrewing
(3.5.3.1 - DIN8580) the nuts and extracting (3.5.1.4 - DIN8580) the tie
rods. Nuts and possibly existing disc springs as well as tie rods are sorted
and stored separately. The compression can be released afterwards.
Depending on the degree of degradation of the tie rods with regard to
corrosion, it may be necessary to extracting the tie rods only after the
cell units have been destacked, since they cannot be extracted before-
hand. Depending on the stack design and concept of the tensioning
system, for example tensioning bands instead of tie rods, other cutting
methods such as 3.1.1 Shear cutting, 3.1.2 Knife cutting or 3.2
Machining with geometrically determined cutting edges according to
DIN 8580 must be used. Depending on the stack design and other
influencing factors still to be investigated, the individual components of
the cell units BPP and MEA can adhere to each other at the end-of-life of
a stack. This influences the destacking of these components. There are
two scenarios that can be adopted. In scenario 1, the components adhere
to each other only marginally. This allows BPP and MEA to be destacked
while the top component is gripped and the lower components or the
remaining stack are fixed. In scenario 2, the components adhere strongly
to each other. This makes a separation process mandatory. Possible
separation processes for this are processes according to DIN/TS 54405.
Since the MEA is a composite of different subcomponents and materials,
this composite has to be further disassembled into GDL, CCM and
Sealing by applying additional separation processes. In Fig. 14b an
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Cell layer compound ——

Frame

Fig. 10. Broken cell layer compound of a repeat unit of SOFC Stack (SOFC Stack from Forschungszentrum Jiilich).

<— Interconnector

.
\

Spot-welded Nickel-meshes

Disconnected spot welds

Chisel

Fig. 11. Disconnecting the spot welds of the nickel mesh (SOFC Stack from Forschungszentrum Jiilich).

entire SOFC stack without BoP as process input is also considered. The
disassembly of the tensioning system can be applied analogously to
PEMEFC. Differences occur during the destacking of the stack: Due to the
solid sealing material in SOFC stacks, a separation step is mandatory. In
this case, the joining connection must be broken. During this separation
step, fragments of the brittle sealing may occur. These need to be suc-
tioned off (3.6.3.3 - DIN 8580). While separating the interconnector and
the cell frame unit by breaking the sealing, cracks and even fractures
may occur in the cell due to its brittle properties. The fragments of the
cell must be removed separately during disassembly, as they are highly
relevant for further recycling due to the rare earths they contain. Similar
to the MEA of the PEMFC stack, the cell frame unit consists of various

11

subcomponents. This composite must be further subdivided into
material-specific components by means of further separation processes.
This also applies to the composite of interconnector and nickel mesh,
which is joined by spot welding.

6. Discussion

The aspect of corroded joining technologies such as screws in the
disassembly of fuel cells corresponds with previous works of Apley et al.,
Biiker et al., Harper et al., which considered the disassembly of elec-
tronic devices, battery systems from automotive applications, and
wheels of cars. Besides the environmental influence on the joining
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Fig. 12. Small component distance (SOFC Stack from Forschungszentrum Jiilich).

Det WD
BSE 10.0

AccV  Spot Magn
20.0 KV 3.0 100x

—

200 pm

Fig. 13. Cross section of MEA of stack 1.

Table 11
The developed morphological box (including solution 1 — and solution 2 —) for an automated disassembly of fuel cell stacks.
Part Alternatives
System Human-Robot- — Lightweight Industrial robot
COW robot
Number of robots | =T 2 3
: Articum‘% Portal Delta Cable
Robot type | -0 -
robots--...... [Tobet____ | robot robot
Work table Standard [ -Slat, [ Hole pattern
Feeding Assembly line ‘Ro_ll__cgm@mrs—————J Manual
Screw driver Hleetiic ———— Pneumatic
. Magnetiefirre T Clamping Finger grip-
Gripper : Vacuum suc- aripper per
Sensors ~“Force-Torque 1011‘ Visual 1 Position

technology, it should be considered that the interacting media inside
fuel cell stacks (hydrogen, oxygen, and water) favor a corrosive behavior
in case of leakage.

The considered fuel cell stacks do not include new designs such as
(Bosch GmbH, 2022), where additional strapping is used to tighten the
entire stack. This means that additional disassembly steps and processes
have to be considered. Furthermore, individual cells or components such
as seals can attach to each other at the end-of-life of the stacks, which
requires an additional separation process. The analysis of the factors
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influencing adhesion and the development of suitable separation pro-
cesses must be considered in the future. It is also necessary to investigate
how individual components such as the MEA or the cell frame unit can
be further mechanically separated on a material-specific basis. Since
disassembly is only the first step in realizing a circular economy for fuel
cells, further recycling steps up to material recovery and other circular
economy strategies such as reuse or remanufacturing of components
must be researched.

The gained information based on manual experiments, composition
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Fig. 14. Disassembly process of PEMFC stack (a) and disassembly process of SOFC stack (b).

analysis and the automation concept serves as basis for product im-
provements in terms of design for disassembly, which could accelerate
future disassembly of fuel cell stacks. Due to non-existent standardiza-
tion, the stack structure and material composition vary depending on the
stack and component design.

7. Conclusions and future work

The present research aimed to examine the challenges and prospects
of automated disassembly of fuel cells for a circular economy. Therefore,
manual disassembly experiments have been carried out using three
samples. A material analysis has been conducted to underline the sig-
nificance of the circular economy approaches. Furthermore, from there,
the following essential aspects can be derived:

e A small lot size and quantity makes the automated disassembly of
fuel cells challenging in terms of technological and economical
aspects.

e An automated disassembly of fuel cells should take into account
combination between destructive and non-destructive methods.

e High system flexibility is required in terms of sizes, payloads, ma-
terial property and product state.

e A robot-based cell serves as flexible solution for the disassembly of
the stacks, specific aspects could be handled by external peripheral
devices.

e From the material perspective, the catalyst (in our dissembled sam-
ples consisting of platinum) is the most valuable fuel cell material
and should be recovered in a high rate.

Future works should investigate a further material-specific separa-
tion of the disassembled components. Therefore, the separation of the
MEA of the PEMFC as well as the composite of interconnector and nickel
mesh and the composite of frame and cell of the SOFC should be
considered and automated processes must be developed. For dis-
connecting the spot welds of the nickel mesh, laser-based technology
such as laser cutting should be considered. Closing the cycle requires a
subsequent classification of the disassembled components with regard to
their suitability for reuse, remanufacturing or recycling. In general, a
comparison of disassembly time, per-unit disassembly costs, and overall
equipment investment costs between manual disassembly and manual
disassembly must be made. Finally, technologies for the above-
mentioned paths must be developed for the individual components
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and materials.
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