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Low-carbon (green) hydrogen can be generated via water electrolysis using photovoltaic, wind,
hydropower, or decarbonized grid electricity. This work quantifies current and future costs as well as
environmental burdens of large-scale hydrogen production systems on geographical islands, which
exhibit high renewable energy potentials and could act as hydrogen export hubs. Different hydrogen
production configurations are examined, considering a daily hydrogen production rate of 10 tonnes, on
hydrogen production costs, life cycle greenhouse gas emissions, material utilization, and land
transformation. The results demonstrate that electrolytic hydrogen production costs of 3.7 Euro per kg
H, are within reach today and that a reduction to 2 Euro per kg H; in year 2040 is likely, hence
approaching cost parity with hydrogen from natural gas reforming even when applying “historical”
natural gas prices. The recent surge of natural gas prices shows that cost parity between green and grey
hydrogen can already be achieved today. Producing hydrogen via water electrolysis with low costs and
low GHG emissions is only possible at very specific locations nowadays. Hybrid configurations using
different electricity supply options demonstrate the best economic performance in combination with
low environmental burdens. Autonomous hydrogen production systems are especially effective to
produce low-carbon hydrogen, although the production of larger sized system components can exhibit
significant environmental burdens and investments. Some materials (especially iridium) and the
availability of land can be limiting factors when scaling up green hydrogen production with polymer
electrolyte membrane (PEM) electrolyzers. This implies that decision-makers should consider aspects
beyond costs and GHG emissions when designing large-scale hydrogen production systems to avoid
risks coming along with the supply of, for example, scarce materials.

Hydrogen is supposed to play an important role as low-carbon energy carrier and feedstock in decarbonized economies. Today, however, hydrogen production
relies on fossil resources and generates substantial environmental burdens. Water electrolysis coupled with renewable energy sources (so-called ‘“‘green
hydrogen”) represents an alternative, which causes low greenhouse gas (GHG) emissions. Geographical islands have a huge potential as hydrogen export

hubs—due to the high capacity factors of wind and photovoltaic (PV) electricity generators in these areas, often low population densities, and thus low local
demand. Large-scale hydrogen production represents an opportunity for their economic development. Comprehensive techno-economic and environmental
life cycle assessments are required to evaluate potential hydrogen production clusters in such favorable locations. This paper explores this potential by
determining overall costs and environmental burdens—such as the utilization of (potentially scarce) materials and land transformation—of optimized large-

scale hydrogen production configurations via water electrolysis.
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deep decarbonization of the global energy system.'”” More
specifically, hydrogen is expected to play a key role in the
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carbon-intensive energy sources nowadays, namely steam
reforming of methane (76%) and coal gasification (22%), also
known as gray and black hydrogen, respectively.” Importantly,
hydrogen is only environmentally sustainable when using very low-
carbon energy sources for its production via water electrolysis—e.g.,
photovoltaic (PV), wind, or (very) low-carbon grid electricity—also
referred to as green hydrogen.*® Currently, only 2% of global
hydrogen production originates from water electrolysis.”

Green hydrogen produced via water electrolysis has several
advantages compared to alternative low-carbon hydrogen pro-
duction pathways. It exhibits a very high purity with more than
99.9%,' thereby avoiding additional cleaning steps."”'™*
Further, electrolysis can provide grid balancing services con-
verting ‘“‘excess electricity” from wind and solar peaks to
hydrogen when dynamic electrolysis operation is possible. Such
production can therefore profit from low electricity prices
potentially resulting in low hydrogen production costs."""

The costs of green hydrogen are, however, currently still
high (up to 15 Euro per kg H,*'>'®) compared to fossil fuel
based hydrogen production pathways, mainly due to the high
investment needed for the electrolyzer.>'>'”'® Further, there
are large uncertainties regarding the future development and the
associated learning curve of electrolyzers.®'” There is therefore
a need for comprehensive cost assessments to determine
current hydrogen production costs of green hydrogen, as well
as to examine the point in time of reaching cost parity with
gray hydrogen with ‘historical” costs around 1-2 Euro per kg
H,.*%'%1%2° Further, environmental assessments are required to
determine whether “green” hydrogen—produced exclusively by
renewable electricity in autonomous system configurations—
indeed exhibits low greenhouse gas (GHG) emissions, as well
as to determine potential trade-offs coming along with the large-
scale deployment of green hydrogen production systems.

There is a general agreement that energy systems and
hydrogen production pathways should be assessed based on
overall cost as well as environmental life cycle assessments
(LCAs) methodologies, to identify economic and environmental
trade-offs.>"*> Methane reforming with carbon capture and
storage (CCS)—i.e., blue hydrogen—could be an important
low-carbon hydrogen production pathway complementary to
green hydrogen,” although recent LCAs show a very wide range of
climate change impacts as a result of large variability regarding
methane emissions from natural gas supply chains.***” Green
hydrogen most often exhibits lower climate change impacts
compared to blue hydrogen, and is non-sensitive to fugitive
methane emissions and associated uncertainties.******" Green
hydrogen therefore seems to be the best option when economic-
ally feasible. Several recent studies quantify hydrogen production
costs and/or associated environmental burdens generated via
water electrolysis.

For example, Christensen®® quantified costs of hydrogen
production considering different configurations using water
electrolysis. Static electricity prices and capacity factors were
applied to calculate hydrogen costs in Europe and the United
States. Mallapragada et al>** quantified hydrogen costs for
configurations coupled to PV and energy storage across the
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United States, and identified suitable locations to reach
levelized costs lower than 2.5 $ per kg H,. Palmer et al”®
determined energy requirements and life cycle GHG emissions
of large-scale hydrogen production via water electrolysis with
solar PV as the main electricity source at a specific location.
Nguyen et al.'" provided a techno-economic analysis of grid-
coupled hydrogen production configurations with decarbo-
nised grid electricity supply, and therefore disregarded an
environmental assessment.

This short overview demonstrates that previous works have
several shortcomings in their economic and/or environmental
analysis. First, they were limited to either hydrogen production
costs, for example ref. 11, 15 and 32-35, or GHG emissions,*®
but none of them addressed the potentially conflicting goals of
minimizing costs and life cycle GHG emissions of hydrogen
production. In addition, future large-scale green hydrogen
production could also approach environmental boundaries
regarding material utilization®®***” and land transformation.
Second, hydrogen production costs and environmental burdens
were usually quantified with static electricity prices and/or capacity
factors, applied to wind and PV electricity generation. In reality,
electricity prices and electricity generation from these renewables
are highly location-specific, variable, and intermittent.***° Third,
previous work designed the hydrogen production configurations
with static sizing methodologies, while the design of such hydrogen
production systems could be optimized based on site-specific
conditions to minimize hydrogen production costs and environ-
mental burdens. And lastly, the assessment of large-scale hydrogen
production hubs at favorable hydrogen production locations—such
as geographical islands and coastal areas—is currently missing.
We define favorable hydrogen production locations as geographical
areas with a high capacity factor of renewable energy sources
in combination with a substantial potential for their expansion
as well as an easy accessible transportation network. In this way,
hydrogen production on favorable locations might enable the
decoupling from hydrogen demand. To the author’s knowledge,
no comprehensive work has examined these economic and envir-
onmental considerations of optimally designed large-scale hydro-
gen production systems on favorable hydrogen production
locations so far, the contributions of this work can be summarized
as follows:

e We provide an integrated techno-economic as well as
environmental LCA of large-scale hydrogen production via
water electrolysis considering different configurations: grid-
connected, autonomous (i.e., not connected to the electricity
grid), hybrid as well as different sub-configurations.

e Current and future costs (year 2040) as well as environ-
mental burdens of hydrogen production are quantified for
favorable hydrogen production locations using a comprehen-
sive sensitivity analysis. Five potentially favorable hydrogen
production hubs are selected as case studies on European
coastal areas/islands (Crete, Eigerey, Tenerife, Western Isles,
and Borkum).

e A mixed integer linear programming (MILP) optimization
problem is developed to optimally design hydrogen production

This journal is © The Royal Society of Chemistry 2022
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systems for different hydrogen production configurations, con-
sidering a large set of (renewable) energy generators and
technologies.

e An LCA is conducted on the hydrogen production config-
urations, to determine whether cost-optimal hydrogen produc-
tion indeed exhibits low GHG emissions. Besides, life cycle
impacts on land transformation and on a set of (potentially
scarce) materials are quantified.

e A prospective economic as well environmental life cycle
analysis is conducted applying a modification of the background
LCA database using open-source Python package premise.*

o A potential upscaling of hydrogen production is examined,
using a future renewable energy scenario, to determine whether
such an upscaling leads to limitations regarding (scarce) materials,
electricity consumption, and land transformation.

This work provides insights into cost-optimal configurations
and operations, which should guide utilities and operators to
install such systems. Further, this paper demonstrates trade-
offs between low-cost and low-GHG emissions as well as
potential barriers for upscaling hydrogen production via water
electrolysis, which could be helpful for policy makers and
system designers. The structure of this paper is as follows.
Section 2 provides the methods. Next, Section 3 shows the
results, and the discussion follows in Section 4. Finally, the
conclusions are drawn in Section 5.

