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HIGHLIGHTS

® The paper provides a detailed inventory for a PEM water electrolyser system.

® An energy model was built to analyse the future energy mixes required by the system.
® LCIA results prove the relevance of the electricity mix for most impact categories.

® By 2050, the analysed system has less impact compared to the reference system.

ARTICLE INFO ABSTRACT

Keywords: This study discusses the potential of H, production by proton exchange membrane water electrolysis as an
Proton exchange membrane water electrolysis effective option to reduce greenhouse gas emissions in the hydrogen sector. To address this topic, a life cycle
(PEMWE) assessment is conducted to compare proton exchange membrane water electrolysis versus the reference process -

Life cycle assessment (LCA)

steam methane reforming. As a relevant result we show that hydrogen production via proton exchange mem-
Energy modeling

brane water electrolysis is a promising technology to reduce CO, emissions of the hydrogen sector by up to 75%,
if the electrolysis system runs exclusively on electricity generated from renewable energy sources. In a future
(2050) base-load operation mode emissions are comparable to the reference system. The results for the global
warming potential show a strong reduction of greenhouse gas emissions by 2050. The thoroughly and in-depth
modeled components of the electrolyser have negligible influence on impact categories; thus, emissions are
mainly determined by the electricity mix. With 2017 electricity mix of Germany, the global warming potential
corresponds to 29.5 kg CO, eq. for each kg of produced hydrogen. Referring to the electricity mix we received
from an energy model emissions can be reduced to 11.5kg CO, eq. in base-load operation by the year 2050.
Using only the 3000 h of excess power from renewables in a year will allow for the reduction of the global
warming potential to 3.3 kg CO, eq. From this result we see that an environmentally friendly electricity mix is
crucial for reducing the global warming impact of electrolytic hydrogen.

1. Introduction

Climate change is at the top of today’s agenda in most countries and
many policies have been put in place to face this global challenge. The
European Union is approaching the deadline to reach the European
2020 climate and energy targets, but it has already established three
new key targets for 2030: (i) reducing greenhouse gas (GHG) emissions
at least by 40% compared to 1990 levels, (ii) increasing the share of
renewable energy at least to 32%, and (iii) improving the energy effi-
ciency at least to 27% [1]. Germany is a key player and aims to lead the
European energy transition by setting even more ambitious objectives.
The energy industry, in general, and the electricity sector, in particular,
have been identified as targets due to their high contribution to GHG. In
2015, 37% of the energy-related GHG emissions were produced in the
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energy economy, followed by the transportation sector, which con-
tributed with almost 18%. From the total amount of GHG emissions,
85% are related to the energy sector [2].

Electricity production in Germany from renewable energy sources
accounted to 3% of the total share in 1990, while it represented already
32% in 2016 [3]. The country expects to cover 80% of its electricity
demand from renewable energy sources until 2050 [3]. Most of this
energy will be produced from solar and wind power. Besides the clear
benefits of renewable energy sources for the environment, the in-
tegration of fluctuating energy sources in the energy system is still
under discussion. Its availability depends on weather and season as well
as on the time of the day. This intrinsic characteristic leads to situations
in which electricity production exceeds electricity demand and the
capacity of the electric system is surpassed [4]. Under these
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circumstances, energy storage is foreseen as one potential solution [5].
Schill [6] used an optimization model to determine the storage capa-
cities required for taking up renewable surpluses under several sce-
narios in Germany with three storage options: batteries, pumped hydro
storage and power-to-hydrogen. Taking into account the German ex-
pectations for 2050 in terms of renewable energy, the use of hydrogen
can be seen as a promising solution [7,8]. Electrolytically produced
hydrogen can help balancing the electric grid (storage), while also
providing an energy carrier to be used in other sectors. A good example
is the mobility sector. The need for decarbonizing mobility has placed
hydrogen in a better position for future alternatives. Fuel cell vehicles
(FCVs) convert hydrogen into electrical energy through a fuel cell. They
do not emit any exhaust pollutant but water and have a longer driving
range compared to battery electric vehicles (BEVs) [9-11].

Besides its potential for balancing the electric grid and dec-
arbonizing the mobility sector, hydrogen is essential for a variety of
industrial processes. Around 65 Mtons of hydrogen are produced yearly
worldwide [12]. More than 90% of the hydrogen is used by two main
industries, the petroleum recovery and refining industry (47%) and the
ammonia production industry (45%) [13-15]. Hydrogen offers a ver-
satility which makes it valuable for achieving the 2030 and 2050 tar-
gets from different perspectives. However, before deciding which
pathways should be addressed first, it is necessary to study the whole
supply chain of hydrogen production and to estimate the potential
environmental impacts. This way it will be possible to identify critical
issues and processes and propose measures to improve them. For that
purpose, we present a life cycle assessment (LCA) of hydrogen pro-
duction by proton exchange membrane water electrolysis (PEMWE)
under different future energy scenarios.

2. Hydrogen production methods

Hydrogen can be supplied through several routes. A first division
can be done based on the energy source used in the production.
Hydrogen can be produced from both fossil energy sources and re-
newable energy sources [16]. To date, 48% of the hydrogen has been
produced from natural gas, 30% from heavy oils and naphtha, and 18%
from coal. From a technological perspective, there are four main pro-
duction methods: (i) hydrocarbon reforming, (ii) hydrocarbon pyrolisis,
(iii) biomass processing, and (iv) water splitting. Steam methane re-
forming (SMR) is the most common technology among the hydrocarbon
reforming technologies, while electrolysis is the most established and
well-known method in water splitting. The schematic processes of both
SMR and electrolysis are shown in Fig. 1.

