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Cycle Assessment (LCA).

Currently, higher shares of renewable electricity are promoted to reduce global Greenhouse Gas (GHG) emissions
and decarbonize the energy sector. Electrolysis can help their integration into the grid but also for energy vector

In this context, Protonic Ceramic Electrolysis Cells (PCEC) are considered a promising clean energy technol-
ogy. The ARCADE project focused on developing a cost-effective metal supported Protonic Ceramic Cell (PCC)
reactor. Its environmental performance is compared to an existing Solid Oxide Electrolysis Cell (SOEC) using Life

Results show that the faradaic efficiency heavily influences a PCC’s environmental performance while
manufacturing has minimal impact except for potential human health concerns from metal use. To get more
detailed results, further studies on PCC performance, degradation and effect of scaling up from single cells to
larger systems are needed but, already at the current state, PCCs show potential for clean energy.

1. Introduction

As the world’s economy grows and energy consumption rises,
renewable energy sources are seen as a potential solution to nevertheless
decrease Greenhouse Gas (GHG) emissions. However, the intermittent
nature and unpredictability of these sources pose challenges for grid
stability. To address these issues, new technologies are needed to bal-
ance electricity production with storage and consumption, as well as
producing chemical compounds for the hard to abate sectors [1].
Examining the available options, the electrochemical route and notably
high temperature electrolysis (HTE) seems to be one of the most
promising.

Solid Oxide Electrolysis Cells (SOEC) are one of the technologies
belonging to this class. Steam is fed at the cathode side where it is split
up into Hy and oxygen ions 0%~ which migrate through the electrolyte to
the anode where they are oxidized to molecular oxygen (O2) [2]. These
cells typically operate at temperatures between 600 and 850 °C [3] and
they are currently already commercially available with a Technological
Readiness Level (TRL) of 7-8.

Besides SOEC, Protonic Ceramic Cells (PCC) gain significant attrac-
tion due to their cost-effectiveness and proton conductivity at moderate

* Corresponding author.
E-mail address: Julian.Dailly@eifer.org (J. Dailly).

https://doi.org/10.1016/j.ijhydene.2024.10.221

temperatures, between 400 and 600 °C [4]. For these, the charge car-
riers are protons (H™): the inflow of steam and air is at the anode side
with HyO being split into molecular oxygen, electrons and protons
which migrate through the electrolyte toward the fuel electrode where
they react with electrons into molecular hydrogen [5].

Due to the low TRL (3-4), the research is primarily concentrated on
material-specific, single-cell investigations, with scant references linked
to stack and especially system performance assessment [6].

SOEC and PCEC differ in materials used, cell pH-environment and
operating temperature among other parameters. PCEC need less elec-
trical energy per unit of hydrogen, with demonstrated efficiencies 14%
higher than proton exchange membrane systems at high current density
due to heat recuperation [7]. Synergies with other chemical synthesis
processes can also be achieved [8].

However, the operation at elevated temperatures for both SOEC and
PCEC leads to faster material degradation than for PEM, decreasing the
cell’s efficiency and thereby its hydrogen output per unit of electricity
input.

From a high-level perspective, PCEC and SOEC present different
advantages and disadvantages. First of all, the reactions require a lower
activation energy due to the transmission of protons instead of oxygen
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ions, allowing faster reaction rates and requiring lower operating volt-
ages. Hydrogen and water are kept separate in the two electrodes, not
demanding further water removal from the produced hydrogen in
electrolysis mode and decreasing the requirements, complexity and
related cost of the post-treatment unit and ideally allowing to obtain
directly high purity hydrogen. A higher theoretical efficiency due to the
lower operating temperature can be reached. The lower temperatures
required for the fluids at the inlet and outlet of each component also
decrease the requisites for the Balance of Plant (BoP). A higher resis-
tance to HsS poisoning is observed decreasing the requirements for
desulphurization of the fuel especially if alternatives to pure hydrogen
are fed to the cell when in fuel cell mode. The operating conditions also
allow to reduce the degradation, and related stack replacement, main-
taining high efficiencies. However, challenges remain in the anodic and
cathodic reaction processes, sintering, conductivity, stability, durability
and scale up of the cells [9].

The increase of TRL and scale up of the PCC, essential to achieve
costs at the parity if not lower than for SOEC, may be assisted via
cheaper reference materials and standardization of manufacturing pro-
cesses [10].

Information on PCC is limited. Le et al. [11] provide information
regarding scale up and stack integration for PCC technology. Available
data for life cycle assessment is limited to specific elements (i.e. not on a
system level) [12]. In this work, data is used for the PCEC coming from
the ARCADE project and for SOEC from commercially available products
[13]. Additionally, assumptions regarding BoP for the electrolysis mode
are adopted from Robert et al. [14].