2 Methods

Fig. 1 illustrates the methodology and procedure of this work.
Hydrogen can be generated with different hydrogen production
configurations using a wide set of (renewable) energy technologies
in their system layout, see Section 2.1. We consider grid-
connected configurations, hybrid, and autonomous configura-
tions as well as two sub-configurations, which are described in
Section 2.1.1-2.1.3. Data collection is performed to obtain
weather, techno-economic, and environmental LCA data speci-
fically for the considered case studies and system configura-
tions. Next, a MILP problem is developed to optimally design
hydrogen production systems with the use of annualized costs
and/or life cycle GHG emissions; this is explained in Section 2.2
and in Section A of the ESI.{ The outcome of the optimally sized
system components and energy vectors are used to obtain
environmental impacts other than impacts on climate change.
Explanation of the main economic parameter is provided in
Section 2.3. Additional assumptions regarding the environmental
LCA data are presented in Section 2.4. The sensitivity analysis is
discussed in Section D of the ESI,f using a prospective analysis as
well as using the different annual generation profiles of renewable
energy generators. And finally, the selected case studies are
described in Section 2.5.

First, we assess individual large-scale hydrogen production
configurations. Hydrogen production configurations of
similar size (or most likely even larger) can be installed in the

This journal is © The Royal Society of Chemistry 2022

View Article Online

Analysis

Typical meteorological year (TMY) weather data from PVGIS |

v

Generate location-specific annual hourly generation profiles (PV
and wind) + obtain hourly price data

Techno-economic data Data for environmental LCA

[ Capital Expenditures ] [ Goal & scope ]

definition

Data collection

[ Life cycle inventory ]

[ Operational Expenditures ] analysis (LCI)

[ Life cycle impact ]

Replacement costs )
assessment categories

Mixed integer linear programming
Optimal design based on costs or life-cycle GHG emissions

& h

| Additional environmental life cycle analysis or cost analysis |

17

| Interpretation of the results |

v

| Sensitivity analysis |

Prospective analysis Annual generation profiles

[ Future costs ] [
Modification of foreground and
background LCA data

Fig. 1 Overview of methods used and their application.

Annual weather data from
PVGIS and meteostat

[Annual PV and wind generation ]
profiles

|

future and these could act as backbone of a future large-scale
hydrogen economy. Second, the assessment of these large-scale
hydrogen production configurations represents the indispensa-
ble basis for the system-analysis to determine barriers—
regarding material utilization, land transformation, and electricity
consumption—of this scale-up, which will be addressed in
Section 3.2.3.

2.1 Hydrogen production: technologies and system
configurations

Different configurations are considered to generate hydrogen.
Literature focused on smaller hydrogen production systems so
far, usually limited to a production rate of several hundreds
kilograms up to several tonnes of hydrogen production per day.
We, however, focus on cost-effective large-scale production for
large-scale deployment, also to determine potential limitations
such as material utilization and land transformation. The
common feature of all these system configurations is to generate
(on average) 10 tonnes of hydrogen per day. We believe that the
upscaling of this technology requires a transition. We therefore
chose to have a configuration that has a lower hydrogen produc-
tion rate than traditional methods available, but higher than
most techno-economic evaluations assumed so far.

The three considered hydrogen production configurations
are explained in the following sections and are visualized in
Fig. 2. A cradle-to-gate analysis is performed to supply
hydrogen at the production gate. The system boundaries are
chosen such that the production of all system components is
included to produce and deliver hydrogen at 80 bar pressure.*®

Energy Environ. Sci., 2022, 15, 3583-3602 | 3585
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Fig. 2 Simplified illustration of the system boundaries of the three considered hydrogen production configurations: (1) grid-connected, (2) hybrid, and
(3) autonomous, from left to right. Potential end uses are visualized, but are not considered in our system boundaries. For simplicity, desalination and
deionisation of water are not visualized here, but are considered in our cost quantification and environmental LCA.

A polymer electrolyte membrane (PEM) electrolyzer is used to
produce hydrogen and oxygen from water. PEM electrolyzers
are well-known for their operational flexibility and fast
response times as well as quick start-up times, and are there-
fore most appropriate to be considered in our configurations
due to the possible integration of intermittent renewable
electricity generators.>®'®> Water desalination is considered
using reverse osmosis to treat seawater, to subsequently use
the treated water in the PEM electrolyzer. Further, the electro-
lyzer consumes electricity to convert water to hydrogen and
oxygen. The electricity for the entire hydrogen production system
(water electrolysis, desalination plant, and subsequent hydrogen
compression) can be delivered by different electricity sources:
onshore wind, offshore wind, ground-mounted solar PV, the local
electricity grid, and/or by discharging the battery. A compressor is
installed to compress hydrogen from the output pressure of the
electrolyzer (30 bar) to 80 bar. And lastly, hydrogen storage is
considered to ensure a stable supply of hydrogen at the
production gate.

2.1.1 Grid-connected. The grid-connected configuration
consists of an electrolyzer connected to the national electricity
grid. The main motivation for the selection of this system
configuration is that selected (European) geographical locations
are connected to their local or national electricity grid. The
installed capacity of the electrolyzer will be determined by the
targeted hydrogen production and our optimization problem,
see Section A.1 of the ESL.f An energy management system
determines the amount of electricity purchased to be used in
the electrolyzer to produce hydrogen. The hydrogen production
must equal 10 tonnes H, per day. Next, hydrogen is delivered
to a hydrogen pressure tank considering one day hydrogen
storage capacity (i.e., 10 tonnes of hydrogen at 80 bar pressure).
The optimization problem and associated constraints for this
configuration are discussed in Section A and Section A.1 of the
ESI, T respectively.

3586 | Energy Environ. Sci., 2022, 15, 3583-3602

2.1.2 Hybrid. The hybrid configuration consists of a grid
connection as well as a (possible) direct connection to renew-
able electricity sources, namely PV, onshore, and offshore wind
electricity. The main motivation of this configuration is that
hybrid systems can integrate (low-cost) renewable energy
sources and can use the electricity grid as a (cheap) backup
supply and storage buffer which might lead to lower costs and
environmental burdens when coupled to a low GHG intensive
electricity grid. Further, grid electricity can be used during time
periods with low or even negative grid electricity prices and to
allow for continuous electrolyzer operation reducing the
required capacity. The system optimization finds the optimal
solution (i.e., hydrogen produced at lowest annualized costs or
life cycle GHG emissions), and therefore determines the optimal
electrolyzer capacity as well as PV and wind generation capa-
cities. It is worth noting that PV solar and/or wind electricity
generators are not required to be installed; this depends on the
site-specific situation.

Multi-Si PV modules are selected, representing PV technology
most often installed today."' The same hydrogen storage
capacity is installed as for the grid-connected configuration.
In this specific case, the grid can be used as a backup supply
for times without wind or PV generation and as buffer—i.e.,
a potential storage medium—when excess electricity is gener-
ated. An additional storage medium—e.g., a battery—is
therefore not considered in this configuration. The constraints
for this configuration are provided in Section A.2 of the ESL.f

Hybrid-Green. Hybrid-Green is identical to the configuration
as explained in Section 2.1.2. However, this sub-configuration,
see Section A.2 of the ESI,{ is constrained to a maximum
amount of annual GHG emissions corresponding to the
level of green hydrogen according to CertifHy with a specific
carbon intensity of hydrogen equal to or lower than 4.4 kg CO,-
eq. per kg H,.*> For some configurations, such low carbon

This journal is © The Royal Society of Chemistry 2022
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intensity level cannot be reached and the configuration will be
minimized on annual life cycle GHG emissions in this
situation.

2.1.3 Autonomous. The autonomous configuration is a
system layout, in which the electrolyzer is fully operated by
locally available electricity from PV panels, onshore, and/or
offshore wind turbines entirely disconnected from the electricity
grid. The motivation for this configuration is that geographical
islands or other remote locations could lack access to the
national electricity grid; autonomous configurations are the only
feasible solution in this situation. It is worth mentioning that
curtailment of renewable electricity might be applied to balance
power supply and demand.*® This could, however, lead to non-
used renewable electricity generation and to oversized energy
technologies.