2H,0 > 0,+2H,

Electricity PEMWE AH = +286 kJ/mol
- H
) s P
—
4 — o,
wo A
— H,
CH, i
— Co,
AH = +165 kJ/mol
SMR

CH,+2H,0 > CO, +4H,

Fig. 1. Schematic drawing of the hydrogen production paths discussed in this
paper. The focus is on PEMWE technology, SMR is used as a reference only.
Electricity can be provided by renewables only or by a mixture of fossil power
plants and renewables.
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2.1. Steam methane reforming

The SMR method is a catalytic conversion of methane and steam to
hydrogen and carbon dioxide. The method entails three steps: re-
forming or synthesis gas generation, water-gas shift and gas purifica-
tion. The whole process happens under high temperatures and pressures
up to 3.5MPa. Eq. (1) shows the reforming process using methane as
feed:

CH, + H, O— CO + 3H, (AH%g = +206 kJ/mol) )]

In order to achieve a higher hydrogen yield a second step, the water-
gas shift reaction, is used according to Eq. (2):

CO + H, O— CO, + H, (AH%g = —41 kJ/mol) @)

The net reaction of the SMR process is the sum of Eq. (1) and (2):

CH,4 + 2H, O— CO, + 4H, (AHJ%g = +165 kJ/mol) 3)

With a net enthalpy of AH%g = +165 kJ/mol the reaction is en-
dothermic and needs external heat input. This is usually done by using
natural gas (mainly methane) also as a fuel for heating. It is evident that
in practice additional losses will occur. These are compensated by a
higher methane consumption than theoretically necessary. The most
significant loss is due to excess steam production [17]. The hydrogen
production efficiency of a SMR plant can be defined as the power flux of
the hydrogen produced divided by the power flux of the methane
consumed:

Pu,

My, LHVy,
Ptuel

NsMR = :
SMR tcn, LHVen,

@

The efficiency of exemplary industrial SMR plants calculated with
Eq. (4) is around 74% [18,19]. Thus, the production of 1 kg H, leads to
direct emission of about 8.8 kg CO,. Taking into account not only the
direct emissions from natural gas but the whole life cycle of the SMR,
total CO, emissions are naturally higher.

2.2. Water electrolysis

Among the water splitting technologies, electrolysis is the most ef-
ficient method. The oldest and most mature type is the alkaline elec-
trolyzer [20]. It consists of a cathode and an anode separated by a thin
porous ceramic diaphragm submerged in an alkaline electrolyte. A
newer generation of electrolyzers, also known as proton exchange
membrane water electrolyzers (PEMWE), does not use a liquid elec-
trolyte but a thin solid polymer electrolyte (membrane) instead [21].
This proton conducting membrane has a typical thickness of
60-200 um. Nafion® is commonly used in commercial systems. On both
sides of the membrane, thin electrodes of about 10 um thickness are
directly bonded to the surface. The electrodes contain noble metal
catalysts, typically platinum-based at the cathode and iridium-based at
the anode [22]. Some advantages of this technology are high energy
efficiency, the provision of highly compressed and pure hydrogen and
the flexible dynamic operation [23]. The still evolving PEMWE tech-
nology is currently more expensive compared to alkaline electrolyzers,
mainly due to the use of critical and valuable materials such as tita-
nium, platinum, iridium and the proton exchange membranes. Hence,
there are current development efforts aiming to reduce their required
amount [24]. The general operation process of a PEMWE cell is shown
in Fig. 2. De-ionized water is supplied to the anode side of the cell. The
membrane electrode assembly (MEA) is clamped between the porous
transport layers (PTL) and the bipolar plates. The porous transport
layers are typically carbon paper on the cathode side (thickness 280 pum,
compressed) and sintered titanium foam or felt (thickness 280 um) on
the anode side [25]. The bipolar plates are made from titanium as well,
and they usually feature channel-like structures (flow-field) for water
and gas transport. In some designs, spatially stretched titanium mesh is
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Fig. 2. Parts of a typical PEMWE cell.
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also used to generate channels between the PTLs and the bipolar plates
[26]. Titanium is one of the few materials which are suitable for the use
on the anode side as it forms thin compact oxide layers, which are
highly stable under the PEMWE operating conditions of low pH and
high electrical potentials [27]. If a voltage greater than 1.23V is ap-
plied to the cell, the necessary Gibbs free energy (AGSg = 237 kI/mol) is
supplied and the water is split with the integration of thermal energy
from the environment. The value of (AGYs = 237 kJ/mol) is very close
to the lower heating value (LHV = 242 kJ/mol) of hydrogen and thus is
used synonymously in most publications [28]. For supplying the whole
reaction enthalpy of (AH9 = 286 kJ/mol) a minimum voltage of 1.48 V
is necessary. The cathode (negative terminal) produces hydrogen, while
the anode (positive terminal) produces oxygen according to the fol-
lowing reactions:

Anode: H, O— %02 + 2e” + 2H"

5)
Cathode: 2H* + 2e~ - H, 6)
Sum: H, O— %02 + H, (AHY4 = +286 kJ/mol) e

The protons are conducted from the anode to the cathode through
the solid polymer electrolyte, whereas the electrons are driven through
the external electric circuit. The cell’s efficiency can be calculated from
the cell voltage E..; with the following equation:

1.23V

Neell, LHV =
Ecell

()]

Under typical operating conditions, the cell voltages are between
1.5V and 2V [28]. The corresponding cell efficiencies are between 62%
and 82% based on LHV. The PEMWE system efficiencies with all uti-
lities (electronics, pumps, safety equipment, infrastructure, etc.) and
faradaic losses included to deliver H, at industry grade 5.0 (99.999%)
and 30 bar pressure are typically around 10-20% points lower than the
cell efficiencies [29] and are in the range of 50-70% (LHV). As can be
seen in Fig. 1, the direct CO, emissions of a PEMWE system are zero.
However, from a life cycle analysis point of view, the use of this tech-
nology for hydrogen production is associated with certain CO, emis-
sions. One important factor is the amount of emissions connected to the
production of the input electricity.