The cells studied in this work, in addition to the differences linked to
PCEC and SOEC operation already discussed, also differ from each other
due to the differences associated to their architecture, being the PCEC a
metal supported cell and the SOEC an electrolyte supported. This aspect
will also be linked, for each cell, with advantages and disadvantages in
operation, manufacturing and development.

The metal supported cells, considered for the PCEC, are character-
ized by a porous metal substrate (typically made from ferritic stainless
steel or other alloys) that serves as the structural support. The exploi-
tation of this technology provides several advantages and disadvan-
tages. Firstly, the metal structure offers mechanical stability and
robustness reducing mechanical stresses as well as increasing the
tolerance to thermal cycling thanks to higher thermal conductivity with
respect to the ceramic materials. This makes it suitable also for fast start-
up, shutdown and for more flexible operations [15-17]. Stability has
been found to be improved also during redox cycling reaching higher
lifetimes and reliability [15,17].

A metal layer as supporting material will also reduce the reliance on
more expensive ceramic materials, reducing overall the expected cost
also during future scale up of the technology. More in detail, this is
related to reduced thicknesses of the layers especially in the membrane-
electrode assembly (MEA). Specifically, the reduction of the electrolyte
layer, which can also be deposited with alternative techniques, will
guarantee lower losses and higher efficiencies during operation [16,17].
Also disadvantages related to the metal substrate can be found. Specif-
ically increased corrosion and oxidation, when in wet and oxidizing
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atmospheres. Issues can be found also in terms of compatibility with
other materials, due to chromium volatilization that contaminate other
layers worsening the performances [17]. This issue can be solved by the
exploitation of protective layers which would increase the cost and
production efforts.

Finally, metal supported architecture are obtained through complex
manufacturing processes, due to additional interaction during co-
sintering of metal and electrodes or electrolytes, with densification or
melting of the metal substrate [16,17].

The electrolyte supported cell are being considered for the SOEC. In
this architecture, the electrolyte layer provides the primary structural
support. This technology has been exploited to operate at higher tem-
peratures compared to the previous alternative, above 700 °C, in order
to reach higher conductivities and efficiencies [17,18]. Despite the
higher temperatures, the higher thickness of the electrolyte and its
impact on the cell resistance and losses have to be accounted for. These
operating conditions make the SOEC suitable for integration with
available heat sources, such as those from industrial processes, making it
suitable for hybrid systems and for specific high temperature applica-
tions [19]. However, the thicker layers and the use of a higher amount of
ceramic materials causes higher costs for this technology. Still, this
second technology benefits from a higher TRL and simpler
manufacturing, making it a more viable option, at least at the current
state, without requiring significant further development [18]. Addi-
tional information notably on the PCEC regarding cell, single repeating
unit (SRU) and stack layers composition are provided by the ARCADE
consortium combined to the performances.

The life cycle assessment of a technology or product provides a full
determination of its environmental impacts, fundamental to avoid dis-
placing environmental or health concerns to other locations or times,
and also to avoid burden shifting among different environmental im-
pacts [20]. Additionally, technologies that emit less GHG than their
counterparts may still lead to higher impacts in other impact categories
[21].

Several LCA studies, especially for high temperature solid oxide cell
(SOC), have been published highlighting the impact that materials’
production and supply, required for the manufacturing process, as well
as emphasizing the importance of recycling at the end-of-life [22-25].
Still, the electricity and hydrogen consumption during the operation,
respectively in electrolysis and fuel cell mode, were the most critical life
cycle stage of all the life cycle.

In this study, a detailed assessment of one PCEC and one SOEC from
manufacturing up to operation is performed. Different impact categories
are evaluated to show the implications of using different materials in the
membrane-electrode assembly or SRU. Also, when target performances
are reached, the most critical life cycle stages are identified for different
impact categories via contribution analysis. These are: manufacturing of
the stack including all processes from the powder synthesis up to the
assembly of the SRUs into a stack, the manufacturing of the BoP of the
plant and the overall operation of the plant along its lifetime.

Table 1
Values used in the sensitivity analysis.
SOEC - Main PCEC - RES — PCEC - RES - PCEC - RES — PCEC - RES - PCEC - FR - PCEC - DE -
90-0.8 60-0.8 90-0.6 60-0.6 90-0.8 90-0.8
Faradaic efficiency 85% 90% 60% 90% 60% 90% 90%
(%)
Current density (A/ 0.41 0.8 0.8 0.6 0.6 0.8 0.8
cm?)
Stack power (kW) 2.33 2.27 3.45 2.27 3.41 2.27 2.27
SRU (#) 30 27 41 36 54 27 27
Electricity mix PV (3 kW, roof PV (3 kW, roof PV (3 kW, roof PV (3 kW, roof PV (3 kW, roof French German
mounted) mounted) mounted) mounted) mounted)
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Fig. 1. SRU for SOEC technology (top) and PCEC technology (bottom).