Again, our optimization problem decides whether to install
PV modules and wind turbines, as well as installed capacity, to
provide sufficient electricity to the electrolyzer. Compared to
the other two configurations, we allow for additional flexibility
in terms of hydrogen production: instead of a daily production
rate of 10 tonnes H,, this configuration exhibits a production of
50 tonnes H, within five days. It is worth mentioning that a less
stringent constraint on the periodical hydrogen production
quota most likely will result in less curtailment and oversized
technologies. Logically, a larger storage medium is required for
autonomous configurations and we therefore assume five days
hydrogen storage capacity (50 tonnes H,). Additionally, a battery
can be installed to further increase flexibility, especially useful to
shave PV and/or wind generation peaks and to reduce the
installed capacity of the electrolyzer as such. A lithium nickel
manganese cobalt oxide (NMC) battery is chosen as battery
technology, since this represents mainstream battery technology
nowadays and performs well on both costs and GHG
emissions.>***> The optimization problem and associated
constraints for this configuration are presented in Section A.3
of the ESL.t

Autonomous-grid injection. The autonomous-grid injection is
the same configuration as explained in Section 2.1.3. However,
it offers the possibility to inject excess electricity (produced by
renewables) into the local grid electricity network to generate
revenue, see Section A.3 of the ESL.{ It is worth noting that grid
demand charges and grid extension fees apply in this situation.
Grid electricity absorption is not considered to avoid (possible)
absorption of GHG intensive grid electricity. Indeed, this sub-
configuration is not entirely autonomous, although it seems
reasonable that excess renewable electricity generation can be
sold at each timeslot to generate revenue to (for example) grid
electricity operators or to the local industry.

2.2 Energy system optimization

Energy system optimization is used to optimally design and
operate hydrogen production systems. To achieve this, we use
MILP,>® which is a well-known technique to optimally schedule
and design energy systems.*>®*®® The optimization problems
are used to design the energy systems based on one year of

This journal is © The Royal Society of Chemistry 2022
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system operation using an hourly resolution. The three energy
system configurations are initially optimized on annualized
costs, considering capital expenditures (CAPEX), operation costs,
fixed operation & maintenance costs (O&M), and replacement
costs. More explanation regarding the optimization problem as
well as the constraints for each configuration are provided in
Section A of the ESL.{

Besides being optimized regarding annualized costs, the
system is also evaluated regarding life cycle GHG emissions—
considering GHG emissions from the production of system
components and system operation—and therefore a second
objective has been defined, thus resulting in a multi-objective
optimization problem. Pareto fronts are a well-known technique
to illustrate trade-offs between annualized costs and GHG emis-
sions of energy systems using multi-objective optimization.***>
More explanation regarding the procedure of the generation of
the Pareto fronts is provided in Section A of the ESL

It is worth noting that the Pareto fronts are only generated
for the hybrid hydrogen production system, since this configu-
ration is both connected to the electricity grid (which can
have a high GHG impact) and to renewable energy generators
(with a low GHG impact), and it is therefore most sensitive
regarding GHG emissions during energy system operation.
Indeed, GHG emissions below these of the cost-optimal
solution are also possible for the autonomous and the grid-
connected configurations, but only to a comparatively minor
extent.

2.3 Economic assessment

We include all costs during the lifetime of the different system
configurations. To achieve this, investments, operation costs, fixed
operation & maintenance as well as replacement costs are consid-
ered in our cost assessment. Table 1 provides an overview of the
assumptions used in the techno-economic assessment for both the
current situation and one (possible) mid-term future situation
representative for year 2040. For the desalination plant, the costs
are small and therefore the water costs are presented per kg H,
considering the desalination plant in ref. 57. A project, or system,
lifetime of 20 years has been assumed. Discount rates of hydrogen
production systems usually vary between 5 and 8%,>'>*>>® and we
therefore set the (real) discount rate to a conservative value of 7% in
the main analysis. We, however, perform a sensitivity analysis
regarding costs of technologies, lifetime as well as discount rates,
since they are highly uncertain and depend on many factors.>***
The three costs scenarios—pessimistic, average, and optimistic—are
provided in Table 1, where the lowest and highest technology
and grid costs are represented in the optimistic and pessimistic
scenario, respectively. Average grid electricity prices are case-specific
and are provided in Table 2, and the electricity price profiles can be
found in Section C of the ESLf}

The main economic indicator is the net costs per kilogram
hydrogen produced (Cy,), considering annualized investments
(Cinv,an), operation costs (C,p) including revenues from grid
electricity injection, fixed operation & maintenance costs (Com)
and annualized replacement costs (Cyep,an); they are divided by

Energy Environ. Sci., 2022, 15, 3583-3602 | 3587
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Table 1 Techno-economic parameters used in our analysis. Using 1 $ = 0.9 Euro, 1 $ = 1 CHF, 1 GBP = 1.15 Euro. Average grid electricity prices are
provided in Table 2. The CAPEX and efficiency of the electrolyzer are selected based on a wide set of literature sources presented by PIK.*¢ Onshore and
offshore wind costs are selected on an expert elicitation presented in ref. 47. In addition, solar PV and battery techno-economic parameters are selected

based on reviews presented in ref. 8, 48 and 49. The cost figures refer to year 2020

Parameter 2020 2040 (pess.) 2040 (av.) 2040 (opt.) Unit Sources
Electrolyzer

Efficiency 0.61 0.70 0.70 0.70 [] 8, 46
Stack Lifetime 7 9 10 11 [Years] 8, 15, 50
CAPEX 1060 550 470 400 [Euro per kW] 8, 15, 46
o&M 2 2 2 2 [%] 15, 51
Balance of system 45 45 45 45 [Euro per kW] 8,15
H, storage

Lifetime 20 25 25 25 [Years] 8
CAPEX 460.0 280.0 240.0 200.0 [Euro per kg H,] 8, 32
oM 1 1 1 1 [%)] 32
Compressor

Lifetime 10 10 10 10 [Years] 52
CAPEX 2440 2440 2440 2440 [Euro per kW] 15
o&M 4 4 4 4 [%] 32
Wind offshore

Lifetime 27 28 30 32 [Years] 8, 47
CAPEX 2700 2500 2000 1500 [Euro per kWp] 8, 47
0o&M 2.4 2.4 2.4 2.4 [%)] 51
Wind onshore

Lifetime 27 28 30 31 [Years] 8, 47
CAPEX 1400 1130 1000 860 [Euro per kW,,] 8, 47
o&M 2.4 2.4 2.4 2.4 [%)] 51
Solar PV

Lifetime 30 35 35 35 [Years] 8,48
CAPEX 950 650 540 450 [Euro per kw,] 8, 48
0o&M 2 2 2 2 [%] 51
Battery

Depth of discharge 0.93 0.93 0.93 0.93 [-] 8, 53
Roundtrip efficiency 0.91 0.91 0.91 0.91 -] 8,53
CAPEX (battery pack) 180 100 80 60 [Euro per kWh] 8, 49, 53
Lifetime (battery pack) 13 13 13 13 [Years] 8, 53
CAPEX (power unit) 140 60 60 60 [Euro per kW] 8,53
Lifetime (power unit) 20 20 20 20 [Years] 44
O&M 10 10 10 10 [Euro per kW per a] 8, 53
Self disch. Rate 0.00054 0.00054 0.00054 0.00054 [per h] 54
General

System lifetime 20 20 20 20 [Years] 8
Discount rate 0.07 0.08 0.07 0.05 [] 5,15, 52, 55, 56
Water desalination cost 0.018 0.018 0.018 0.018 [Euro per kg H,] 57
Increase cost grid n.a. 1.02 1.013 1.005 [per a] 58

the annual hydrogen production rate (Hy tota1)-

Cop + Cinv,an + Crepﬁan + Com

Cy, =
H2,lolal

ey

2.4 Environmental assessment: life cycle assessment (LCA)

An LCA approach is applied to determine GHG emissions
and potential environmental trade-offs associated to the imple-
mentation of large-scale hydrogen production configurations.*

Table 2 Characteristics and generalization of selected case studies on the wind and PV solar availability,
of the electricity grid.”* CF = capacity factor, Av. = average., E. = electricity

LCA is standardized by ISO 140407 and ISO 14044.”° LCA has
been commonly used in scientific literature to assess products
or services over their entire life cycle to determine overall
environmental impacts, preferably considering a wide set of
environmental impact categories.”® An attributional LCA
approach has been applied and the LCA results are calculated
with Brightway2.”* We attribute all environmental impacts to
hydrogen, since the economic value of oxygen from hydrogen
production output is currently uncertain, but generally and

65-69 grid electricity price,”® and GHG intensity

CF offshore wind (-) CF onshore wind (-)

Av. grid E. price
(Euro per kwh)

GHG intensity E. grid

CF solar PV (-) (kg CO,-eq. per kWh)

Crete 0.39 0.33 0.20 0.064 0.747
Eigeroy 0.56 0.47 0.11 0.039 0.023
Borkum 0.59 0.52 0.13 0.038 0.542
Tenerife 0.49 0.43 0.20 0.048 0.387
Western Isles 0.56 0.47 0.10 0.049 0.342
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comparatively small. The functional unit is defined as: “One
kilogram hydrogen at 80 bar pressure with a purity of more
than 99.9%, considering an (average) reference flow of
10 tonnes hydrogen production and storage per day”. It is
worth noting that the outputs of the cost optimization pro-
blems are used as input for the environmental LCA. In this way,
the cost-optimal sizes of system components and system opera-
tion are considered in the LCA.

