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Abstract

Industry decarbonisation is currently high on the agenda in the
EU and its member states, as this sector has substantial shares
in overall GHG emissions while it faces serious challenges to
decarbonise. Hydrogen based on renewable electricity can
have a key role in the transition towards a CO,-neutral indus-
trial production since its use as an energy carrier as well as a
feedstock in various industrial process routes is promising. To
scale-up hydrogen infrastructure in North-West Europe, a deep
systemic understanding with a detailed spatial perspective is
required. With industry representing a high-priority sector for
the use of CO,-neutral hydrogen, a site-specific analysis of hy-
drogen demands from industry is essential.

Here, we conduct an analysis of the potential demand of
hydrogen for the industrial transition in North-West Europe
(Netherlands, north-west Germany, Belgium, northern France,
Luxembourg). The region is a centre of the European heavy in-
dustry value chain and is seen as a pioneer region for industry
transition. Our method is based on a techno-economic sce-
nario approach that considers 515 individual industrial plants
allocated to 185 sites. We calculate transformation pathways
based on re-investment cycles and plant age.

We present the resulting hydrogen demands by sector and
spatially distributed at the level of sites and NUTS3 regions.
Limiting the use of hydrogen to feedstocks and high-tempera-
ture process heat, we calculate a total technical demand poten-
tial of about 250 TWh/a based on 180 individual plants. Con-
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sidering re-investment cycles and plants due for re-investment
until 2030 shows a potential hydrogen demand of 55 TWh/a.
Aggregating the hydrogen demand by NUTS3 region, we
identify 12 regions with a total technical demand potential
of 10 TWh/a or more mainly concentrating around the large
chemical and steel clusters.

The resulting data set is available for download and can be
used in energy-systems studies to improve the resolution of
industry sector.

Introduction

The European Commission has set mitigation targets in the
context of the approval of the Paris Agreement in 2015 [1].
These include a 1.5 °C goal for average temperature increase
compared to 1990. In 2021, the commission set new sector
goals by releasing the “fit-for-55-package”, stating a reduction
in greenhouse gas emissions of 55 % by 2030 compared to
the base year of 1990 and climate neutrality by 2050 [2]. The
industrial sector is one of the largest emitting sectors with ap-
proximately 21 % of total GHG emissions in the EU-27, 23 %
in Germany in 2018 and 31 % in the Netherlands [3]. It ac-
counts for almost 30% of final energy demand and predomi-
nantly uses fossil fuels [4]. In particular, energy-intensive
sectors such as steel, non-ferrous metals, cement, chemicals,
glass, paper as well as refineries currently using large amounts
of fossil fuels as energy carriers and feedstock face major chal-
lenges in achieving ambitious climate mitigation targets due
to their high specific and absolute emissions in combination
with technical restrictions to switch to low-carbon technolo-
gies. Huge industry clusters in North-West Europe are espe-
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cially located in the neighbouring countries Germany and the
Netherlands, but also Belgium and France. The use of mol-
ecules as feedstock as well as energy needs in large quanti-
ties, especially for providing very high temperatures (often
>1000 °C [5]) may exclude the use of direct renewable energy
sources for some industrial products due to process-specific
requirements. In contrast to energy-related emissions, for
some processes emissions are inherently related to the pro-
duction process. In that case, to reach climate neutrality new
process designs, that are often not yet available or cost-com-
petitive, are required.

Hydrogen, when based on renewable electricity, can play a
key role in the transition towards CO,-neutral industrial pro-
duction. It shows the potential to provide high-temperature
process heat, decarbonise primary steel production [6,7] and
isa CO,-neutral feedstock for the chemical industry [8,9]. Fur-
ther advantages can be its transportability in ships and pipe-
lines and the direct and indirect use as a storable medium, e.g.
for seasonal storage [10,11].

Expectations on hydrogen for industry decarbonisation are
enormous, but in comparison to other energy carriers like
electricity, there is currently no large-scale generation capac-
ity and transport infrastructure for green hydrogen available.
The integration of green hydrogen in the energy-system is a
major task ahead with substantial uncertainties. A more de-
tailed systemic understanding of the integration of hydrogen
in the energy system is required and would facilitate the devel-
opment of policy-strategies. Detailed knowledge on the spa-
tial distribution of hydrogen demand potentials is missing in
many system analyses.