2. Materials and methods
2.1. Life cycle assessment

A chain-based conventional (attributional) LCA is carried out ac-
cording to ISO 14040:2006 and ISO 14044:2006 standards and
following the guidance documents by the EU’s Fuel Cell and Hydrogen
Joint Undertaking [26]. The model is implemented with the Umberto
LCA + software [27].

The goal of this LCA is to provide a comprehensive comparative
environmental analysis between one commercially available SOEC and

one innovative, newly developed, metal supported PCEC. For a fair
comparison between the more advanced and the newly developed cells,
environmental hotspots are identified for the case that the PCEC target
performances of 90% faradaic efficiency and a 0.8 A/cm? current den-
sity are achieved. These targets had been set by the ARCADE consortium
composed of CNRS (ICGM-AIME, IMN and FEMTO-ST), EIFER, DLR,
Ceraco and Air Liquide.

Primary data is used from the ARCADE project for the PCEC to the
extent that it is available. Otherwise, data from the literature or from the
commercial LCA database ecoinvent version 3.8.1 was used.

- Ecosphere
Input: Resources (materials,
energy, land, water)
l Technosphere
Supply
! ! !
Plant manufacturing Operation Decomissiong & end of
- Stack manufacturing » . life
(Electrolyte, Electrodes, - Electricity production
Interconnects, Support)
System | | || - SMR operation Assessed for
boundary il
-Stack Assembly some
- Stack operation components

- BoP manufacturing

- Stack and BoP Integration

- BoP operation

when in dataset

] l

Waste & release |

I

v
Output: Releases to the environment
(e.g. to water, soil and air)

Fig. 2. Life cycle and system boundaries overview.
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2.2. Systems analyzed

The newly developed PCEC is compared to a SOEC from Sunfire [13].
Their technical characteristics are described in Table 1.

SOEC and PCEC mainly differ in terms of the type of ions moving
through the electrolyte [28,29]. For the SOEC, one set of data for its
technical performance, stack structure and electricity source is evalu-
ated, while for the PCEC a sensitivity analysis concerning electricity,
faradaic efficiency and current density is carried out. Different combi-
nations for these operating parameters are used which require modi-
fying power and SRU number in order to produce the same amount of
hydrogen over its lifetime from the hypothetical PCEC stack. The elec-
tricity source is also varied for the PCEC: it is either produced from a
low-carbon renewable energy source (RES, i.e. photovoltaics, PV) or
from a power generation mix with a low-carbon or higher-carbon in-
tensity (France, FR, and Germany, DE).

In either case, cells are assembled into SRU, further joined into a
stack and finally combined with the required balance of plant to make a
complete system. The SRU structure of the SOEC is defined according to
the Sunfire Hylink commercial stack [13] (bottom of Fig. 1). The
structure of the PCEC SRU was defined by the ARCADE consortium (top
of Fig. 1).

Both systems are assumed to operate in thermoneutral mode, for the
same lifetime of forty thousands hours and using steam from Steam
Methane Reforming (SMR) which is further heated up to 600 °C and
800 °C respectively for PCEC and SOEC by electric heaters. To what
concerns power supply and hydrogen treatment systems, the “power
supply system” is considered in both configurations [30,31]. The
“hydrogen treatment system” is neglected because it is not necessary in
the PCEC configuration, while the purification stage is considered for
SOEC. It is modeled according to EIFER internal expertise or available
literature [31-36].

2.3. System boundaries and cut-offs

A cradle-to-gate” approach is taken. The LCA includes
manufacturing, operation and maintenance of the two systems. Opera-
tion is considered continuous over the lifetime, neglecting maintenance
due to lack of information. The utilization (including compression and
storage) of the produced hydrogen is considered the same for the two
systems and therefore outside the scope of this LCA. A summarizing
scheme for the boundary and stages considered is shown in Fig. 2.

Decommissioning and the end-of-life stage are, due to lack of data,
are assessed for some components covered by the ecoinvent datasets
used.

Due to the themoneutral operation of the stack, the heat produced is
used within the system and therefore not considered as a by-product.
Furthermore, the produced oxygen is ventilated.

The SMR plant jointly produces electricity, hydrogen and steam. This
multi-functionality is solved by energetic allocation according to the
lower heating value (LHV).

The time-related reference are the years 2020 and 2023 or according
to the most recent datasets available in ecoinvent v3.8.1. The geographic
reference is Europe - or countries producing relevant supplies for Europe
or global - with transport data often included in ecoinvent market type
datasets. For further processed goods, additional transport data might be
needed [37], not considered in this work.