2.4.1 Life cycle inventory. Ecoinvent v3.7.1, system model
“Allocation, cut-off by classification” is chosen as source of
background LCA database.”"”® Key components of the hydro-
gen production system are modeled as follows. Desalination of
water is considered. Seawater is assumed to be treated with
reverse osmosis, and afterwards deionised—considering the
infrastructure and chemicals required (such as the resin)—to
be used in the PEM electrolyzer. The electricity requirement for
reverse osmosis amounts to 3.72 kWh m™> water,”* and it
therefore has a minor contribution to the overall energy
requirement of water electrolysis, around 0.1%.°77® Next,
PEM electrolyzers generate hydrogen at around 30 bar pressure
with an efficiency of 61% (lower heating value).>">*® LCI of a
PEM electrolyzer has been generated based on the work of
Bareify et al.’ and is provided in Section B of the ESL{ A
compressor is used to compress hydrogen from 30 bar to 80 bar
to be stored in storage vessels. We find an electricity requirement
for the compressor of 0.51 kWh per kg H,."* Cylindrical vessels
are considered with storage capacities of 10 tonnes H, and
50 tonnes H,, respectively, corresponding to one day and five
days H, of hydrogen production. We adopt the LCI of Palmer
et al. regarding the storage vessels, where each vessel is able to
store 527 kg H,.”® This leads to a total of 19 vessels made of
stainless steel for 10 tonnes H, storage capacity. LCI of ground-
mounted PV systems from the ecoinvent database has been
updated based on Frischknecht et al.”” LCI for the battery system
is adopted from Schmidt et al.,** considering a recent update
regarding energy consumption for battery production.® Other
foreground LCI datasets are provided in Section B of the ESL.

The IPCC 2013 GWP100a life cycle impact assessment
method has been selected regarding climate change impacts.
Further, we aggregate all “Transformation, from...” biosphere
flows to obtain the square meters of land transformation for
each system configuration, to determine the total amount of
land transformation. Similarly, we aggregate biosphere flows
for the following set of potentially scarce materials (selection
based on Palmer et al.*® and Terlouw et al.*®) to determine their
utilization (kilograms, in ground) in our system configurations:
cobalt, iridium, platinum, titanium, lithium, tin, and silver.

2.4.2 Environmental performance. The selected environ-
mental indicators correspond to the functional unit in terms of
the amounts of environmental burdens generated per kilogram
hydrogen production. For hybrid configurations, we do not take
into account credits for avoided environmental burdens due to
electricity injection into the grid for the following reasons.
First, location specific electricity grid models would be required
for determining the marginal suppliers to be substituted: such
an analysis is beyond the scope of this study. Second, the goal

This journal is © The Royal Society of Chemistry 2022
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of a hydrogen producer is to reduce GHG emissions generated
at the hydrogen production site, and most likely not from the
avoidance of indirect emissions generated in the electricity
grid, since there are currently no specific regulations in place
for such avoided GHG emissions. And lastly, additional grid
electricity injection could lead to imbalances as well as
additional pressure on the electricity grid. This could require
capacity extensions of the grid, which inevitably leads to addi-
tional costs and environmental burdens; their quantification
would also require a system perspective employing a power grid
model.”® We, however, provide an additional analysis to show
the consequences of considering a credit for GHG emissions
when excess electricity is injected into the electricity grid, see
Section G.2 of the ESIL. ¥

Further, the explanation of the sensitivity analyses regarding
future hydrogen production costs, environmental impacts, and
the optimal design on weather data is provided in Section D of
the ESL¥

2.5 Selection of case studies

As discussed in the introduction, geographical islands as well
as coastal areas often have the potential of electricity generation
at low-costs, due to a high availability of wind and/or solar
energy compared to the mainland. Further, geographical islands
usually have comparably high availability of land and sea area to
generate renewable electricity. Further, smaller islands often
rather have low energy demand due to low population densities
and lack of industrial activities. Besides, infrastructure for long-
distance hydrogen transportation, e.g., by ships, is potentially
easier to deploy on geographical islands. And finally, large-scale
hydrogen production offers the opportunity to establish new
industries on islands, fostering the local community and its
economic development. Geographical islands are typically
dependent on fossil fuels imported from the mainland nowa-
days. Some European islands, for example Crete, Eigergy and
Western Isles, aim to maximize the self-sufficiency and establish
distributed energy systems, while minimizing their reliance on
non-renewable energy sources in order to reduce their overall
environmental footprint and costs.”® These initiatives usually
integrate hydrogen as one of the main (future) energy carriers.
This paper therefore considers large-scale hydrogen production
on five geographical islands in Europe, although is not limited
to these islands. Europe has been chosen, since it is likely that
the roll-out of large-scale hydrogen production will take place
in Europe due to recently announced ambitious European
climate policy.®*® Five geographical islands are selected in
this study with different characteristics; Crete (Greece), Eigeroy
(Norway), Tenerife (Spain), Western Isles (Scotland, UK), and
Borkum (Germany). Crete and Tenerife are islands with a large
availability of solar irradiation during the entire year, while
Eigergy, Borkum, and Western Isles are situated to the north of
Europe and have a comparably high availability of wind energy
sources during the entire year. Further, all countries have
different characteristics regarding the GHG intensity of the
electricity grid and the variability of grid electricity prices.

Energy Environ. Sci., 2022, 15, 3583-3602 | 3589
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Fig. 3 Selected European geographical islands on a map.

An overview is provided in Section C of the ESL{ The selected
case studies are drawn on a map in Fig. 3.

It is worth noting that onshore wind is a (very) constrained
energy source and is already exploited on many geographical
islands and coastal areas. We therefore add a constraint
regarding the maximum installed capacity of onshore wind for
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N O&M

[ Investment - PV

Investment - Offshore wind
| Investment - Onshore wind
Il Investment - Electrolyzer
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hybrid and autonomous configurations. We consider a small
potential (max. 10 MW) and larger onshore wind potential
(max. 100 MW). Eigergy (Norway) and Borkum (Germany) are
assumed to have a low onshore wind potential due to the low
availability of land area and earlier difficulties to implement
wind power. Tenerife (Spain), Crete (Greece), and Western Isles
(Scotland, UK) are assigned with a larger onshore potential due
to the larger land availability on these geographical islands and
coastal areas. The amount of land available for solar PV is also
constrained, the procedure to account for that is provided in
Section A of the ESI.{

Data collection and assumptions for future scenarios are
presented in Table 1. Three cost scenarios are considered:
pessimistic, average, and optimistic. The information and
explanation of data sources and scenarios used is provided in
Section E of the ESL.{

3 Results

All results are presented in the following sub-sections and
are illustrated in Fig. 4-11. Table 3 shows the optimization
outcome regarding the installed capacity of system compo-
nents, renewable electricity curtailment, and the capacity factor
of the electrolyzer. Weekly summer and winter operations
of the hydrogen production system for the autonomous as well
as the autonomous-grid injection configurations are provided
in Section G.5 of the ESI.{ Additional figures can be found in
Section G of the ESI.{
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Fig. 4 Contribution analysis of hydrogen production costs [Euro per kg Hal. The figure visualizes the contributions with different colors regarding the
operation, investments, replacement as well as the fixed O&M costs. The costs and/or GHG emissions per MJ hydrogen production can be obtained by
dividing the figures with the lower heating value of hydrogen (120 MJ kg™?). Further, the error bars visualize a pessimistic scenario (highest H, costs) and
optimistic scenario (lowest H, costs) for the current situation. These techno-economic scenarios are presented in Section E.2 of the ESI.1 A table on

annualized costs is provided in Section G.6 of the ESI.{
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3.1 Economics

Fig. 4 visualizes the hydrogen production costs for all system
configurations and five case studies. The size and colors of the
bar segments show the contributions of the different cost
components. The total hydrogen production costs are provided
above the bars (in Euro per kg H,). The secondary y-axis
represents the impacts on climate change (in kg CO,-eq. per
kg H,), indicated by the white diamond marker.