2.3. LCA reference values for hydrogen production

As described above, many technologies are currently available for
hydrogen production. They differ in many parameters, such as process
efficiency and energy requirements. Taking into account this variety, it
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is understandable that a large amount of hydrogen’s life cycle assess-
ment was published during the last decade. Lee and colleagues [30]
published recently the life cycle greenhouse gas emissions of hydrogen
production as a by-product from chlor-alkali processes. Under different
scenarios, hydrogen production creates 1.3-9.8 kg CO, eq. per kg of H,.
Utgikar and Thiesen [31] examined global warming and acidification
impacts of a combined advanced nuclear-high temperature electrolysis
plant. Producing 1kg of H, leads to 2kg of CO, equivalent (eq.) and
0.15g H* eq. for each impact category. Cetinkaya [32] and her col-
leagues analyzed the global warming potential along the life cycle for
five methods of hydrogen production. Electrolysis using wind emerged
as the best option, emitting 0.97 kg CO, eq. per kg of H,, followed by
solar electrolysis, with 2.4 kg of CO- eq.. Conventional production of H,
in a steam reforming process with natural gas would emit 11.9kg of
CO, eq. per kg of H,. Dufour [33] also analyzed the impacts of elec-
trolysis using different electricity technologies. From all analyzed
sources, the production of H, using electricity from the grid leads to the
largest GHG emissions, 28 kg of CO, eq. per kg of H, respectively. The
study also assesses SMR with carbon capture and sequestration which
results in 3.3kg of CO, eq. In this direction, Verma and Kumar [34]
estimated the GHG emissions of hydrogen production from under-
ground coal gasification with and without carbon capture sequestra-
tion. Emissions were calculated to be 0.91 and 18 kg CO eq. per kg of
H2.

Most articles focus on global warming potential, while few of them
include other impact categories such as cumulative energy demand,
acidification or eutrophication. One of them is the article published by
Hajjaji [35], which compares eight alternative ways for hydrogen
production including nine impact categories. Lastly, Wang and co-
authors [36] have investigated GHG emissions along the life cycle of a
new alternative to produce hydrogen, which couples chemical looping
combustion with steam reforming. This technology would produce 3 kg
of CO,, eq. per kg of Ho.

In this regard, our paper aims to enlarge the current knowledge in
the field from two different perspectives. Most reviewed articles pro-
vide aggregated data of the PEMWE stack. In this sense, we have made a
big effort to describe each component of the stack as it is today and to
estimate the future expected improvements based on the work devel-
oped in the Kopernikus project Power-to-X [37]. Besides, most studies
analyze hydrogen production using a single energy technology as en-
ergy source, without considering the actual availability of that source
within the energy system. In our study, we have integrated the life cycle
analysis and an optimization energy model in line with the scope of the
study. This way it is possible to understand how the energy system will
react to the demand of hydrogen, and then to identify which energy
sources will provide the energy required by the PEMWE.

3. Life cycle analysis

Life cycle assessment (LCA) is one of the most established methods
for estimating the environmental performance associated to the life
cycle of products and services. The first LCA framework was published
by the Society of Environmental Toxicology and Chemistry [38]. After
many modifications, the practice of LCA was regulated and nowadays
its application follows the ISO 14040 and 14044 standards (ISOa, 2006
and ISOb, 2006).

The LCA comprises four phases: (i) goal and scope definition, (ii)
inventory of inputs and outputs, (iii) impact assessment, and (iv) in-
terpretation of results. This study will address the four stages as es-
tablished in the ISO standards.

3.1. Goal and scope of the study
The main objective of this study is to quantify the potential en-

vironmental impacts of hydrogen produced by PEMWE in Germany
under different energy scenarios. The LCA has been modeled from an



K. Bareif$ et al.

Pressure

1
1
Reaulat 0, Drying & I
egulator De-Oxo Purification !
Purification optional I
1
" . 1
Cathodic Cathodic Anodic Anodic Water- 1
Water-Gas Outlet Stack Outlet Gas Separator :
H,, H,0 0, H,0 |[-¥
Separator

—
Feed Water :H20
Conductivity 1

<0.1 uS/cm :
Cathodic Drain H
Back Valve Anodic Inlet, H,0 :
1
Heat Exchanger |
Power (to Heater/Cooler:
. E: .
P, Electronics qu xchar)ge Unit) I
el Resin Cartridg \
: Control I
I Electronics :
: Safety h
I Equipment :
U Anodic H0 Circulation PUmp __system oundary!

Fig. 3. Scheme of the analyzed PEMWE system layout showing all essential
parts for hydrogen 5.0 production at 30 bar pressure, modified from [39,40].
The anode gas drying and purification system is optional and not necessary
unless the produced O, is used as well.

attributional approach as a cradle to gate system. However, it must be
noted that systems outside these boundaries might be affected by the
new demand of hydrogen. This is the case of the German electric
system. In order to reflect these consequences, the study includes results
from an energy model, described in Section 4, which will reflect the
potential German electric system under the new demand of H,. Fig. 3
shows the processes and components included within the system
boundaries. The chosen functional unit is defined as 1 kg of dried hy-
drogen produced in Germany in a PEMWE plant, with a standard
quality of 5.0 and 30 bar pressure at 60 °C operating temperature. First,
de-ionized water is fed to the anode water-gas separation tank. To avoid
certain system degradation issues, water conductivity has to be lower
than 0.1 uS/cm [41]. The water is pumped to the cell stack, the core
part of the system. Previous to the stack there is an ion exchange resin
cartridge for maintaining a low water conductivity. The water leaves
the stack at the anode outlet together with the produced oxygen. It is
cycled back to the water-gas separation tank. A heat exchanger in the
anodic cycle allows the system to maintain a certain working tem-
perature. Typically the working temperatures are in a range between
60°C and 80°C [42]. The produced oxygen is usually vented. Gas
treatment of the oxygen (drying and purification) is only done if the
oxygen is used in a subsequent process. The water circulation is done on
the anode side. On the cathodic side of the stack in most cases no water
cycling is necessary because there is a net transport of water from the
anode to the cathode during operation due to the electro-osmotic drag
[43]. Hydrogen and water leave the stack at the cathodic outlet. The
gas-water mixture is cooled down close to ambient temperature and
liquid water is separated and drained back to the anodic water-gas
separation tank. The water-saturated hydrogen is fed to a catalytic de-
oxo purification device to reduce the oxygen content to a level of less
than 5ppm. A subsequent adsorptive dryer finally reduces the water
content to values lower than 5 ppm [29]. The pressure on the cathodic
side typically can reach up to 30 bar. In most cases, the oxygen side is
kept at ambient pressure for easier system design and less cross per-
meation [44]. Further obligatory system components are the power
electronics (rectifier and voltage transformer), control electronics and
safety equipment. In many applications the whole PEMWE system is
integrated in standardized 20 ft or 40 ft containers as depicted in Fig. 4.
The balance of plant (BOP) lifetime is assumed to be 20 years [45].
Although the technology is already quite developed, it is expected to
further improve in the near future. In addition, the energy mix in
Germany will also vary its current configuration to fulfill the policy
targets. For this reason, we have extended the initial time horizon from
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Fig. 4. Typical containerized PEMWE system in the 1 MW power range at
Windgas Hamburg, Reitbrook project site. (Copyright ©Uniper SE).