Elementary flows, such as raw materials, water, solvents, trans-
portation, electricity, energies, may be modeled considering the 5% cut
off rule [26] and excluding those flows from the study which, though, is
linked with some difficulties [38]. In order to apply this rule the cut-offs
are calculated relative to the excluded environmental impact they would
produce. To retrieve this value, an approximation of the total environ-
mental impact has to be made or the whole system needs to be modeled
to know how much 5% are. However, a complete model, with the
associated efforts, will have to be established making the cut-off no
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longer needed and therefore finally excluding from this work.
2.4. Life cycle impact assessment (LCIA)

The LCIA is performed according to ISO (14,044:2006) with the
methodology Environmental Footprint (EF) 3.0 no long-term (LT) [39].
In year 2023 - at the time when modeling exercise was carried out - this
was the most recent available in the UMBERTO software and most
aligned with the European Commission’s Environmental Footprint
methodology [35].

The investigated impact categories are selected depending on which
components are analyzed.

e Main stack layers comparative analysis: climate change; abiotic
depletion potential, material resources: metals/minerals; human
toxicity: carcinogenic; water use: user deprivation potential; partic-
ulate matter formation;

Stack layers comparison: acidification; climate change; ecotoxicity:
freshwater; human toxicity: carcinogenic; ionizing radiation; human
health; land use: soil quality index; material resources: metals/
minerals; ozone depletion; particulate matter formation; water use:
user deprivation potential.

2.5. Functional units and reference flows

The functional unit for the electrolyzer is defined as the production
of 1 MJ of hydrogen, also simplifying comparison with other forms of
energy [40]. The produced hydrogen has a Higher Heating Value and a
Lower Heating Value respectively equals to 141.8 MJ/kg and 120 MJ/kg
at 1 bar, 25 °C and 99.99% purity according to literature and technical
reports [41,42]. The lower heating value has been used in this work.

Hydrogen production is kept constant over time along the full life
cycle and is equal for PCEC and SOEC since the effect of degradation is
accounted for during sensitivity analysis. The reference flow is the
hydrogen produced over the lifetime of forty thousands hours, agreed in
the ARCADE project’s consortium as target and also confirmed in liter-
ature [43], considering the productivity of the stack fixed in each case
study, and evaluated through the values summarized in Table 1, as equal
to 0.06 kg/h. The final value for the reference flow, evaluated by
multiplying hourly flow rate for operating hours and lower heating
values, amounts to a value of 2.84-10°> MJ.

2.6. Life cycle inventory and assumptions
The inventory relies on primary and secondary sources, such as da-

tabases and literature.
Main assumptions for the manufacturing processes are.

Powder synthesis via the Pechini sol-gel method [44] through ni-
trates precursors. Due to lack of the chemical precursors datasets in
the ecoinvent databases, they are modeled assuming chemical syn-
thesis reaction. For example neutralization between acid and base,
mostly using oxides, carbonates, nitric acid and water as done for
example for commonly used calcium nitrates [45]. This approach has
been selected also according to other studies available in literature
and reports [46,47]. For Pechini sol-gel modeling, citric acid and
ethylene glycol have been considered respectively as chelating and
polymerizing agent with molar ratios of 1:4:1 for citric acid, ethylene
glycol and nitrates [48]. The choice for these specific reactants, ad-
ditives and ratios has been defined following a careful literature re-
view [12,48-53].

Layers manufacturing processes consisting of slip casting, useful to
produce bodies with different geometries and sizes [25,54-57],
screen printing, simple, flexible and economical technique [58-61]
and physical vapor deposition allowing the application of thin films
[62-65].
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Fig. 3. Contribution analysis at stack level (all components): the PCEC (top) and SOEC (bottom) (only the contributions from the endplates above 60% shown).

- BoP (except for the hydrogen treatment system, see below): modeled
according to a previous LCA study related to a proton exchange
membrane electrolyzer developed at EIFER and therefore available
according to internal expertise which also relies on other available
studies and references [30,31,66,67]. The definition of the required
components, consisting in here especially on the power supply sys-
tem, and of additional assumptions derive also from other sources
available in literature [67-70]. Information included in this study
regarding the power supply system are hereafter described. A com-
mercial transformer able to convert 480 VAC and with a maximum
power of 500 kW weighs, when considering the cabinet, weight
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1451 kg and is dependent on input power and maximum power [71,
72]. This weight has been rescaled to reach the characteristics of the
reference stack [73] and is used as input for the model rescaling the
ecoinvent dataset for the transformer (1 kg). In addition to the
transformer also a rectifier is needed [30]. The ecoinvent dataset for
an inverter (500 kW) is therefore used as a proxy by linearly
rescaling it for the power required in this system. One hundred ki-
lograms of both control electronics and copper for wiring and 300 kg
of plastic (PVC) are further employed [31]. The environmental
burden for these components in the ecoinvent database was rescaled
to the evaluated nominal power. Finally electric heaters are also
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Fig. 4. Climate change, main stack layers comparative analysis normalized to the worst case on (top), additionally normalized to mass on (bottom).