The figure shows that hydrogen production costs of around
3.7 Euro per kg H, are within reach nowadays in locations with
low grid electricity costs (in Borkum) and for hybrid systems at
locations with a large potential of wind energy and a high
capacity factor of the renewables, for example on Borkum and
Eigergy (see Table 2). Hybrid systems exhibit the lowest hydro-
gen production costs (3.7-5.0 Euro per kg H,) for the following
reasons: (1) the electricity grid can be used for surplus elec-
tricity injection using feed-in tariffs to generate revenue; (2) the
grid can be utilized as backup electricity supply to generate
hydrogen with very low, or even negative, grid electricity prices
(e.g., in Germany); and (3) cost-efficient renewable energy
sources can be optimally integrated without the need for
additional (expensive) energy storage systems. These hybrid
configurations can exhibit GHG emissions larger than the
standards for green hydrogen (4.4 kg CO,-eq. per kg H,), see
the secondary y-axis.*” Alternatively, the hybrid-green configu-
ration generates green hydrogen, although at higher hydrogen
production costs between 3.8-9.4 Euro per kg H,. Hydrogen
production costs increase especially in countries with a GHG
intensive grid electricity network (Germany and Greece). It is
worth noting that the green hydrogen production standard
cannot be reached in Crete with such a system configuration

Table 3

View Article Online

Analysis

and therefore a GHG emission minimization is performed in
this situation, reaching 4.5 kg CO,-eq. per kg H,. Nowadays,
producing hydrogen, using water electrolysis, with low costs
and low GHG emissions can only be achieved at very specific
locations, such as Eigergy and to a less extent in Western Isles.
Grid-connected systems perform well on overall costs when
using “historical” day-ahead grid electricity prices (including grid
fees). Grid electricity absorption is the main contributor to the
overall hydrogen production costs. Lowest hydrogen production
costs for grid-connected configurations are therefore obtained in
countries with the lowest day-ahead grid electricity prices, for
example in Borkum (Germany) with 3.7 Euro per kg H,.
Hydrogen production costs for autonomous configurations
are comparably high nowadays (9.6-17.2 Euro per kg H,). This
can be explained by the fact that there is a large capacity of
renewable energy technologies installed, which requires a huge
investment, to ensure a fully autonomous energy system opera-
tion, entirely disconnected from the electricity grid. For all
autonomous configurations, the renewable electricity genera-
tors are oversized and a large amount of electricity generation is
curtailed. Further, locations with constrained land availability
(Borkum and Eigergy) exhibit higher costs, since there is
insufficient land available to install sufficient onshore wind
and PV arrays, therefore additional offshore wind has to be
installed with higher costs. In other words, larger geographical
islands are preferred for large-scale hydrogen production
systems to circumvent location-specific constraints regarding
land occupation. Autonomous configurations with larger
system components and most electricity curtailment logically
perform worst, see also Table 3. Autonomous-grid injection
configurations can slightly reduce net hydrogen production

Installed capacity of energy technologies as well as curtailment of electricity (only for autonomous configurations) in the considered case

studies as outcome of the optimization problem. CF = capacity factor, curt. = curtailment, cap. = capacity, Electr. = electrolyzer

Location Electr. Wind cap. Wind cap. PV cap. Battery energy Battery power Wind curt. Wind curt. PV curt.
[km®land]  Configuration CF [-] cap. [MW] off [ MW] on [MW] [MW]| cap.[MWh] [MW] off [%] on [%] [%]
Crete Grid connected  1.00 23
[8450 km?]  Hybrid 0.96 24 24
Hybrid-Green 0.26 86 15 18 95
Autonomous 0.48 47 21 22 170 329 80 34 36 61
Autonomous - inj. 0.49 46 20 29 169 315 73 11 11 5
Eigergy Grid connected  1.00 23
[20 km?] Hybrid 1.00 23 10
Hybrid-Green 1.00 23 10
Autonomous 0.51 45 85 10 120 500 41 71 38 50
Autonomous - inj. 0.51 45 85 10 120 500 41 18 10 7
Western Isles Grid connected  1.00 23
[3070 km?]  Hybrid 1.00 23 23
Hybrid-Green 0.80 29 18 45
Autonomous 0.49 47 23 66 48 101 19 52 54 45
Autonomous - inj. 0.48 47 24 72 44 61 15 4 7 10
Tenerife Grid connected  1.00 23
[2030 km®]  Hybrid 1.00 23 23
Hybrid-Green 0.57 40 14 18 51
Autonomous 0.60 38 7 13 133 266 50 19 19 42
Autonomous - inj. 0.64 36 7 14 135 280 49 0 1 0
Borkum Grid connected  1.00 23
[30 km?] Hybrid 1.00 23 10
Hybrid-Green 0.64 36 35 10 35
Autonomous 0.48 48 86 10 140 231 35 68 64 71
Autonomous - inj. 0.48 48 86 10 140 231 35 24 17 18
This journal is © The Royal Society of Chemistry 2022 Energy Environ. Sci., 2022, 15, 3583-3602 | 3591


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee01023b

Open Access Article. Published on 20 July 2022. Downloaded on 11/5/2025 5:29:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analysis

Il Construction, Compression and storage

View Article Online

Energy & Environmental Science

[1 Construction, PV Il Construction, Wind offshore
[0 Construction, Battery [ Construction, Wind onshore
= Il Construction, Electrolyzer
T
0)45: [
) J)
= diccomie Wesirens e 41.4
o 40
o 3 3
0 35|2 2
%301 ‘ ; i
="tz zezg|Egzse3
o 2855838 |, 28% 0802
O‘)25Lo@c— o 5% 22
S |o@ wg@E| @ m@E
P Fg Ll L0 . = ..o
520 2 o 2
245 ° 5 %
(]
£ o o 7
LR T R
c
° 3
“("U; 5-3.8—4-50—3 —3;3———; 8:8—4-0-—&3—-3—_2_5.__
E EZSLBESSEBESRS
—_— S — b4 - —_ — S -
{5@0.9{609@.9{5@@
o D S 0 2 &S = o 2 S
m W= g o w = g o w =
-— 4
n »
o o} .
Autonomous- = < Grid
injection Autonomous connected

Hybrid

?
Q
2}
=
—
]
)
7
(3]

Operation, Electricity
ater desalination
30

£

252

g

=}

w,

200

[%2]

o]

o

c

Coal gasification15.8

S

2

s 108

e SMR| @

<& o o

°5Bb 5

(4.4 4.5 2

! 1.3 e

ES g g0

S5 0O o T —=
<5 29 2
o 2 & <
m were g
=
7]
()
=

Hybrid-Green

Fig. 5 Contribution analysis regarding life cycle GHG emissions of hydrogen production [kg CO,-eq. per kg Hy]. The zoom (on the top left) of the figure
provides more details for autonomous system configurations. The colored horizontal lines indicate the climate change impact of green hydrogen (green),
gray hydrogen (in gray, dash-dotted) and black hydrogen (in black).2® According to “CertifHy", renewable hydrogen should have a reduction of (at least)

60%—i.e., lower than approximately 4.4 kg CO,-eq. per kg H, (the dotted green line)—compared to hydrogen production via SMR of natural gas.

Eigeroy

Tenerife

28,42

"]
3 \
o
£ Iridjmy Shver
° 1
c
[<]
=
F
< Coba
Lithium _ Tin Lithium _ Tin
Eigeroy GWP Tenerife GWP
1o 1 e
-l
]
oS
o
[
c
c
Q
Q
o
=
o
Lithium _ Tin
Western isle1sGWP
Land_—— T~
°
=
o
>
I

Lithium

Tin

Lithium  Tin

Lithium  Tin

Lithium  Tin

Lithium  Tin

Fig. 6 Spider graphs for the selected system configurations and locations. The individual graphs illustrate the trade-offs regarding the selected
environmental impact categories and resource utilization. Indicators are shown normalised in each case; “1" represents the respective maximum, for one
of the considered configurations (hybrid, grid-connected, and autonomous). Red, blue, and green colors illustrate autonomous, grid-connected, and
hybrid configurations, respectively. GWP = global warming potential (100a) equivalent to impacts on climate change.

3592 |

Energy Environ. Sci., 2022,15, 3583-3602

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee01023b

Open Access Article. Published on 20 July 2022. Downloaded on 11/5/2025 5:29:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Lo

[

Energy & Environmental Science

x10* (1) Materials x10°

2) Materials

View Article Online

Analysis

x10° Electr. x10° _Land

N

N

Life cycle mateﬂ\als required [kg]
=) o
Life cycle materials required [kg]

o

2020 |

o

]
[=)
N
o

2o4o|
040
020 |
2040
2020
2040
020

N N N
Iridium Platinum Silver Tin

=S

lll__lll__lll__lll_

N
Cobalt

o

o

3

|
a1

Life cycle land gansformation [k ]

o
o

Annual grid electricity consumption [TWh]

.
o
3
o

2040
020
2040
020
20
040
020
2040

N N N 8 N N
Lithium Titanium Grid electricity Land

Fig. 7 This figure visualizes the minimum and maximum amount of materials, electricity, and land used in the hydrogen production configurations as
assessed in our analysis. The reference magnitudes indicating annual production volumes and electricity generation®® are valid for year 2018 and 2019

(instead of 2020), respectively.

10
—6— Crete
9 —o— Eigergy
s —5— Western isles
Tenerife
7 —5— Borkum

Hydrogen production costs [Euro/kg H,]
s (4] (2]
e
g

3
E f=4
2 g S
° Q
> o
1 d g
g g
d o
2 4 6 8 10 12 14 16 18 20 22 24 26 28

GHG emissions [kg CO,-eq./kg H,]

Fig. 8 Pareto fronts for hybrid configurations with life cycle GHG emis-
sions on the x-axis and hydrogen production costs on the y-axis.