2017 to 2050, so that our results can reflect these changes.

Data for the foreground system has been collected from different
sources. An important part of the data has been taken from laboratory
measurements and was reviewed by several industrial partners. Other
sources, such as literature review, scientific articles and technical in-
formation from commercial sources, have been used when necessary.

Data for the background system has been taken from the ecoinvent
v3.3 database. Whenever the available datasets provided in the data-
base did not reflect the geographical and time horizon previously de-
fined in this study, they were modified using additional information.
The analysis has been modeled using the software SimaPro. There are
currently a large variety of impact assessment methods. The Joint
Research Centre (JRC) published in 2011 an extensive review of dif-
ferent methods using criteria such as completeness of the scope, en-
vironmental relevance and scientific robustness among others [46]. As
result of this review, they proposed an umbrella method, which com-
prises the best scored method for each impact category. Although the
use of this method could be appropriate, we have chosen the most
updated version of the ReCiPe Midpoint method to carry out this study
[47]. Some of the weaknesses highlighted by the review from the JRC
report have been surpassed in the most updated version. Besides, by
using one unique method for all impact categories, we can assume that
the underlying limitations and assumptions for each category are con-
sistent with each other. The following impact categories have been
included in the analysis:

e Climate change (CC)

e Ozone depletion (OD)

e Terrestrial acidification (TA)

e Human toxicity (HT)

e Particulate oxidant formation (POF)
e Particulate matter formation (PM)
e Metal depletion (MD)

3.2. Life cycle inventory

This section describes the different processes within the system
boundaries. Inventory data are shown as well in this section, together
with the main assumptions and hypothesis taken along the study.

3.2.1. PEMWE stack

The stack as the core component of a PEMWE system is basically a
connection of several single cells in series. This is schematically shown
in Fig. 5.

The individual cells of the same principle as shown in Fig. 2 are
separated by titanium bipolar plates. At the upper and lower end of the
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Fig. 5. Picture and simplified schematic drawing of a PEMWE stack of the lower
power class up to 100 kW. More powerful systems in the MW class are very
similar in their components, the main difference is the size of the active cell
area. (Picture: Copyright ©HIAT gGmbH).

cell stack current collectors, mainly made of copper or aluminum [25],
are installed for the electrical connection. Thick end plates made of
aluminum or steel together with several bolts and sets of stacked flat
springs are used to ensure an even compression of the cells. The stack
lifetime of commercial systems is typically 40000-60000h and is
planned to reach 90000 h or roughly 10 years of continuous service in
near future systems [24]. The main parts prone to degradation are the
MEA and the anodic PTL [48]. These can be substituted by new com-
ponents in an overhaul process.

Table 1 shows an overview over some key parameters of the
PEMWE system, which are important for the LCA. Current state-of-the-
art values (2017) and their estimated development for the near future
are gathered. Today’s mean cell efficiencies are 70% at corresponding
cell voltages of 1.79V and current densities of around 1.5 A/cm? [28].
The system efficiencies including all utilities are about 10 percentage
points lower at 60% [28]. Typical anode catalyst loadings are 2 mg/cm?
iridium [22]. In contrast, the cathode catalyst loadings are about ten
fold lower with 0.2 mg/cm? platinum. This is possible as the cathodic
reaction kinetics are several orders of magnitude faster [49]. The tita-
nium bipolar plate thickness in current state-of-the-art PEM electro-
lyzers is about 3 mm [50] as there are machined or etched channels on
both sides of the bipolar plates with depths of about 1 mm each [51].
Polysulfonic acid membranes for proton conduction (mostly Nafion®)
with thicknesses of about 200 um are used as electrolyte [42].

Research efforts are undertaken to intensify the current density and
to lower the catalyst loadings while keeping the high efficiency level
[42]. Also, design improvements are expected to reduce the material
usage, especially of the expensive and difficult to manufacture titanium
bipolar plates. Possible ways to achieve these goals are presented in the
following:

Table 1
Current and estimated near future PEMWE system parameters.

Parameter 2017 Near future
Cell voltage level (V) 1.79 1.79
Current density (A/cm?) 1.5 3
Power density (W/cm?) 2.7 5.4
et LHV) 0.7 0.7
Nystem (LHV) 0.6 0.6
Anode Ir. loading (mg/cm?) 2 0.2
Cathode Pt. loading (mg/cmz) 0.2 0.05
Ti. bipolar plate thickness (mm) 3 0.3
Membrane thickness (um) 200 50
Single cell format (cm?) 500 1000
Stack lifetime (years) 7 10
BOP lifetime (years) 20 20
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® Reduced catalyst loadings: At the cathode for the hydrogen evolu-
tion reaction (HER), the platinum loadings can be reduced by a
factor of 8 from today 0.2mg/cm?® to 0.025mg,,/cm?® without
significantly influencing cell performance [52]. With a security
factor included for possible degradation issues, 0.05 mg,,/cm? seems
a reasonable value for cathode loadings for the near future. At the
anode, the oxygen evolution reaction (OER) is much slower and
therefore more catalyst surface area is necessary. As iridium is only
mined in a quantity of approximately 4 t/y [42], it was estimated by
Bernt et. al. that the power specific iridium loading should get down
to 0.01 g, /kW at efficiencies similar to today’s (~ 70%) so PEMWE
can be used on a large scale with about 150 GW installation per year
[52]. By using improved catalysts with higher surface area, a ten
fold reduction of the iridium content down to 0.2mg, /cm? at in-
creased current densities of 3 A/cm? is assumed to be possible in the
near future.