Here, we aim to close this gap by developing a high-reso-
lution data set on future hydrogen demand potential for the
energy-intensive industrial plants in north-western Europe.
This data set will allow subsequent system analyses to be more
precise on industrial hydrogen demands. In order to calculate
“realistic” potentials also for the medium term towards 2030,
we consider re-investment cycles of all plants analysed. This
leads to our research question:

What is the potential hydrogen demand from industry and its
spatial distribution based on the reinvestment cycle in the plant
stock?

For calculating georeferenced demand potentials, we es-
tablished a site database with detailed information on current
processes, their carbon-neutral alternatives, corresponding
specific consumptions of hydrogen and plant ages as well as
modernisation or reinvestment cycles. We do not take into ac-
count any infrastructure constraints, the results are supposed
to be used for infrastructure modelling in follow-up work.

Further, we provide an open dataset with a related visuali-
sation for different assumptions — with the aim of including
results for more energy carrier and scenarios in the future.
Both, visualisation and download of the results are accessible at
https://isi.pages.fraunhofer.de/eu-industry-transition/

Methodology and data

Our method is based on a bottom-up calculation of site- and
process-specific demand potentials for hydrogen use. The es-
tablished approach consists of the following four major steps:

1464 ECEEE 2022 SUMMER STUDY

9. PRODUCTS, APPLIANCES, ICT

1. Establishing a comprehensive dataset of industrial
plants: We combine the MIDDEN-Database used by TNO
for the Netherlands and the Fraunhofer ISI Industrial Site
Database for energy-intensive industries. Both databases
are constructed by combining several individual datasets
on emissions reporting as well as sectoral asset informa-
tion.

2. Defining hydrogen-based technologies at process level:
For each process (plant type), we define alternative tech-
nologies that allow switching to hydrogen-use, consider-
ing their maturity and temperature levels. The collected
data set includes estimates of technology readiness level
(TRL), specific energy consumption, temperature level
and production output. We mainly make use of literature
review.

3. Calculating future hydrogen demand potentials at plant
level: We calculate plant-specific hydrogen demand poten-
tials based on the main products and processes. We define
three types of potentials: maximum potentials including
all plants considered (Reference 1), maximum potentials
excluding low to medium temperature process heat (Refer-
ence 2) and a demand potential that considers the plants
re-investment cycles towards 2025, 2030 and 2035 (re-in-
vestment cycle, 3). The estimation depends on the specific
energy consumption (SEC) of the hydrogen-based pro-
cesses (unit: GJ/t of product). We consider plant-specific re-
investment cycles to calculate the potential market diffusion
of hydrogen-based production processes.

4. Visualisation and mapping of results: In order to allow for
a better spatial understanding of the potential hydrogen de-
mands, we plot results at site level as well as aggregated per
NUTS3 region and provide access to data and interactive
visualisation.

ESTABLISHING A COMPREHENSIVE DATASET OF INDUSTRIAL PLANTS

The basis of our analysis is a dataset of industrial plants and sites
in north-west Europe that combines two existing datasets: the
MIDDEN and Fraunhofer ISI Industrial Site Databases. The
Fraunhofer ISI Industrial Site Database covers north-western
Germany (nwDE), Luxembourg (LU), Belgium (BE) and north-
ern France (nF), whereas for the Netherlands (NL) MIDDEN
database has a very high level of detail. By combining two ex-
isting and well established datasets, we are able to improve the
data-completeness, the quality of data points and develop one
harmonised dataset that allows consistent cross-border analyses.
Identified data gaps, such as some single sites or plants, but main-
ly consisting of site information like production capacity, specific
energy consumption, year of start-up and year of last investment
were closed by matching both databases and further manual re-
search. For merging the datasets, we developed an algorithm to
compare both databases, avoid double entries, complete infor-
mation and include most valid values for each site. In general,
the resulting dataset is improved through harmonisation and ex-
tension of the included information, data updates and upgrades
like improved structure to make it more user friendly. Following,
we briefly summarise the underlying databases and go more into
detail about the merged database afterwards.
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TNO MIDDEN DATABASE