linearly rescaled from the ecoinvent dataset according to the
required heating power for the streams. As defined all of the
rescaling has been performed considering a unitary factor which can
be considered as valid especially as rough estimation as made in
several sectors in some cases only in terms of technical specifications
[25,66]. This approach can also be justified by the low impact that
the BoP has on the overall environmental performance of the system
as also validated from other available studies in which plant con-
struction is often neglected due to its small share on the overall
assessment of the technology [67,74].

hydrogen treatment system for the SOEC: the hydrogen treatment
system of a PEM electrolyzer is used as a proxy also due to similar-
ities except for the operating temperatures [31,74]. It consists of a
water gas separator and de-oxo purifier. The water gas separator, for
high efficiency filtration of non-corrosive flows [33], based on
theoretical considerations experimentally confirmed and on prod-
ucts commercially available for other applications, it requires
approximately 7 cm tank diameter for a 100 kg/day hydrogen pro-
duction system [32,75]. According to this sources, as a rough esti-
mation, the cross section is linearly rescaled to the daily hydrogen
production of the system under study. A tank length of 2 m is
assumed based on a real observation of the system installed at an EDF
R&D facility and according to available literature. A standard
thickness of 10 mm has also been used according to EIFER internal
expertise and literature [76]. Tank and demister pad material for the
separation are made of stainless steel [33,77]. The pad is assumed to
have a thickness of 10 cm, from commercial available products [78],
with a pad bulk density of 182 kg/m® [34]. After leaving the water
gas separator, the hydrogen stream still contains approximately 800
ppm of oxygen [31] which is reduced in a de-oxo purifier through a
platinum-group metal based catalytical recombination [35].
Hydrogen gas is passed over a bed of catalyst where oxygen reacts
with hydrogen to form water that can be easily removed [31,79]. The
sizing specification of available de-oxo manufacturers of

1289

approximately 350 m®/h stream requires around 700 mm diameter
and 920 mm height [36,80] again considering a thickness of 10 mm
as for the water-gas separator and according to reference for
hydrogen vessels [76].

The composition of the cell components and the associated
manufacturing techniques are summarized for SOEC and PCEC in tables
available in the supplementary information.

For all the plants, the inverter is assumed to be replaced every 10
years also considering lower expected durability since connected to a PV
plant [81,82]. Furthermore, in order to model the photovoltaic energy
production, the 3 kW peak, roof mounted photovoltaic systems ecoin-
vent dataset was used.

3. Results and discussion

The LCA results are presented first for the stack manufacturing and
then for the full life cycle.

3.1. Stack manufacturing

The endplates contribute about 80% and up to 95% for most impact
categories for both technologies (and at least 65%) (Fig. 3). This is due to
the substantial mass contribution compared to other layers (Tables in
supplementary information).

For the PCEC, following the interconnectors, the porous metal sub-
strate contributes the most (between 4% and 11.5%) due to its overall
mass.

Besides the endplates, the bipolar plates and the electrolyte
contribute second and third to all impact categories for SOEC. Being also
structural elements, they are again the ones with the highest thickness
and mass contribution.

More into detail, the stainless-steel bipolar plate strongly contributes
to the "Human toxicity: carcinogenic” impact category (7.1%) due to
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Table 2
Most contributing items contributing together at least 60% to the impact category results of a given technology’s layer (1,2,3: contribution of first, second and third
rank order).

Climate change Acidification Human toxicity: carcinogenic
Layer Item (alphabetical) SOEC PCEC SOEC PCEC SOEC PCEC
Current collector Citric acid 1 1 1 1
Cobalt oxide 3 3 1 1
Gadolinium oxide 2 2
Lanthanum oxide 2 2 2
Contact layer Citric acid 1 1 1 1
Cobalt oxide 3 3 1 1
Gadolinium oxide 2 2
Lanthanum oxide 2 2 2
Electrolyte Barium oxide 3
Citric acid 2 1 2
Electricity 1 2 2 1
Urea 2 2
Yttrium oxide 1 1 1
Air electrode Citric acid 1 1 1 1 1
Cerium oxide 3 3
Cobalt oxide 1
Gadolinium oxide 2 2 2
Lanthanum oxide 2 2 2
Fuel electrode Butyl acetate 1 1 1
Cerium oxide
Citric acid 3 1 3 2
Nickel oxide 2 2 2 2 1 1

Current collector

Contact layer

Air electrode m SOEC
m PCEC
Thin film electrolyte
Fuel electrode
0% 20% 40% 60% 80% 100%
m PCEC
Thin film electrolyte | —
Fue electrode

0% 20% 40% 60% 80% 100%

Fig. 5. Acidification, main stack layers comparative analysis normalized to the worst case (top), additionally normalized to mass (bottom).
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Fig. 6. Human toxicity, main stack layers comparative analysis normalized to the worst case on (top), additionally normalized to mass on (bottom).

presence of chromium, arsenic and nickel. Regarding other impact cat-
egories such as acidification and photochemical ozone formation, a
different pattern can be highlighted despite the higher thickness of the
electrolyte compared to the other elements. These differences are asso-
ciated with the nitrogen oxide emissions, main contributor to the said
categories of acidification and photochemical ozone formation, which
are mainly linked to the nitrates production used for the synthesis of
powders and not required instead in the electrolyte manufacturing
process which employed directly oxides.