Thinner membranes: A reduction of membrane thickness from
200um to 50um in the coming years seems a possible goal.
Experimental tests with thinner membranes showed good results
[25]. Similar reductions of membrane thickness were achieved in
PEM fuel cell technology [53,54]. This facilitates an operation at
higher current densities, as the ohmic resistance of the cell is sig-
nificantly reduced [42]. At the same time, it has to be ensured that
the permeation losses and degradation processes are not increasing
too much with the thinner membranes [55,56].

Thinner bipolar plates: Bipolar plates can be produced faster and
with less material usage by forging of thin sheet metal instead of
destructive milling or etching of thicker base material. Similar ap-
proaches were done in PEM fuel cell technology, where sheet metals
with thicknesses of 50 pm are stamped or forged to manufacture
flow fields [57]. In PEMWE systems, with higher operating pressures
and thus tighter mechanical restrictions of the minimum bipolar
plate thickness, possible reductions are assumed to be ten-fold down
from initial 3mm [50] to 0.3 mm in the near future.

3.2.2. Gas purification

After passing the cathodic water-gas separator unit the produced
hydrogen is saturated with water vapor. The water vapor pressure de-
pends on the water-gas separator temperature. In most cases, this de-
vice is cooled down slightly above ambient temperature. Average va-
lues are assumed to be about 20 °C which corresponds to a water vapor
pressure of 23 mbar. At the cathode, total pressures of 30 bar result in a
water vapor content of about 770 ppm or 7 g H,O per kg of H,. Some
oxygen is also present in the cathodic product gas due to permeation
processes across the membrane. According to findings by Trinke et al.
[58] the mean oxygen impurity level is estimated to be about 800 ppm.
For removing these impurities, a de-oxo unit is used, which catalytically
cold burns the oxygen traces with hydrogen to water. The produced
water from the de-oxo unit, together with the water vapor from the
water-gas separator, is reduced to less than 5ppm by a subsequent
adsorptive drying process.

® De-Oxo
Different types of de-oxo purification units are available on the
market. One possibility is the use of platinum group metals to re-
move the oxygen content in the hydrogen gas stream in a catalytical
recombination device. The reaction is as follows:

2H, + 0, =» 2H,0 9

While removing the 800 ppm of oxygen, about 15 g of H5O is pro-
duced per kg of H,. The product water from the de-oxo device to-
gether with the 7 g of H,O per kg of H, from the gas-water separator
is subsequently removed in an adsorption process.

Adsorption Process

In most applications, silica gel is used as adsorbent. The silica gel
adsorbs water at its surface until it is completely covered and
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Table 2
Materials for a 1 MW PEMWE stack, state-of-the-art and near future.

Material (kg) 2017 Near future
Titanium 528 37
Aluminum 27 54
Stainless steel 100 40
Copper 4.5 9
Nafion® 16 2
Activated carbon 9 4.5
Iridium 0.75 0.037
Platinum 0.075 0.010

saturated [59]. Silica gel needs to be baked out before it can be used
again. Thus, to maintain a continuous drying process, two silica
tanks in a batch process are considered in the study. Energy and
material requirements to produce silica gel have been taken from
the literature [60]. Between 7100 and 8400kJ are required to
evaporate 1kg HyO from silica [59]. This results in an energy de-
mand of 0.05kWh per kg dried H, at 30 bar pressure.

The life cycle inventory (LCI) has been collected for each described
process. Taking into account the system parameters for 2017 and the
near future shown in Table 1, the required materials for a 1 MW stack
have been estimated. The total active cell area for a 1 MW stack is 37 m>
for state of-the-art and 18.5 m? in the future. Subsequently, the material
quantities have been estimated assuming a simple layered design as
shown in Figs. 2 and 5. Quadratic cell formats with active areas of
500 cm? for 2017 and 1000 cm? for the near future are chosen for es-
timating the size of the endplates and current collectors. Based on de-
monstration systems, the end plate thickness is assumed to be 10 cm
and the current collector thickness to be 5 mm. Furthermore, the mass
of the stainless steel bolts and screws is conservatively estimated. The
mass of sealing material and inlet and outlet fittings has been neglected.
Table 2 contains the LCI of the main materials for the state-of-the-art
and future 1 MW stack.

Titanium is the material that contributes the most to the total mass
of the stack in its current configuration. The need for a reduction of its
use is mainly driven by its high cost [61] and the difficulty of ma-
chining or etching thick titanium bipolar plates. It can be noticed that
the effect of higher power density, reduction of the bipolar plate and
membrane thickness and reduction of catalyst platinum group metal
loadings will lead to a strong decrease in material usage. Especially the
application of cost intensive materials like iridium, platinum and also
titanium and Nafion® is reduced by 85-95%. Only for the construction
materials aluminum and copper a higher usage can be assumed for the
future as the active cell area format is doubled.