Bm Operation
BN Replacement
O

I nvestment - Offshore wind

I Investment - Battery
Investment - Onshore wind

B Investment - Compressor and H, storage
— - Grid extension

Investment - PV

=18 17.2

]c:n15- [ | & a

%‘14 b ¥

S4B o W | AN |

%12 |

Z1o|ff "W = N KX 9‘

e 7

s REBEREEYY ¥ By

] — - R

s 4 WEYY I ¥ 0

s

: il ikl

c

32

b 24
_4EES~£E£5‘$E£’3~£E£5‘$E2§£
2255283852855 285828s
5 © 25 50 92 ¢ 50 95 50 9 g5 O o g
[is} n @ m 0 Q@ m n @ m 0 Q@ m o @
Autonomous-
injection Aut Grid ted Hybrid Hybrid - Green

Fig. 9 Results from using the day-ahead electricity prices from year 2021.
Grid electricity prices are not available for the entire year 2021 for the UK
(Western Isles), we therefore exclude Western Isles for this exercise.
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costs to 8.8-16.0 Euro per kg H,, since revenue can be made
from selling electricity to the electricity network using feed-in
tariffs. Further, curtailment of excess (renewable) electricity is
therefore significantly reduced and largely replaced for the
injection into the electricity grid network, see Table 3 and
Section G.5 of the ESL{

These results imply that higher variability of renewable
energy generation needs higher flexibility in terms of additional
energy storage capacity installed, and/or requires additional
capacity of renewable electricity generators, which most likely
results in higher curtailment of renewable electricity. When
there is more fluctuation of wind electricity generation, com-
parably high capacities of renewable energy generators and
battery electricity storage are installed, for example in Eigergy
(where the maximum battery capacity is installed). In these
situations, a larger battery is installed to store electricity to be
used during time periods with low renewable electricity supply,
to generate sufficient hydrogen during time periods with dis-
continued renewable electricity generation. It is worth noting
that this is required to comply with the hydrogen production
rate, which has been set as a constraint in our optimization
problem. The annualized costs are therefore mainly dominated
by investments in (renewable) energy technologies and the
battery system in this situation, while the direct operation costs
are very low or even negative (i.e., revenue) for autonomous-grid
injection configurations. In general, costs for water desalina-
tion (0.018 Euro per kg H,) are relatively minor in comparison
to the total hydrogen production costs.

3.2 Environmental analysis

3.2.1 Climate change impacts. Fig. 5 illustrates life cycle
GHG emissions (in kg CO,-eq. per kg H,) of hydrogen production
for each configuration. The different colors visualize the contribu-
tions of different processes needed for hydrogen production
during the life cycle from cradle-to-gate. The zoom on the top left
of the figure shows more details for autonomous configurations.
For comparison, the horizontal lines in black, gray,”® and green

Energy Environ. Sci., 2022, 15, 3583-3602 | 3593
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visualize the climate change impacts of black (coal gasification),
gray (SMR), and green hydrogen, respectively.*?

Fig. 5 demonstrate that only autonomous configurations
and a few other case studies exhibit GHG emissions below
the threshold for green hydrogen as specified by Certithy.** The
GHG emissions of hydrogen production system configurations
are mainly affected by: (1) the availability and continued supply
of renewable electricity for configurations coupled to renewable
electricity generators, and (2) the GHG intensity of the electricity
grid for grid-coupled and hybrid configurations. The lowest
GHG emissions (1.3 kg CO,-eq. per kg H,) are generated from
the hybrid configuration in Eigeragy (Norway), since this configu-
ration is coupled to a very low GHG intensive electricity grid in
Norway.

Autonomous configurations exhibit low GHG emissions
(2.1-4.3 kg CO,-eq. per kg H,) in general, since they are entirely
based on wind and PV solar energy sources. However, the
production of the larger (over)sized autonomous configurations—in

3594 | Energy Environ. Sci., 2022, 15, 3583-3602

terms of system components, including batteries—cannot be
neglected, since they could exhibit climate change impacts
approaching green hydrogen production thresholds. Autonomous
configurations with large (onshore) wind availability exhibit the
lowest GHG emissions with 2.1-2.2 kg CO,-eq. per kg H, in
Western Isles. Autonomous configurations which incorporate a
large capacity of PV solar exhibit slightly higher GHG emissions of
3.2-4.3 kg CO,-eq. per kg H,. This can be mainly explained by the
lower capacity factor of PV, in combination with the relatively
GHG intensive production of PV wafers compared to wind turbine
construction and the need for larger battery capacities.

The GHG emissions of grid-connected configurations
mainly depend on the GHG intensity of the electricity grid,
and are between 1.5 and 41.4 kg CO,-eq. per kg H,. From an
environmental perspective, they only might be a sound option
in countries with very low GHG intensive grid electricity and
the option of expanding low-carbon generation capacities.
Grid-connected configurations must therefore be avoided in

This journal is © The Royal Society of Chemistry 2022
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REgional Model of INvestments and Development (REMIND)®6°2 scenarios. Contributions from processes are visualized with different colors.

countries with a GHG intensive grid electricity mix, as for
example in Greece and Germany, and in countries with con-
strained potentials for expansion of low-carbon generation. In
the former case, hydrogen production exhibits (by far) larger
GHG emissions than coal-based hydrogen production. This is
also illustrated by Fig. A2 in Section G.1 of the ESL}

Further, hybrid configurations are effective to reduce both
annualized costs and GHG emissions, since they integrate
locally available wind energy sources and therefore exhibit
lower GHG emissions (1.3-27.4 kg CO,-eq. per kg H,) compared
to grid-connected systems. However, configurations which
absorb large amounts of GHG intensive grid electricity in a
cost optimization—e.g., in Crete (Greece) and Borkum
(Germany)—still exhibit higher GHG emissions than gray and
black hydrogen. The Pareto fronts of the hybrid configurations
are shown in Section 3.3.1, to illustrate the optimization trade-
offs between costs and GHG emissions. And lastly, the green
hydrogen production standard can be reached by adding a
constraint on the GHG emission objective, reaching low GHG
emissions for all hybrid configurations for the Hybrid-Green
alternative, although this exhibits (slightly) higher hydrogen
production costs.

3.2.2 Impacts on (scarce) materials and land transformation.
Fig. 6 illustrates environmental life cycle burdens for the 15 main
configurations in terms of impacts on climate change, land
transformation, and utilization of selected metals per kilogram

This journal is © The Royal Society of Chemistry 2022

hydrogen production. The spider graphs contain scores (from 0 to 1),
normalized to the highest score for each indicator for the three
main configurations (autonomous, grid-connected, and
hybrid). Absolute results can be found in Section F of the ESL,
including the results for the sub-configurations. Further, Sec-
tion G.3 in the ESIf provides a discussion and contribution
analysis regarding land transformation.

Fig. 6 demonstrates that autonomous configurations lead
to relatively high material utilization, due to larger system
components installed, especially in Crete (Greece) and Eigeray
(Norway), where—compared to the other locations—renewable
resources are less available or are constrained. The larger sized
system components require an additional amount of materials,
especially for the battery, renewable energy generators, and the
electrolyzer. The impacts on climate change are, however,
significantly smaller compared to most grid-connected config-
urations. Results of grid-connected configurations are mainly
influenced by the grid electricity mix, with high indirect
impacts on climate change for fossil fuel based grid electricity
mixes. Hybrid configurations generally tend to exhibit the
lowest environmental burdens for the selected indicators,
visualized by the smaller colored area.

3.2.3 Scaling-up hydrogen production with PEM in 2040.
Several hydrogen roadmaps predict that hydrogen can be a key
element in the transition towards a net zero global energy
system.”®* It is worth noting that hydrogen roadmaps depend
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strongly on the future scenario chosen and can be developed on
business as usual pathways (i.e., current policies) as well as on
preferred outcomes; for example a net zero global energy
system.®>®® These scenarios are usually based on integrated
assessment models (IAMs). Sustainable and net zero pathways
typically integrate hydrogen as essential energy vector in the
total energy mix.*>*® In our analysis, we adopt the figures
provided in IRENA’s REmap scenario for year 2050, with 19
EJ produced worldwide from renewable powered hydrogen.®*
Assuming a linear increase from 0 EJ in 2020 to 19 EJ in 2050,
we reach 12.7 EJ in 2040. We further assume that 75% of this
renewable hydrogen amount will be produced from PV and
wind electrolysis in 2040 (i.e., a total of 9.5 EJ is required). For
this exercise, the 2040 scenario assumes the cost and technol-
ogy specifications of the average scenario provided for year
2040 in Table 1, and therefore considers a modification of the
foreground (see for these assumptions Section D of the ESIT) as
well as background LCA database using the representative
concentration pathway (RCP) 2.4 W m™ > IAM scenario only.