PBL (the Netherlands Environmental Assessment Agency) and
TNO started the MIDDEN initiative in 2018 with the goal of
building a publicly available factual database on energy and ma-
terial flows, GHG emissions, and decarbonisation options for the
Dutch industrial sector, and to engage a network of stakehold-
ers in developing, utilising and maintaining the database. The
MIDDEN database aims in supporting industry, policymakers,
analysts and energy sector in the common goal of achieving deep
decarbonisation. The database gives an insight into the current
situation of manufacturing industry in the Netherlands, but also
shows additional options for producing similar products with
net zero greenhouse gas emissions. Data is based on informa-
tion from public sources and own calculations where required,
with contributions and checks from stakeholders. It can be used
together with MIDDEN reports for each sector, which provide a
summary but also additional information like process descrip-
tions, overviews of all subsector representatives, history of each
company. MIDDEN database includes a list of entities from the
manufacturing industry in the Netherlands that is part of EU
ETS with average emissions exceeding 10 kt CO,, specified as
sites. For each site, the database provides information on general
plant data (location, sector, subsector, emissions), plant data con-
figuration (links plants to technologies that are or can be applied,
annual production capacities, utilisation rates and may include
total annual consumption of certain energy carriers), technology
characteristics (specifies information on technologies applied in
plant configuration like inputs and outputs of processes, but also
information on TRL (technology readiness level), costs, year of
start-up) and commodity data (list of all raw materials, products
and energy input) [12].

FRAUNHOFER ISI INDUSTRIAL SITE DATABASE

The Fraunhofer ISI Industrial Site Database is a merged data-
set containing information from the publicly available EU-ETS
and E-PRTR datasets as well as sectoral asset databases. In par-
ticular, information about annual production, the age of the
plant stock and geocoordinates are extracted from the listed
sectoral databases:

e VDEh PlantFacts for iron and steel industry
¢ Global Cement Directory for cement industry
¢ GlassGlobal Plants for glass industry

e RISI Pulp and Paper Fastmarkets for pulp and paper indus-
try

e Eurochlor Chlorine Industry Review for chlorine

¢ Manual internet research for other products, especially for
the chemical industry

The methodology of the merging process is briefly described
in [13,14].

Each data entry of an industrial site contains the name of the
company and site, the geographical location, the industrial sec-
tor as well as process-specific data of each associated plant such
as type of manufactured goods and corresponding production
process, annual production and production capacity.

The Fraunhofer ISI Industrial Site Database includes indus-

trial sectors of the basic material industry such as iron and steel,
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non-ferrous metals (aluminium), non-metallic minerals (glass)
and mineral processing (cement), basic chemicals (olefins, am-
monia, methanol and chlorine), pulp and paper, and refineries.
These industrial subsectors account for about 75 % of the total
industrial energy demand in Germany [15].

MERGED ISI-MIDDEN Database

The ISI-MIDDEN Database is established by taking into ac-
count the methods and assumptions discussed in the preced-
ing subsections. The MIDDEN database has higher degree of
data completeness for the Netherlands, whereas the ISI Indus-
trial Site Database covers the energy-intensive industries for
North-West Germany, Belgium, Luxembourg and northern
France. The information of individual databases, like miss-
ing SEC values, emissions and others are restored in the com-
mon ISI-MIDDEN Database. For data gaps that could not be
closed by matching both databases further literature research
is conducted. The datasets are combined by comparing and
matching sites and plants to their location (NUTS code, ad-
dress, and geocoordinates) and corporate information using
a matching algorithm and manual validation. Entries that
exactly matched are accepted directly, and the remainder is
evaluated manually using literature and other public data-
bases. The gaps in raw data on production are either filled by
desk research or through calculation using EU-ETS and E-
PRTR emission data. SEC values for Germany, Belgium, Lux-
embourg and France are derived from the ISI Industrial Site
Database, whilst values for the Netherlands are drawn from
the MIDDEN database.

The common database is extended further by including the
anticipated lifetime of the process technologies, their year of
start-up, the year of last (re-)investment, as well as the process
temperatures. An overview of the information included in the
merged ISI-MIDDEN Database can be seen in Figure 1.

DEFINING HYDROGEN-BASED TECHNOLOGIES AT PROCESS LEVEL

We first select a long-list of relevant existing processes that can
potentially be adapted to use hydrogen. For each process, we
define alternative technologies that allow switching to hydro-
gen-use, considering their maturity and temperature levels. The
following data is collected for each process.