3.2.3. Balance of plant

The BOP materials are more difficult to estimate, as there is only
few publicly accessible information from PEMWE system manu-
facturers, in most cases only in form of technical specifications as in
[62-64]. However, a rough estimation for the materials with a high
safety margin is attempted in the following. The assumed system is a
containerized solution in a standard 20 ft container with a structural
weight of 3.9t. The foundation is made from concrete realized by 4
point-foundations with a thickness of 25 cm each and a squared area of
1.5m edge length. The total weight of concrete for the foundation
amounts to 5.4 t. To ensure a sufficient water flow, a pump with 10 kW
is required. The power electronics, which includes the rectifier and the
voltage adaption, weighs 1t and the control electronics accounted for
100 kg of gross mass. In addition, some construction and process ma-
terial such as steel elements, plastic and stainless steel piping, ad-
sorbents and lubricants are included in the analysis. The integrated
system materials and their estimated masses are specified in Table 3.
Fig. 6 shows the mass shares of the BOP components and the PEMWE
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Table 3

Main materials and assumed masses of the PEMWE BOP.
Materials Mass (t)
Low alloyed steel 4.8
High alloyed steel 1.9
Aluminum < 0.1
Copper < 0.1
Plastic 0.3
Electronic material (power, control) 1.1
Process material (adsorbent, lubricant) 0.2
Concrete 5.6

Total mass: 14.6 t

Power &
control
electronics

Gas ;
purification & |
water !

treatment

Fig. 6. Mass shares of the components belonging to the electrolyzer system
(2017).

stack for 2017. It is clearly visible that the highest mass share (78%)
refers to construction elements (foundation, steel construction, con-
tainer) whereas only 5% is used for the actual electrochemical device,
the PEMWE stack.

4. Energy scenarios

After the static PEMWE system has been described, we investigate
the dynamic plant operation. Water splitting is an energy demanding
process using electricity and some heat. In our system, the heat is also
provided by electricity. From stoichiometry results, we know that 9 kg
H,0 are required for producing 1kg H,. In addition, 55 kWh of elec-
tricity are necessary for water splitting at an efficiency of 60% LHV. The
choice of energy sources has an important impact on the results as
shown by Valente et al. in their extended reviews [65,66]. The energy
sources determine the GHG emissions as well as the cumulative energy
demand (CED) of the whole life cycle. The potential effects of the
electricity mix on our final results make a more detailed analysis of the
current and expected development of Germany’s energy system neces-
sary. There are numerous studies focusing on energy modeling in
Germany [67-70]. However all of them have their own assumptions on
different aspects which are not in line with our scope of research. In
addition most available studies are published in an aggregated and al-
ready interpreted form, which do not provide the necessary degree of
freedom. In our premise, we see FCVs as an important component in the
course of the energy transition concerning the mobility sector. For this
reason, an amount of H2 requirement was assumed, which is covered
by the PEMWE. The capacity expansion of PEMWE and the use of
available storage capacities, however are determined endogenously,
taking into account the hourly optimized electricity mix by the model.
In order to illustrate this complex approach, a linear optimization
problem tailored to this research question has been set up. We have
built an energy model to computationally answer the question about a
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future power mix. A linear optimization problem was described with
the open source model-generator “urbs” [71], which was created at the
chair of "Renewable and Sustainable Energy Systems” at TUM. The
model consists of 16 nodes (for every state of Germany) and does not
allow international energy exchanges. Each region (node) is connected
to its surroundings with transmission lines. Energy demands (electricity
and hydrogen) are given, which have to be covered by different tech-
nologies. Three premises were set:

1. A largely electrified private traffic is assumed to match the goal of
decarbonization in the private transportation sector. The analysis of
the average distance kilometers traveled per trip is based on re-
ference to [72]. Journey distances shorter than 250 km have been
assumed to be suitable to be operated by BEV. Due to the limited
battery capacity and longer charging time of BEV, hydrogen vehicles
are more suitable for longer journeys [73]. Thus, remaining mileage
is satisfied by FCV. The electricity requirement of BEVs is added
proportionally to the general electricity demand. The battery sto-
rage of the vehicles is not included in the power grid as storage.
From the analysis, we state 71% of the mileage is provided by BEVs
accordingly remaining mileage demand is covered by FCVs. BEVs
have an overall higher rate of efficiency (0.57 MJ/km) compared to
FCVs (0.73 MJ/km) [67]. Electricity consumption for BEV accounts
to 60 TWh, while covering H, demand including the efficiency of the
PEM system amounts to 35 TWh.

. The tolerated CO, emission limits is made up of the sectors energy
economy and private traffic in 2050. Total CO, emissions are 80%
lower compared to 1990 emissions from private transport
(19 Gtons) and energy economy (43 Gtons).

. The maximum installable capacity of wind is calculated by the share
of non-occupied land like settlements, rivers or roads, in Germany.
From this share we assume an occupancy of 5% of suitable space in
Germany as not all useful space will be allocated to wind farms. By
assuming 5MW turbines in 250 m distance each, a potential of
20 MW/m? is available, which corresponds to 198 GW onshore ca-
pacity. This value is slightly higher than the 178 GW stated in [74]
(Scenario: “Energiewende- Referenz”) but much lower than the
930 GW from [75] as they allow a higher share of Germany for
wind-farming. The quality of a wind location is characterized by the
amount of full load hours of their corresponding wind time series
[76]. 1/3 of the capacity is assigned to very good wind locations
(the best third of each region). As a simplification, the remaining 2/
3 are assigned to the second best third of wind locations. The
maximum capacity of photovoltaic systems is not limited. The use of
conventional power plants is determined by the model.

To cover the energy demand, 0.1 TWh pump storage and 0.5 TWh
hydrogen storage are set as readily installed. The hydrogen storage
represents the capability of existing fuel storage as our hydrogen de-
mand results from FCVs. The efficiency of FCV is given with 0.73 MJ/
km [78] and for BEV (300 km range) 0.57 MJ/km [67]. The model
solves the problem cost optimally on an hourly time base by keeping
the direct maximum CO, emissions under a given limit. Finally, we
investigated the specific CO5 emissions of the hourly electricity mix
which is plotted in Fig. 7. From the curve, we stated two different op-
eration modes of PEMWE and therefore two load profiles. For a future
hydrogen production via PEMWE, based solely on renewable energy,
we get 3000 full load hours as a result. The operation time will increase
to 8760 h when 40% of the energy is supplied by combined cycle gas
turbine (CCGT). All assumptions and further details are published in a
working paper [77]. The results from the two different scenarios are
shown in Table 4.