To better understand differences in the environmental profiles, a
comparative analysis for the main layers differing among the two
technologies is carried out. Results are presented for specific impact
categories whose patterns are similar to other impact categories (indi-
cated in brackets if applicable): Climate change (eutrophication of fresh
water, particulate matter formation, ozone depletion potential), Acidi-
fication, Human toxicity: Carcinogenic (water use, land use, material
resources; the main numeric results are available in tables in the sup-
plementary information). It is important to note that, while the patterns
might be the same, the materials and constituents that contribute most
vary for different impact categories.

The results are internally normalized to the worst performing layer in
absolute terms first and then additionally in specific terms (i.e. per layer
mass).

3.1.1. Climate change (similar: eutrophication of fresh water - particulate
matter formation - ozone depletion potential)

In absolute terms, SOEC layers show higher climate change impacts
compared to the PCEC one (top of Fig. 4). The opposite is true when
normalizing the results to the layers’ mass (bottom of Fig. 4). The main
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contributors, together contributing at least 60% to the impact category
results of a given technology’s layer, are (see Table 2): Citric acid and
Lanthanum oxide (SOEC) or Citric acid and Gadolinium oxide (PCEC)
for the current collector, contact layer and air electrode; for the elec-
trolyte, Yttrium oxide and urea for SOEC, and Electricity and Citric acid
for PCEC; and for the fuel electrode, Butyl acetate, Citric acid and
Cerium oxide for SOEC, and Citric acid and Nickel oxide (NiO) for PCEC.
This is because the SOEC layers are heavier than the PCEC layers despite
involving materials for which the associated GHG emissions are smaller.

The electrolyte shows the most substantial change due to the
different architecture used for the cell: in contrast to the PCEC, the SOEC
is an electrolyte supported cell. Also related to architecture, the elec-
trolyte of the SOEC’s fuel electrode also includes the diffusion layer.
Furthermore, a lower amount of citric acid in the Pechini process is
required for the gadolinium-doped ceria (GDC), used in SOEC, when
compared to the barium cerium yttrium zirconate (BZCY), employed in
PCEC. Finally, the manufacturing processes differ between the two cells.

3.1.2. Acidification

In absolute terms, the SOEC layers lead to substantially higher
acidification impacts than the PCEC layers, except for the thin film
electrolyte (top of Fig. 5). In per mass terms (bottom of Fig. 5), the
contact layer and current collector are the layers showing a higher
impact for SOEC than for PCEC. Contrarily, the PCEC layers thin film
electrolyte and fuel electrode are more impacting than those of the
SOEC.

Again, as already previously stated and as further highlighted in
Table 2, the powder synthesis process, characterized by the use of citric
acid, is the most affecting parameter with a higher amount of citric acid
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Fig. 7. Comparison of GHG emission results along the full life cycle for all the analyzed cases with PV as electricity source.
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— Ecotoxicity: freshwater, comparative toxic unit for ecosystems (CTUe)

Energy resources: non-renewable, abiotic depletion potential (ADP): fossil fuels
——Eutrophication: freshwater, fraction of nutrients reaching freshwater end compartment (P)
——Eutrophication: marine, fraction of nutrients reaching marine end compartment (N)
—e—Eutrophication: terrestrial, accumulated exceedance (AE)
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— Land use, soil quality index

—e—Material resources: metals/minerals, abiotic depletion potential (ADP): elements (ultimate reserves)
—eo—0zone depletion, ozone depletion potential (ODP)
Particulate matter formation, impact on human health
Photochemical ozone formation: human health, tropospheric ozone concentration increase
Water use, user deprivation potential (deprivation-weighted water consumption)

Fig. 8. Variation of LCIA results for the different analyzed PCEC cases relative to the SOEC base case when relying on electricity from PV (PCEC-SOEC)/SOEC).

used in the lanthanum strontium cobalt ferrite (LSCF), used in SOEC,
compared to the barium gadolinium lanthanum cobalt (BGLC),
employed in PCEC. For the air electrode, this effect is softened by the use
of the composite LSCF-GDC (SOEC) needing less citric acid than the
BGLC-BZCY (PCEC) as previously explained.

3.1.3. Human toxicity (similar: water use - land use - material resources)

Regarding the “human toxicity” impact category, yet another pattern
can be observed. Here, the SOEC’s electrolyte and fuel electrode lead to
a higher impact when looking at the absolute values (top of Fig. 6).
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However, when normalized to mass, all PCEC layers lead to higher im-
pacts than their corresponding SOEC layers. The main contributors are
summarized in Table 2.