¢ Hydrogen-based technology alternative: For each process,
we define a hydrogen-based alternative to allow low-carbon
production. An overview of the technologies considered is
given in Figure 2.

¢ Technology readiness level (TRL): We estimate TRLs for
each technology to indicate its maturity. We aim to include
only technologies that have overcome major technical bar-
riers and are applied at least in pilot-scale (TRL 5). Howev-
er, justified exceptions were made. Even if the TRL of some
integrated processes are currently low as no large-scale
plant is operating with hydrogen, the single components
already show high technological maturity with TRLs of 9.
For example, hydrogen fired furnaces for several products
show a TRL of 4-5 due to no existing in large-scale, al-
though single components like hydrogen burners are al-
ready at TRL 9. Since the challenges for large-scale integra-
tion and system operation are expected to be overcome in
the near future, development towards market readiness is
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expected to follow in the coming decade, leading to a rapid
increase in TRL of the overall system [16]. The resulting
TRLs are summarised in Figure 2 for all technologies con-

9. PRODUCTS, APPLIANCES, ICT

cation, biomass or large-scale heat pumps can be efficient
solutions and hydrogen is not necessarily the priority. By
including the temperature level for each process, we are

sidered. able to distinguish the hydrogen demand potentials in this

t.
* Specific energy consumption (SEC): Energy use of the respec

individual process per ton of product output. The SECs ¢ Annual production output: We use the production output
include current technologies and hydrogen-based alterna- to calculate capacity utilisation factors for each site.
tives. We distinguish energy carriers or at least separate

natural gas (representing fossil fuels), electricity and hy- CALCULATING FUTURE HYDROGEN DEMAND POTENTIALS AT PLANT LEVEL

drogen. Further, we distinguish between feedstock and The framework presents a stepwise approach for calculating the

fuel use for a process. Assumptions are summarised in

Table 1 potential hydrogen demand towards 2030.
able 1.

The three steps are as follows:

* Temperature level of process heat: Due to the combus- 1. Reference 1: Maximum hydrogen demand potential for

tion properties of h?rdrogen (,hlgh temperatures), fgtl}re high, medium and low temperature processes and feedstock
replacement of fossil fuels with hydrogen for providing

T use (Reference 1).
process heat seems much more feasible in processes where
high-temperature process heat is required. For low-tem- 2. Reference 2: Maximum hydrogen demand potential for

perature applications also alternatives like direct electrifi- high temperature processes and feedstock use (Reference 2).

Figure 1. Overview over covered information in merged ISI-MIDDEN Database.

Figure 2. Sectoral overview for potential hydrogen demand for high temperature and feedstock use cases [16].
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3. Re-investment cycle: Hydrogen demand for high tempera-
ture processes and feedstock use based on reinvestment cy-
cles.

All demand potentials use the same underlying assumptions
that the annual output volume at each plant remains constant
(compared to the start year, which mostly is based on 2018).
Reference 1 reflects the quantified maximum hydrogen de-
mand for all processes of all energy-intensive plants covered in
the database. This includes high, medium and low temperature
processes and feedstock use. Equation 1 shows the calcula-
tion of process-specific hydrogen potentials. We consider the

capacity of each plant (ProdCap , ), multiplied by a process-

lam)

specific production factor to dete;mine the production volume
per annum at each plant. Using SEC values for hydrogen-based
technologies leads to potential hydrogen demands per process
and plant.

The demand potential Reference 2 is based on the above de-
scribed Reference 1, but excludes applications with low- and
medium temperature use. This mainly refers to steam genera-
tion, e.g., in the pulp and paper industry. For low- and medium
temperature process heat, electrification is a feasible and more
efficient way of supplying process heat and technologies are
mature [17]. Also, biomass can be an option in some countries.
This limits the definition of Reference 2 to high-temperature
processes and processes with potential for hydrogen use as re-
ducing agent or feedstock. It implies a clear prioritisation of
hydrogen-use and serves as the main reference for the follow-
ing comparisons.