Fig. 7 illustrates cumulative annual, life cycle based utiliza-
tion of (scarce) materials, land, and electricity for such an
annual hydrogen production of 9.5 EJ considering all assessed
configurations and case studies for two years (2020 and 2040).
The range is based on the minimum (bottom of a bar) and
maximum (top of a bar) impact considering all configurations
based on a cost optimization. The selected materials include
cobalt, iridium, lithium, platinum, silver, tin, and titanium.
Current annual production volumes of all materials (except
iridium), used as reference quantities to estimate potential
scarcity coming along with up-scaling, are obtained from USGS
for year 2018,%” while the iridium production is obtained from
Kiemel et al.;*® these annual production volumes are provided
for all materials with a red marker above, within, or below the
bar segments. Therefore, an annual material requirement
higher than the current annual production volume of a material
implies that the large-scale implementation of hydrogen
production with our system configurations might result in
a shortage of material supply. Further, several reference
magnitudes are provided, indicated with a red marker, for grid
electricity and land transformation as well, such as the annual
electricity generation in Europe (EU) and the total land area of
Cyprus and Switzerland.

Materials. Fig. 7 shows that iridium will most likely be a
scarce material on the short-term, when the large-scale deployment
of water electrolysis is based on PEM electrolyzers. The configura-
tions with the largest installed PEM electrolyzer capacity exhibit the
highest material utilization for iridium, since iridium functions as
catalyst in PEM electrolyzers. Titanium and lithium are other two
materials, which (partially) cross the scarcity threshold. Titanium is
mainly used for the bipolar plates in the stacks of the PEM
electrolyzer, while lithium is mainly utilized in configurations with
battery electricity storage for the NMC cathode. It is worth noting
that expected technological improvements of iridium consumption
indeed result in much lower iridium consumption,®® thus most
likely will not lead to shortages in the long-terms, this could,
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however, still be the case for lithium when a large battery is
required.

On the one hand, the amount of material utilization can be
(much) higher when installing the whole energy system in the
first year, since the first installation of the energy system
extracts most materials from the environment. On the other
hand, most materials can be recycled after utilization and can
be used in the next product cycle, which could significantly
reduce material scarcity.®® Further, material efficiency might
reduce material scarcity in the coming years due to technolo-
gical improvements, especially regarding iridium utilization
in PEM electrolyzers.’® Therefore, we included a future scenario
for year 2040 using updated LCI for the battery and the
electrolyzer, see Section D of the ESI,{ for these assumptions.

Electricity. In addition, we examine grid electricity consump-
tion when scaling up hydrogen production with PEM electro-
lyzers. The impact is indicated by the blue bars in Fig. 7, which
demonstrates that the grid electricity requirement for PEM
electrolyzers can be larger than the total European electricity
generation in 2019. This implies a significant burden on the
electricity grid network, especially when most hydrogen pro-
duction will be installed as grid-connected configurations. It is
worth mentioning that the scenario in year 2040 also shows a
potential net electricity generation, due to the injection of
excess PV and wind electricity generation into the electricity
grid for some configurations.

Land. Further, the analysis regarding land transformation
demonstrates that the maximum amount of land area requirement
for the large-scale deployment of water electrolysis can be
almost three times larger than the total land surface area of
Switzerland, mainly due to indirect land transformation gener-
ated from grid electricity production as well as the large direct
land area required for ground-mounted PV installations (see
Section G.3 in the ESIT). This land area could not be available,
and this could therefore limit the deployment of ground-
mounted PV-coupled (considering a lifetime of 30 years) hydro-
gen production systems. On the contrary, the minimum land
transformation obtained is ~7500 km?, and this is only 80% of
the land surface area of Cyprus, or 6% of the land surface area
of Greece.

3.3 Sensitivity analysis

3.3.1 Pareto: hybrid configurations. Fig. 8 shows the Pareto
fronts for hybrid configurations with GHG emissions on the
x-axis and hydrogen production costs on the y-axis. The loca-
tions are indicated with different colors. The markers in the top
left of the plot represent a minimization on GHG emissions,
while the markers in the bottom right of the plot represent a
minimization on costs. The markers between these points
consider both objectives. The climate change impact of green
hydrogen is indicated by dashed green line, meaning that all
Pareto points on the left of this graph meet the climate change
impact requirements of green hydrogen production according
to CertifHy.*>

This journal is © The Royal Society of Chemistry 2022
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The figure demonstrates that hybrid configurations can
significantly reduce costs and GHG emissions compared to
grid-connected configurations. An optimization on annualized
costs logically results in higher GHG emissions, however, these
can be reduced when adding a constraint on life cycle GHG
emissions. Locations with fossil fuel based grid connections are
mostly influenced, manifested by the wider ranged Pareto
front, for example in Greece. On the one hand, high GHG
reductions of more than 80% can be achieved in Crete (Greece)
approaching the carbon footprint of green hydrogen, even with
a very high GHG intensive electricity grid in Greece. On the
other hand, decarbonized electricity supply in Norway shows
that only very minor GHG reductions can be achieved with
hybrid configurations coupled to renewable energy generators
in this situation. The latter figure also demonstrates that
significant GHG emission reductions can be achieved for a
small increase of hydrogen costs, especially in Crete and
Borkum. It is worth mentioning that the overall costs of
hydrogen in combination with a certain life cycle GHG
reduction goal can be explored over the entire Pareto front,
and a final decision can be made based on the preference of a
system designer. One option is to run a cost optimization and
to apply a constraint on the total GHG emissions to achieve
green hydrogen production standards, as we performed with
the ‘“Hybrid-Green” configuration.

3.3.2 Increase of energy prices in 2021. Global energy
prices increased significantly over year 2021. Electricity prices
reached record levels in Europe with an average annual elec-
tricity price increase between 80-155% for the locations con-
sidered in this work.”® We therefore assess the influence of
increasing day-ahead electricity prices on hydrogen production
costs, using the 2021 day-ahead electricity prices for the elec-
tricity market regions considered.

Fig. 9 illustrates the influence of higher grid electricity
prices on the considered configurations for the different geo-
graphical islands. Fig. 9 is a bar plot showing the hydrogen
production configurations on the x-axis and the score on the
hydrogen production costs on the y-axis. The colored bar
segments show the absolute contribution of different cost
components to the overall hydrogen production costs. The total
hydrogen production costs are provided above the bars.

It turns out that all configurations, except the fully auto-
nomous configuration, are affected by an increase in electricity
prices. Grid-connected systems become significantly more
expensive with an increase from 3.7-5.1 Euro per kg H, to
5.8-8.0 Euro per kg H,, since they entirely rely on grid
electricity. Hybrid configurations become slightly more expen-
sive, although the hydrogen price increase is smaller compared
to grid-connected systems as they can (partly) replace grid
electricity by installing (cheaper) renewable electricity sources.
The autonomous-injection configuration benefits from higher
grid electricity prices, since more revenue can be made by
selling excess (renewable) electricity to the electricity network.
Interestingly, green hydrogen production—especially the hybrid
configurations—already achieves cost-parity with (grey) hydro-
gen production from natural gas steam reforming today,
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considering the recent price surge of natural gas leading to
potential hydrogen production costs of 4-6 Euro per kg H, when
using natural gas reforming.”

It is worth noting that large-scale hydrogen production
operators could agree on long-terms grid electricity price
contracts and therefore could prevent such a reliance on
variable electricity prices. This might be a good option for the
current energy price crises in Europe, especially for (fully) grid-
connected hydrogen production systems.

3.3.3 Sensitivity to weather data inputs. Fig. A5 in Section
G.4 of the ESI,;} shows that especially the costs of hybrid
configurations are hardly affected by different meteorological
variabilities; this is visualized by the relatively small spread of
the colored markers per location on the y-axis. In general, this
implies that the calculated costs of hybrid configurations
are reliable and do not differ significantly between the set of
meteorological years.

The autonomous configurations exhibit, however, significant
differences between meteorological years especially in terms of
hydrogen production costs and to a lesser extent of GHG
emissions. For example, the autonomous configuration can
reach hydrogen production costs as low as 9 Euro per kg H, in
Borkum, while other reference years reach hydrogen production
costs up to 15 Euro per kg H,. The optimal designs of the
autonomous configurations are therefore significantly modified
depending on these different weather conditions in each meteoro-
logical year. Comparing the different case studies suggests that
locations with high shares of solar PV supply, due to high solar
yields (Tenerife and Crete), are subject to less variability than
these primarily supplied by wind power. Further, it is worth
noting that missing data or outages of energy generators most
likely result in larger energy system components, especially for
autonomous configurations. In this situation, additional storage
capacity or renewable energy capacity (with curtailment) is
integrated to overcome the discontinuation of renewable energy
generation. In reality, other solutions can be proposed, such as
planned outages instead of assuming a stable hydrogen produc-
tion output as assumed in this work. In general, the optimal
designs of autonomous configurations are more sensitive to
changes in (annual) weather conditions and outages as there is
no electricity grid for backup supply. In other words, the optimal
designs of the autonomous configurations are less robust com-
pared to the hybrid and grid-connected configurations.

This implies that more attention should be given for the
optimal design of autonomous energy systems. For example,
the optimal design could be based on a larger set of design
years to generate the meteorological design year. Further, a
comprehensive sensitivity analysis as well as a robustness
analysis could be used to provide more reliable insights.