3.2. Full life cycle

The environmental performance of SOEC and PCEC over their full
life cycles has been evaluated, by also varying main performance related
parameters of the PCEC, as summarized in Table 1.

While all impact categories have been analyzed (see detailed results
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Fig. 9. Contribution analysis for the different life cycle stages in the case “PCEC — RES — 90-0.8" (i.e. performance targets are reached).

in the supporting information), results are first presented for the
“Climate change” impact category (Fig. 7).

Renewable electricity input, assumed to be produced by a roof-PV, is
considered in every of the analyzed cases. Water consumption is stoi-
chiometrically determined from the hydrogen production target which
is equal in both systems. Therefore, it results to be the same among SOEC
and PCEC in every analyzed case.

Fig. 7 shows that when the faradaic efficiency reaches the 90% target
value, environmental impacts are comparable to SOEC. A higher
decrease of the current density principally affects the number of SRU
needed to produce the same amount of hydrogen as well as impacting
the electricity demand. The variation of this parameter mainly leads to a
discrete increase in the number of SRU, which may account for a stack
with a power demand higher than the minimum one which is ideally
calculated from the required output hydrogen. While the number of SRU
leads to a one-off increase in GHG emissions, the increased electricity
demand concerns the whole operational life of the PCEC that in this case
is provided by PV.

The percentile variation relative to SOEC is shown in Fig. 8 for each
impact category and according to all renewable energy cases analyzed.
The overall trend is similar in all scenarios. The PCEC impacts due to
human toxicity are always the highest relative to SOEC due to the use of
the metal support, original characteristic of the implemented PCEC
technology. As highlighted in these figures, the faradaic efficiency has
the strongest impact, in contrast to the operating current density.

The contribution of different life cycle stages (i.e. stack
manufacturing, BoP manufacturing and electrolysis operation) to all
impact categories is shown in Fig. 9. Results are shown for the reference
PCEC case where performance target values (i.e. 90% faradaic efficiency
and a 0.8 A/cm? current density) are assumed to be reached.
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For almost all impact categories along the full life cycle, BoP and
stack manufacturing show a negligible contribution relative to operation
whose main contributors are the electricity consumed and the steam
production. The only exception concerns “human-toxicity, carcino-
genic” to which the stack manufacturing contributes approximately
15%. The contribution that the stack manufacturing has on the lifetime
environmental impact, especially for the “human-toxicity, carcino-
genic”, could vary if also the end-of-life was considered quantitatively
(such as through different scenarios concerning reuse, recycling, energy
extraction or landfill).

The main contributors to “human toxicity: carcinogenic” are mostly
the same as for stack manufacturing.

To get a better understanding of the operation phase another sensi-
tivity analysis was conducted, changing the electricity source from PV to
the French or German electricity production mixes. For most of the main
impact categories (i.e. material resources: metals/minerals, eutrophi-
cation of fresh water, human toxicity: carcinogenic with PV and German
mix, water use: user deprivation potential), the electricity feed has the
highest impact. Different outcomes are observed for climate change,
acidification and human toxicity: carcinogenic if the French electricity
mix is used, when the steam methane reforming phase becomes the one
with higher environmental impact.

The effect of electricity sources other than PV on the main impact
categories has been evaluated through a sensitivity analysis when target
performances for the PCEC are reached. A variation relative to the PV
case study is shown in Table 3.

The French electricity mix from 2021 is mainly composed of nuclear
power. The use of this energy source, therefore, is responsible for.

e An increase in “ionizing radiation” up to +6000%
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Table 3
Effect of different electricity mixes on the environmental profile of the PCEC
target case ((PCEC [FR/GE]-PCEC [RES])/PCEC [RES]).

LCIA IMPACT Unit PCEC - PCEC - FR - PCEC - DE -
CATHEGORY RES - 90-0.8 90-0.8
90-0.8

Acidification, mol H' - 2.64E- -31.11% 66.49%
accumulated eq 04
exceedance (ae)

Climate change, global kgCOz-eq  3.02E- —8.83% 429.98%
warming potential 02
(GWP100)

Ecotoxicity: Freshwater, CTUe 1.81 —29.12% 13.07%
comparative toxic unit E+00
for ecosystems (CTUe)

Energy resources: Non- MJ, net 4.50E- 878.82% 497.73%
renewable, abiotic calorific 01
depletion potential value
(ADP): Fossil fuels

Eutrophication: kgPO4-eq  4.10E- —50.37% 1090.86%
Freshwater, fraction of 04
nutrients reaching
freshwater end
compartment (P)

Eutrophication: Marine, kg N - eq 5.01E- —4.51% 199.60%
fraction of nutrients 11
reaching marine end
compartment (N)

Eutrophication: mol N - eq 2.12E- —22.52% 127.42%
Terrestrial, 09
accumulated
exceedance (AE)