Based on the covered processes in Reference 2 we estimate
hydrogen demand potentials until 2030 by taking into account
plant ages and strict re-investment cycles. This iteration corre-
sponds to the “natural” technology’s investment (or modernisa-
tion) cycle per plant. To determine new investments between
2022-2035, the expected time between re-investment of the
underlying technology is iterated over the base year. The com-
bined ISI-MIDDEN database provides information on the year
of start-up and/or year of last re-investment of each plant. Here,
depending on the plant age, the year of start-up (or construc-
tion) or year of last (re-)investment is taken as the base year.
Considering only the start-up year would not offer realistic re-
sults as many technologies are refurbished over their lifetimes
by substantial relining [18]. Here, it is rather this relining or
re-investment cycle that is relevant.

RESULTS

TOTAL HYDROGEN DEMANDS

Deep dive into results shows that the bottom-up hydrogen de-
mand potential is estimated to be 284 TWh/a and 256.5 TWh/a
for the Reference 1 and Reference 2, respectively. According
to the Reference 1, NW-Germany with 153.4 TWh/a and the
Netherlands with 67 TWh/a account for 78 % of the total hy-

Equation 1.
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drogen demand per year estimated for NW Europe. These re-
sults can be observed in Figure 3.

Considering the re-investment cycle for the period from
2022 to 2035, the development of the hydrogen demand transi-
tion is given for the years 2025, 2030 and 2035. The resulting
total hydrogen demand potential for 2030 is calculated to be
55 TWh/a for NW Europe considering re-investment cycles of
industry. A substantial share of re-investments with a potential
hydrogen demand of 39 TWh/a is already seen by 2025. This
early and high hydrogen demand imposes a danger of carbon
lock-ins, if companies decide to re-invest in conventional fos-
sil-based technologies, because hydrogen supply might yet be
uncertain. In the period from 2025 until 2030, the hydrogen
demand potential grows by an additional 27.5 TWh/a. Interest-
ingly, the relevance of the individual countries changes when
looking at the re-investment cycle scenario. Belgium shows
the highest demand potential with 41 % of the total estimated
hydrogen demand (followed by NW-Germany with 35 %, the
Netherlands with 14 % and northern France with 10 %).

DEEP DIVE INTO SUBSECTORS

The maximum hydrogen demand potential (Reference 2) per
subsector and process is summarised in Table 1 and corre-
sponds to Figure 4. The subsectors of basic chemicals and iron
and steel dominate the overall hydrogen demand potentials
in all countries analysed. In nwDE, NL, and BE, the share of
basic chemicals is relatively large due to hydrogen use as feed-
stock for ethylene (and other HVCs) via MtO and ammonia
production. In nwDE, BE and nFr also the iron and steel in-
dustry show high importance, if all blast furnaces are sub-
stituted by H,-DRI steelmaking (Reference 1 and 2). Due to
data availability, low temperature heat applications are limited
to pulp & paper industry and show less importance. There-
fore, these potentials are only considered in Reference 1 for
all countries. However, other low-temperature demands like
steam generation in the food industry or other sectors is not
included in the site-specific approach and potentially strongly
underestimated.

Figure 4(b) illustrates hydrogen demand potentials based
on re-investment cycles for the years 2025, 2030 and 2035.
For all sectors, the resulting hydrogen potentials are substan-
tially smaller indicating that re-investments will predominantly
take place after 2035. For BE, re-investment in nearly all large
chemical and steel plants is due before 2030, resulting in a very
high demand potential and at the same time a high danger of
carbon lock-in if conventional installations are modernised.
The transformation of the basic chemical industry towards hy-
drogen could result in about 35.7 TWh of hydrogen demand by
2030, while respecting re-investment cycles of the individual
plants. Thus, transition of the chemical industry needs to scale
to industrial level to avoid carbon lock-ins. Sufficient supply
with hydrogen is an important condition and requires upscal-
ing of supply and transport installations.

p rOdprocess,2018

H2,potential,process = SECHZ,process ' PrOdcapplant '

ZPTOdcappTOCGSS
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(2)
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(b)

Figure 3. Comparison of the total hydrogen demand for NW Europe for each scenario (a) and re-investment cycle transition through 2025,

2030 and 2035 (b).

Table 1. Summarised analysis of covered information in ISI-MIDDEN Database.