3.3.4 Future situation in 2040. Fig. 10 shows a contribution
analysis of (possible) future hydrogen production costs for
all considered case studies using optimistic, average, and
pessimistic cost scenarios. The associated cost numbers and
technology specifications for these scenario are provided in
Table 1. Further, assumptions regarding grid electricity are
provided in Table 4. Again, the colors illustrate different cost
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Table 4 Assumed electricity prices as well as the GHG intensity of the electricity grid for year 2040

Pessimistic (2040)

Average (2040)

Optimistic (2040)

Price GHG intensity Price GHG intensity Price GHG intensity
Location [Euro per kWh] [kg CO,-eq. per kWh] [Euro per kWh] [kg CO,-eq. per kWh] [Euro per kWh] [kg CO,-eq. per kWh]
Crete Greece 0.095 0.208 0.083 0.032 0.071 0.028
Eigergy Norway 0.058 0.115 0.051 0.020 0.043 0.013
Western Isles United Kingdom 0.073 0.208 0.064 0.032 0.054 0.028
Tenerife Spain 0.071 0.208 0.062 0.032 0.053 0.028
Borkum Germany 0.056 0.208 0.049 0.032 0.042 0.028

components, and the total hydrogen costs are presented above
the bars.

Fig. 10 shows that future hydrogen production costs of
approximately 2-3 Euro per kg H, are within reach for hybrid
configurations in countries with a large availability of wind
energy supply for the optimistic and average cost scenario;
approaching cost parity with fossil fuel based hydrogen produc-
tion pathways. The reduction of annualized costs can be mainly
explained by the assumed reduction of investments in combi-
nation with extended lifetimes of system components. The cost
of autonomous configurations is also significantly lower than
today for all cost scenarios with hydrogen production costs
varying between 2-11 Euro per kg H,.

Fig. 11 illustrates prospective life cycle GHG emissions for all
considered case studies with colors representing the different
system components and their associated life cycle GHG emissions.
The total GHG emissions per kg hydrogen production are provided
above the bar segments. The assumptions for this prospective LCA
are provided in Section D.1 of the ESL{ The latter figure
demonstrates GHG emissions below 2 kg CO,-eq. per kg H,
for all hydrogen production configurations in the optimistic
and average future scenario. The pessimistic scenario repre-
sents a business as usual scenario with less decarbonized grid
electricity supply, and this therefore results in higher life cycle
GHG emissions—up to more than 10 kg CO,-eq. per kg H,—for
grid-connected configurations in particular.

4 Discussion

Several other important factors should be considered for the
interpretation of our results and these are discussed in the
following paragraphs. Further, limitations of our analysis and
issues to be considered for future work are identified.

Some potentially important local boundary conditions were
not considered in our analysis. For example, renewable power
generation at a certain location can be limited by a maximum
land area available for PV panels and/or wind turbines. We
considered this in a generic way by limiting the maximum
installed capacity for onshore wind turbines and PV systems.
Further specific analysis regarding wind and PV potentials in
terms of available land are required. Besides, the inclusion of
grid capacity costs was simplified in our analysis, but should be
addressed on a local level since these costs and regulations are
very location-specific. The development of an entire grid elec-
tricity network from scratch—a “‘greenfield”” approach—should

3598 | Energy Environ. Sci., 2022, 15, 3583-3602

be considered on geographical locations without a supply
infrastructure, which inevitably exhibits additional costs and
environmental burdens for grid-connected systems. Further,
social factors can limit the deployment of renewable energy
technologies.”* ™ Thus, besides economic, environmental, and
technological factors analyzed in this work, socio-cultural and
institutional factors should be considered when determining
suitable locations for the development of large-scale hydrogen
production facilities.

In addition, our system boundaries considered a cradle-to-
gate approach to provide hydrogen at 80 bar pressure. However,
the inclusion of further processing and transportation of
hydrogen inevitably causes additional costs and environmental
burdens, which must be addressed when the specific use case
of hydrogen is known.”*®”

This paper focused on environmental impacts regarding
GHG emissions, land transformation, and material utilization.
However, other environmental impact categories can be of
importance as well. Water quality might be another important
environmental concern, for example when a significant amount
of brine—a co-produced high saline waste generated from
desalination—is discharged into the marine environment.>”*®
In the context of water consumption, the large-scale deployment
of hydrogen production in combination with expected additional
water demand due to climate change, population growth,
economic development, and agricultural intensification might
result in water scarcity, which is already the case for Crete and
Tenerife.”>'° Such water scarcity assessments should be
addressed on a regional level in future work.'** %

Further, technological material improvements—such as
increased material efficiency as well as novel and alternative
materials and systems'®*'°°—in PEM electrolyzers could
reduce material availability issues associated to the upscaling
of hydrogen production with PEM electrolyzers. We considered
this improved material efficiency using updated (future) fore-
ground LCI of PEM electrolyzers in a simplified way,’® and
showed that improved material efficiency could significantly
reduce material scarcity. To achieve this, current research is
targeting alternative and lower cost materials—especially for
the catalysts and membranes used'®—to reduce (critical)
material utilization.'*'°* Further, hydrogen leakage must be
minimized to prevent undesirable radiative forcing, as hydro-
gen is an indirect greenhouse gas.'®” Such developments are of
critical importance to enable a smooth transition towards the
large-scale deployment of hydrogen production.

This journal is © The Royal Society of Chemistry 2022
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And lastly, we focused on the optimal design of large-scale
hydrogen production system using a broad, though limited, set
of technologies and geographical locations. This technology
portfolio could be expanded by considering alternative
batteries, electrolyzers, and hydrogen storage options in other
favorable geographical locations. Other favorable geographical
locations for large-scale hydrogen production exhibit high solar
PV and/or wind potentials as well as land availability and easy
access to a hydrogen transportation network (e.g., over water).
The global map in Section H of the ESI,{ indicates that, for
example, North-West Africa (Morocco), South-West of Australia,
and the South-East of South-America exhibit such potentials.
Further assessments are required to evaluate other potentially
favorable hydrogen production locations on the mainland,
especially in the United States and the North of Africa.

5 Conclusions

This paper quantified current and future hydrogen production
costs as well as life cycle environmental burdens of large-scale
hydrogen production via water electrolysis, with a focus on poten-
tially favorable hydrogen production locations on geographical
islands. Autonomous systems exclusively supplied by wind and/or
PV power, grid-connected, and hybrid systems were analyzed.

Our results demonstrated that the amount of electricity
consumed, its source and price, the (firm) supply of PV and
wind electricity, and investments for system components are
the most crucial factors for the overall costs and environmental
burdens of large-scale hydrogen production configurations.
Hydrogen production costs of 3.7 Euro per kg H, are within
reach today for hybrid systems at favorable locations.

Future hydrogen production costs of hybrid systems might be
reduced to approximately 2 Euro per kg H, in 2040—approaching
cost parity with hydrogen from natural gas reforming when
applying ‘“historical” natural gas prices. The current rise of
natural gas prices, however, represents a massive opportunity
for green hydrogen production, since cost parity between grey
and green hydrogen can already be achieved today.

Producing hydrogen by water electrolysis with low costs and
low GHG emissions is only possible at very specific locations
nowadays, such locations have a high availability and stable
supply of renewable energy sources and sufficient land available.
The lowest GHG emissions were achieved with hybrid config-
urations using a very low GHG intensive electricity grid in
combination with wind power. Hybrid configurations could,
however, exhibit substantial GHG emissions when supplied by
GHG intensive electricity grids. Autonomous configurations,
only supplied by renewables, exhibited low GHG emissions
but comparatively high costs. The need for oversized system
components and substantial electricity storage cannot be
neglected. When it comes to the implementation of a hydrogen
economy at large scale with substantial electrolysis capacities,
it must be ensured that grid-connected configurations are
only installed in parallel with sufficient amounts of additional
low-carbon power generation.
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Importantly, land use and material demand can represent
limiting factors for a quick large-scale deployment of hydrogen
production via water electrolysis. Especially iridium, needed for
PEM electrolyzers, might be a scarce material in the short-term.
Further, autonomous configurations with ground-mounted PV
installations could require extensive land transformation. And
lastly, the scale-up of hydrogen production might require
substantial extensions of electricity grid networks when most
hydrogen production plants are grid-connected.

Our findings imply that it is of great importance to sub-
stantially improve material efficiency of PEM electrolyzers as
well as to consider complementary hydrogen production systems,
for example from biomass,*"**'% to avoid potentially excessive
costs of for example scarce materials. Especially the electrolyzer
industry must improve economically, before green hydrogen
can be considered as a cost-effective decarbonization option. We
demonstrated that a substantial reduction of overall costs and
environmental burdens can be achieved with optimal planning,
siting, and sizing of green hydrogen production facilities. When
these prerequisites are met, cost competitive hydrogen production
via water electrolysis is within reach and can contribute to a low-
carbon global energy system.
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