Human toxicity: CTUh 3.12E- —24.05% 19.28%
Carcinogenic, 03
comparative toxic unit
for human (CTUh)

Human toxicity: Non- CTUh 1.45E- —57.08% 1.40%
carcinogenic, 01
comparative toxic unit
for human (CTUh)

Ionizing radiation: kBq - U?*  3.38E- 6065.78% 979.39%
Human health, human -eq 06
exposure efficiency
relative to u235

Land use, soil quality - 3.95E- 24.58% 260.11%
index 09

Material resources: kg Sb - eq 2.29E- —62.99% —52.18%
Metals/minerals, 09
abiotic depletion
potential (ADP):
Elements (ultimate
reserves)

Ozone depletion, ozone kg CFCq; - 3.99E- -16.37% 27.60%
depletion potential eq 09
(ODP)

Particulate matter Diseases 2.26E- —22.04% —15.66%
formation, impact on incident 09
human health

Photochemical ozone kg 1.37E- —36.61% 71.55%
formation: Human NMVOX - 04
health, tropospheric eq
ozone concentration
increase

Water use, user m? eq. 4.16E- 11.55% —21.38%
deprivation potential Deprived 05

(deprivation-weighted
water consumption)

An increase in “energy resources” consumption of +900%

A slight decrease of climate change impacts of —9%

A decrease of the categories “freshwater eutrophication” of —50%,
“human toxicity, carcinogenic” of —57% and “material resources” of
—63%

Regarding the German electricity mix from 2021, by contrast, it is
principally generated by lignite coal, oil and gas, with each source
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having different contributions to each impact category [83]. The
employment of this mix leads to.

e An increase of “eutrophication” and “ionizing radiation” of +1000%

e An increase of “climate change” and “freshwater eutrophication” of
+400% and +500%

e A decrease of material resources consumption of —50%

4. Conclusions and outlook

A life cycle assessment has been carried out in order to evaluate the
environmental performance of a new metal-supported PCEC developed
in the ARCADE project once target values are reached. This is compared
to a SOEC. According to the modeling assumptions made, the environ-
mental performance of the metal-supported PCEC is strongly affected by
the technological improvements of the PCEC which are represented by
higher current density and greater faradaic efficiency. It has been
demonstrated how an overall environmental impact comparable to the
SOEC technology (electrolyte support) is obtained once the PCEC tech-
nological targets set by the ARCADE consortium are reached (i.e. 90%
faradaic efficiency and 0.8 A/cm? current density).

The PCEC environmental profile results to be strongly impacted by
the faradaic efficiency (the higher the better) while the current density
degradation has little effect. When considering the complete life cycle,
the environmental burden related to the stack manufacturing is negli-
gible for all impact categories except for “human toxicity: carcinogenic”.
Still, this life cycle stage has only a small contribution of 15% to this
impact category. Metal-supported cells lead to a higher demand for
metals, resulting in higher human toxicity impacts. These are due to
carcinogenic emissions mainly linked with the metals employed in the
alloy such as chromium, nickel and arsenic. A future detailed analysis of
different alloy options appears advisable. Notably the acidification
impact of the powder synthesis process (the Pechini process) and espe-
cially the chelating and polymerizing agents used, is very high. It could
be reduced by scaling up techniques such as single step reactive
sintering.

Water (steam) consumption is assumed to be the same for PCEC and
SOEC (i.e. calculated according to stoichiometric reactions) due to lack
of data and knowledge related to the PCEC stack steam demand and
utilization. In the comparison between SOEC and PCEC technologies,
especially when different steam utilizations are present, more detailed
steam consumption modeling could improve the results tackling the
issue linked with this uncertainty. This is advised also as next steps in
future projects.

More precise information on operational performances is required in
order to have more robust results for the environmental profile along the
whole life cycle. A related future LCA would benefit from complemen-
tary modeling activities related to a) the scaling up of PCEC from cell to
stack size b) the technical behaviour, as contact resistance or steam
utilization, to provide better input data and c) the sizing of BoP com-
ponents from coupling with a technical analysis, leading to final results
that are more robust.
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BGLC Barium gadolinium lanthanum cobalt
BoP Balance of plant

BZCY Barium cerium yttrium zirconate
GDC Gadolinium-doped ceria

HTE High temperature electrolysis

1SO International organization for standardization
LCA Life cycle assessment

LCIA Life cycle impact assessment

LSCF Lanthanum strontium cobalt ferrite
LSM Lanthanum strontium manganite
LT Long-term

MCF Manganese cobalt ferrite

NiO Nickel

PCC Protonic ceramic cell

PCEC Protonic ceramic electrolyzer cell
RES Renewable energy sources

SMR Steam methane reforming

SoC Solid oxide cell

SOEC Solid oxide electrolyzer cell

SRU Single repeating unit

TRL Technological readiness level
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