Processes No. of No. of H:-SEC
sites plants (GJ H/t)

Iron and steel 53 223

Primary (crude) steel 11 25 5.3-6.8

Casting 22 47 0.1

Hot rolled coil 16 27 2.1

Other processes 46 124 0.3

Non-metallic minerals 59 63

Clinker 30 30 4

Container glass 14 14 4,6

Flat glass 7 9 7.8

Other glass products 8 10 0.54

Basic Chemicals 54 94

Olefins 10 10

Ammonia 11 11 21.3

Methanol 1 1 22.7

Others 39 73

Non-ferrous metals 11 11

Aluminium, primary 6 6 25

Others 5 5

Paper and printing 124 90

Board & packaging paper 38 52 4.9

Tissue paper 5 4 6.9

Graphic paper 26 25 7.2

Chemical pulp 3 3 10.3

Total 185 515

Basic chemicals: The chemical industry is the largest sector
for potential hydrogen use in the considered region. Ammo-
nia is produced at 11 large-scale plants, with about 29 TWh/a
of potential hydrogen demand in Reference 2. The full sub-
stitution of conventional olefin production with MtO process
would require an increase in methanol production capacity
and results in a hydrogen demand of 100 TWh/a. Following
the re-investment cycle regime, about 19 % and 41 % of the
demand potential are foreseen for ammonia and olefins by
2030, respectively.

Iron and steel: Primary crude steel production is located at
11 sites with a total of 23 plants. Substitution with H,-DRI re-
sults in a maximum hydrogen potential of around 80 TWh/a.
Metal processing is split into casting and hot rolling. These HT
processes with potential for future hydrogen use via hydrogen
burner technology in 69 plants account for approximately 13

1468 ECEEE 2022 SUMMER STUDY

H:; demand H: demand H: demand based on
Reference 1 Reference 2 reinvestment cycle by 2030
(TWh/a) (TWh/a) (TWh/a)

93.6 93 16.5
80.2 80.2 12.4
1.46 1.46 0.5
113 11.3 3.6

0.6 - -
235 23.5 1.7

17 17 0.6

2.5 25 0.4

4 4 0.6

0.5 0.5 0.35
138.5 133 35.6
100.5 100.5 243
29.2 29.15 113
5.16 5.16

3.62 - -

5.4 5.4 1.11

5.4 3.55 1.11
21.1 - -

7.5 - -

0.8 - -
10.5 - -

1.2 - -
283.6 256.5 55

TWh/a. Thereof, the reinvestment decision accounts for only
23 plants with total 4.15 TWh/a, combined. However, these de-
mands for metal processing may be still coverable by steel stack
gases in future.

Non-ferrous metals: Site-specific information could be
only identified for primary aluminium and aluminium bil-
lets and slabs production in this subsector. Four production
plants in Germany and one in the Netherlands and France
indicate a total hydrogen potential for generating required
process heat of approximately 5.4 TWh/a, which is currently
covered by natural gas [19]. Two plants invest in Germa-
ny in 2024, with a potential of nearly 1.6 TWh/a, and one
plant invests in the Netherlands in 2026, with a potential of
0.18 TWh/a.

Aluminium processing requires heat and steam, which are
currently generated primarily from fossil fuels.
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(@)
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(b)

Figure 4. Comparison of hydrogen demand on subsectoral level for Reference 2 (a) and hydrogen demand for re-investment cycle scenario

per country (c).

This heat transfer is required to convert bauxite to alumina.
Using green hydrogen in hydrogen burners and hydrogen-
based steam generation technologies as a heat source may be
an alternative.

Non-metallic minerals: In the non-metallic minerals indus-
try, only sites producing cement clinker and glass are consid-
ered.

Within the glass manufacturing subsector, industries were
classified according to the type of glass produced: container
glass, flat glass or other glass products. Overall, of the 32 glass
plants, 8 manufacture flat glass with a potential hydrogen de-
mand of 4 TWh/a and 14 container glass plants with a potential
hydrogen demand of 2.5 TWh/a through the use of H,-fired
melting furnaces. Out of that, only six plants with a total de-
mand of 1.3 TWh/a are invested in 2025 and 2030.

In Reference 2, the maximum hydrogen potential for the
mineral processing of clinker is seen in 30 plants with a com-
bined hydrogen demand potential of 17 TWh/a. However, only
two plants with a combined hydrogen demand potential of
1.8 TWh/a are seen as having re-investments until 2030.