5. Results and discussion

In this section we present the potential environmental impacts
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Fig. 7. In descending order sorted CO, emissions curve; only direct CO, emis-
sions from burning fossil fuels in conventional power-plants are taken into
account. Energy from renewables do not have any emissions in the model
(figure taken from [77] and translated).

Table 4
Share of power generation from the different scenarios (%).
Power 2017 2050 2050
plant baseload baseload 3000h
[79] [77] [77]
Hard coal 15 0 0
Lignite 24 0 0
Nuclear 12 0 0
Natural gas 14 40 0
Oil 1 0 0
Wind enery 17 39 65
Photovoltaic 6 21 35
Biomass 8 0 0
Hydro power 3 0 0

associated with the production of hydrogen by a PEMWE under three
different energy scenarios from a life cycle approach. The electricity
mixes resulting from the energy model for the different scenarios are
shown in Table 4. For today’s electricity mix, the GWP is 29.5 kg CO,
eq. for each kg of produced hydrogen as shown in Fig. 8. This amount is
reduced by 60% if the electricity required by the system is produced as
described in the 2050 base-load operation scenario. In this case, the
production of 1kg hydrogen causes the emission of 11.5kg CO,
equivalent. The most favorable scenario (3.3kg CO, eq.) assumes that

In detail: GWP for PEM electrolyzer in
the year 2050 (3,000 full-load hours)
» o 96% i
« 20
jas)
on
)
~
o 15
o = BOP = PEMWE Stack 7~ Electricity
o
S
on 10
A4
5 ,,,,,,,,,,,,,,
0

SMR

Reference

Fig. 8. Global warming impact from CO, emissions of the PEMWE system.
Emissions are separated into BOP, PEMWE Stack and Electricity. As BOP and
PEMWE Stack contribute with a maximum of 4% to the GWP, a pie chart is
added in the case of the scenario with 3000 full-load hours.
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the PEMWE is operating 3000 h using only electricity produced by re-
newable sources. Fig. 8 also shows the contribution of the different
system components to the GWP for the best case. The modeled com-
ponents of the PEMWE stack (near future design) have negligible in-
fluence, with less than 1%. The PEMWE BOP accounts for only around
4% while the electricity supply is responsible for 96% of total GHG
emissions. The contribution of the PEMWE stack and BOP is even lower
for the other scenarios. Comparing our results with Bukhardt et al. [80],
a distinctly higher proportion of nearly 20% is attributable to the
electrolyzer’s manufacture supply chain. This divergence can be ex-
plained, beside the material choice, by the lower power density of al-
kaline electrolyzers [28], the system is correspondingly larger than a
PEMWE. A comparison of the mass balance shows that the alkaline
electrolyzer (including foundation) weighs, with 30 tons, twice as much
compared to the PEMWE system examined in this study. Thus, hy-
drogen production by PEMWE with its high power density should result
in lower GWP compared to alkaline electrolysis when using the same
input electricity. Although the production of hydrogen in a SMR process
is out of the scope of our study, in the figure we have included the GHG
emissions associated to this technology (11.5kg CO, eq./kg of Hy) in
order to have a reference value. This value has been extracted from the
GaBi database.

Since hydrogen as fuel is a premise of our energy scenario, we
briefly describe how FCV can contribute to a sustainable transportation
sector for the year 2050. First of all, FCVs are more efficient (0.73 MJ/
km compared to internal combustion engine (1.2 MJ/km) [67]. Sec-
ondly, GWP of gasoline is around 84 g CO, eq. per MJ [81], which
results in 101 g CO, eq. per vehicle kilometer (vkm). Hydrogen from
PEM, even in base-load operation (11.5kg CO, eq./kg of H,) leads to
70 g CO eq. per vkm (hydrogen from SMR will result in similar results).
Using the flexibility of PEMWE and matching the hydrogen production
with the fluctuating power generation of renewables (3000h) will
further reduce the emissions to 20 g CO, eq per vkm.

The change of energy sources in the electricity mix over time does
not only contribute to the reduction of GWP but also to the cumulative
energy demand indicator. This indicator serves as reference to measure
the system’s efficiency in terms of energy consumed and produced,
considering the whole supply chain. The aim is not only to decrease the
CED of the system, but also to decrease the contribution of non-re-
newable energy sources. Therefore, in this paper we distinguish be-
tween renewable and non-renewable cumulative energy demand. The
result for the cumulative energy demand of the individual operating
modes is shown in Fig. 11. In the base scenario (2017), the production
of 1kg hydrogen requires around 550 MJ along the whole system.
Under the second and third energy scenarios, the CED is reduced by
23% and more than 53%, respectively. Producing 1 MJ of H, requires
around 4.6 MJ along the supply chain in the current scenario, but only
2.1 MJ in the best case scenario, 2050 (3000 full load hours). When
analyzing the indicator divided into the two subcategories, renewable
and non-renewable, it is possible to perceive that besides an improve-
ment in energy efficiency, there is also an increase in renewable energy
source’s contribution to the cumulative energy demand. In the current
situation, 77% of the CED has a non renewable source, which includes
fossil and nuclear energy. This value decreases by 15% when the
electricity is produced under the 2050 scenario with 3000 full load
hours. As in the case of GWP, we have included the CED from SMR as
reference. Although this process demands lower cumulative energy
along the supply chain compared to any other scenario, 99% of this
energy has a non renewable origin. Table 5 shows the potential en-
vironmental impact for each impact category under the three energy
scenarios. It can be noticed that the highest values for most categories
occur in the current scenario. However, there are two categories in
which the trend is different. Human toxicity decreases due to the phase-
out of lignite in scenario 2050 (8760 h) compared to the current sce-
nario, but it increases again in 2050 (3000 h) because of the high de-
mand of copper for the wind turbines. In the case of metal depletion,
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Table 5