Paper and printing: In total, 90 sites with 124 plants in the
pulp & paper industry are allocated amongst 6 products dif-
ferentiated into graphic paper, tissue paper, board & packaging
paper, recovered fibers, specialty paper and chemical pulp. The
potential hydrogen demand in pulp & paper industry for Refer-
ence 1 arises from switching to hydrogen-based steam genera-
tion for drying and process heat. However, since the processes
are low temperature processes, no investment into hydrogen-
based technologies is anticipated.

Figure 5 presents the hydrogen development based on the
technology diffusion affected by the re-investment cycles and
is compared to Reference 2 serving as the maximum hydrogen
potential based on the underlying assumptions. It shows that
the cumulative investment in 2022 accounted for 20 TWh/a de-
mand increasing to 57.6 TWh/a until 2030 and the development
is not steep but rather progressive and incremental. A sensitiv-
ity analysis is conducted by extending the time period to 2035
to understand the pattern of technology diffusion. Nonetheless,
the assessment shows that additional hydrogen demand based
on re-investment cycles until 2035 account for only 5.3 TWh/a
compared to 2030. This is due to the fact that the investment was
seen in facilities with low production capacities.

Figure 5. Development of hydrogen demand based on reinvest-
ment cycles towards 2030 and beyond.

3.3 SPATIAL DISTRIBUTION OF INDUSTRIES AND CORRESPONDING
ENERGY DEMAND

The spatial distribution of industry and related future hydro-
gen demand potential has a strong impact on infrastructure
planning [20]. Demand hotspots can be anchor points for the
upscaling of hydrogen infrastructure. Our spatial analyses and
site-level data with high-resolution can provide insights into
this regional dimension.

Figure 6 and Figure 7 show the georeferenced locations of
the merged ISI-MIDDEN Database on a NUTS3 background
layer. Figure 6 indicates the hydrogen potentials per NUTS3-
region for Reference 1(a) (including low and high-temperature
process heat and feedstock use) and Reference 2(b) (including
high-temperature processes and feedstock use). For Refer-
ence 1, 84 NUTS3-regions show a hydrogen demand poten-
tial of up to 1 TWh/a, which is reduced to about 43 regions
when low & medium temperature heat is not considered (Ref-
erence 2). Of the 37 NUTS3-regions showing H,-potential
of >1 TWh/a for Reference 1, 19 regions refer to the range of
1-5TWHh/a, 6 regions to 5-10 TWh/a and 12 regions with more
than 10 TWh/a. Investigating Figure 6 further, it gets clear that
there are regions with sectoral clusters for iron and steel, the
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(b)

Figure 6. Hydrogen demand potential of all considered subsectors (Reference 1) (a) and limited to high-temperature and feedstock applica-

tions (Reference 2) (b) per NUTS3-region.

chemical industry, cement industry and also pulp and paper
manufacturing. In general, H,-demand potentials are spread
widely over the whole region with major hotspots in North-
Rhine Westfalia, Saarland and Ludwigshafen for North-West-
ern Germany, around the Port of Rotterdam and Zeeland in the
Netherlands, Antwerp in Belgium and Dunkirk in Northern-
France. In the long-term it is expected that these locations will
become hydrogen demand hotspots.

Figure 7 shows the spatial distribution of H,-demand con-
sidering re-industrial cycles per process for the years 2025 (a),
2030 (b) and 2035 (c). The development of H,-demand from
2025 to 2035 indicates that most of the NUTS3-regions show-
ing high H,-demand towards 2035 already show demand in the
early years until 2025. Hotspots with high H,-demands until
2030 are located around Zeeland and Antwerp for the Nether-
lands and Belgium, Dunkirk in France and Ludwigshafen and
Hamburg/Brunsbiittel in NW-Germany. The major H,-poten-
tials in North-Rhine Westfalia in Germany for iron and steel
and chemical industry start to be tapped beyond 2030 when
considering the reinvestment cycles. This could be a challeng-
ing situation for infrastructure built-up: While these locations
will be very important in the long term, they might start late
in the transition towards hydrogen use if reinvestment cycles
are respected. Further results and scenarios are available on the
visualising website.