Impact categories for PEMWE in 2017 and 2050.
Impact 2017 2050 2050
(unit) baseload baseload 3000h
CC (kg CO, eq.) 29.5 11.6 3.0
OD (10~ kg CFC-11 eq.) 2.6 2.6 2.3
TA (10~ 2 kg SO, eq.) 4.7 2.5 21
HT (kg 1,4-DB eq.) 24.8 3.9 5.6
POF (102 kg NMVOC) 3.4 2.0 1.3
PM (102 kg PM10 eq.) 1.6 1.2 1.1
MD (kg Fe eq) 0.53 0.93 1.5

s Electricity

= PEMWE Stack
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Fig. 9. Impact assessment results per functional unit from the following sce-
narios: (a) 2017, (b) 2050 (8760 h), (c¢) 2050 (3000 h).

the potential impact is larger both in 2050 (8760 h) and 2050 (3000 h).
Although there is an important reduction of metals (titanium, iridium)
used in the PEMWE stack from 2017 to 2050, total MD increases due to
the higher share of wind (copper) and PV (silicon, iron) energy in the
electricity mix. From these results shown in Fig. 9, we see that the
electricity mix is crucial for reducing most environmental impacts, al-
though it might lead to the increase of some other categories. In order
to better understand the reasons behind these effects, it is necessary to
further investigate the impacts of each energy technology in each
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Fig. 10. Further environmental impacts. All impact categories are related to 1 kWh electricity.

energy scenario.

Fig. 10 shows the potential environmental impacts of producing
1 kWh of electricity in each energy scenario, taking into account the
different contribution of each energy technology. As expected from the
results shown in Table 5, most environmental impacts associated with
the production of 1 kWh of electricity decrease in the energy scenarios
with higher share of renewable energy sources. In 2017, the environ-
mental impacts are mostly associated with fossil energy sources such as
lignite and hard coal. Biomass and natural gas also contribute to the
acidification potential and photochemical ozone formation. In the en-
ergy scenario 2050 (8760 h), all impacts are driven by natural gas. In
some categories, such as climate change or ozone depletion, this energy
technology represents more than 90% of the total impact, while in other
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Fig. 11. A significant reduction in energy from non-renewable is observed
starting from 2017 until 2050. In contrast to that, the amount of energy from
renewable sources is only rising moderately.

categories, such as acidification potential or particulate matter, its
contribution does not exceed 50%. Lastly, in 2050 (3000 h), the lack of
natural gas as energy source leads to the reduction of most environ-
mental impacts. With a share of 35%, solar energy plays an important
role in most categories except in metal depletion, mainly associated
with wind energy.

Besides the potential environmental impacts included in a classic
LCA, the use of critical materials in the supply chains has recently be-
come a new important topic. The European Commission periodically
renews the list of critical materials. These depend on several para-
meters. The most important are:

e The importance of the material to the EU economy in terms of the
cost of material substitution (SIEI Index).

® The security of supply by the supplying regions depending on the
development of the respective government and trade performance.

Favorable substitution possibilities or reprocessing of these critical
raw materials have a risk-reducing effect on their evaluation in the
considered life cycle [82]. The platinum group metals are identified as
critical raw materials [83] in this study. It is estimated that the use of
iridium in the PEMWE stack can be reduced by 90% by 2050. The
platinum loading is reduced by 75%. To cover the H, demand from the
energy model an installed PEMWE power between 7 GW in full-load
and 20 GW in the 3000 h scenario is necessary. With a typical stack
lifetime of 7 years the iridium demand (excluding recycling) is between
0.8t and 2.1t per year in Germany only. In contrast, the average
worldwide production rate of iridium, which is a co-product of pla-
tinum, is between 3.5t [84] and 4t per year [42]. Therefore, it is
crucial to reduce their amount if PEMWE is seen as a roll-out tech-
nology for future energy systems. In addition FCV will need a certain
amount of platinum for their fuel cell stacks. However, this is outside
our system boundaries.

6. Conclusion

We have reported that for different impact categories of hydrogen
produced by proton exchange membrane water electrolysis, the
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influence of system components plays a minor role. Our investigation
has shown that mainly the composition of the electricity mix de-
termines the impacts like global warming potential. A reduction of the
used materials causes only very little reduction in global warming po-
tential. Nevertheless, there is a clear influence of material reduction on
the critical materials. Three different operation modes of the proton
exchange membrane water electrolysis were investigated; for each, a
specific process electricity was developed. Further investigation shows
that hydrogen production with proton exchange membrane water
electrolysis in the future (2050) is definitely an alternative to conven-
tional steam methane reforming production. However, the operation
mode by proton exchange membrane water electrolysis is flexible en-
ough for fitting into hours with volatile electricity production having
very high shares of renewables. Due to the flexibility of the plants,
proton exchange membrane water electrolysis can play an important
role in integrating renewables. With the appropriate storage capacity,
surplus of hydrogen produced can be used for later re-conversion to
stabilize future energy systems or as fuel for fuel cell vehicle. By sub-
sidizing fossil oil in the private transportation sector, even in the
baseload scenario, global warming potential is reduced by 30%. Due to
the capability of flexible load behavior, proton exchange membrane
water electrolysis can contribute to a high reduction of greenhouse gas
emitted by the transportation sector by up to 80%, as we have shown.
However, our results are subject to the restriction of using existing
databases for the background data. These data are based on state of the
art or based on older processes. In order to depict future value chains,
which also use electricity in production steps, these data sets would also
have to be updated for reasons of consistency which is outside of our
focus. Therefore, feedback effects of future energy mixes regarding in-
direct emissions cannot be taken into account. For further investiga-
tions of innovative technologies, new datasets should be created which
allow increases of efficiency in the production of energy production
technologies e.g. solar panels through a lower emission factor of used
electricity. This would further reduce the global warming potential of
renewable hydrogen production by proton exchange membrane water
electrolysis.
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