Putting our results in context with other studies on demand
level until 2030 is difficult due to regional system boundaries.
Most studies cover whole countries or entire Europe, whereas
we investigated NW-Europe including only NW-Germany and
northern France. However, plans for the ramp-up of national and
European electrolyser capacities can give an indication on avail-
ability of hydrogen together with the activities on the European
Hydrogen Backbone [21] until 2030 in the respective region. Tar-
gets for installed electrolyser capacities until 2030 are stated to be
10 GW in Germany [22],4 GW in the Netherlands [23] and min-
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imum 6.5 GW in France [24]. Belgium plans to have 0.15 GW
electrolyser capacity until 2026 [25] with the perspective to in-
stall up to 2.3 GW until 2030 [26] and Luxembourg is going to
substitute its whole fossil hydrogen demand, which equals an
electrolyser capacity of 5 MW [27]. Altogether, these countries
account for 20-23 GW of electrolyser capacity, which is 50-60 %
of mentioned 40 GW in the European Hydrogen Strategy[28].
Assuming an average in efficiency of 70 % for electrolysers and
4000 full load hours, hydrogen production via electrolysis in
2030 results in 56-64 TWh. This seems to fit to the investigated
55 TWh of hydrogen demand based on re-investment cycles in
NW Europe. However, the national strategies and corresponding
ramp-up of electrolyser capacities refer to the whole countries
whereas our spatial scope for industrial hydrogen demand only
covers northern France and NW-Germany. This indicates that
planned electrolyser capacities in the respective region may not
supply the upcoming hydrogen demands.

Infrastructure planning based on the European Hydrogen
Backbone until 2030 [21] shows one focus on the covered re-
gion in NW Europe, especially the Netherlands and Belgium
as well as the north-western federal states in Germany (Fig-
ure 8(a)). Northern France and the south-western federal states
in Germany are going to be tapped by extending the Europe-
an Hydrogen Backbone fast until 2035 to these regions (Fig-
ure 8(b)).

Overall, the currently published national strategies on
electrolyser capacity expansion and infrastructure planning
according to the European Hydrogen Backbone until 2030
indicate the chance to meet the upcoming demands of indus-
try in NW Europe based on site-specific re-investment cycles.
However, when comparing Figure 7 and Figure 8, hydrogen
infrastructure may be necessary in northern France and the
south-western federal state of Germany before 2030, which are
currently planned to be connected to the European Hydrogen
Backbone between 2030 and 2035.
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Figure 7. Comparison on spatial distribution per NUTS3-region of H2-demand considering reinvestment cycles in 2025 (a), 2030 (b), 2035

(c) and 2035 including all plants (d).

Discussion and Conclusion

Based on the presented plant-specific assessment approach, our
results offer a detailed view on the potential hydrogen demand
in NW Europe and its spatial distribution until 2030. From the
total 515 industrial plants considered, we identify 180 plants
in NW Europe to have a potential priority for hydrogen use
with a resulting hydrogen demand of 256.5 TWh/a. This es-
timation considers use of hydrogen for feedstock, as reducing
agent in H,-DRI and high temperature process heat in energy-
intensive industries. Considering existing reinvestment cycles,
a demand potential of 55 TWh/a is estimated by 2030 that can
be tapped without replacing plants before the end of their life-
time. On the other side, if a major share of the plant stock is
due for reinvestment very soon, there is a substantial danger
of carbon-lock in, if the conventional fossil-based technology
is simply modernised to run another 20-30 years. Our results
show that particularly in Belgium, a large share of the chemical

and iron and steel plants is due for re-investment before 2030
(~24 TWh/a of hydrogen demand potential). Strategic system
and infrastructure planning as well as a clear planning perspec-
tive for the supply of major sites with hydrogen are important
to avoid such carbon lock-ins and allow companies to under-
take large-scale investments in low-carbon technologies. Here,
it needs to be noted that our approach consequently assuming
fixed re-investment cycles also simplifies from reality where in-
vestments can be postponed or moved forward by a few years.
Interestingly, results for 2025 and 2035 (+/-5 years in re-invest-
ment cycles) do not vary substantially with a hydrogen demand
potential ranging from 38 to 60 TWh/a.

The two subsectors basic chemicals, and iron and steel domi-
nate the overall hydrogen demand potentials in the region
considered. Key technologies are the use of hydrogen as feed-
stock for olefins and ammonia as well as the direct reduced iron
steelmaking route using hydrogen as reducing agent. Also from
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Figure 8. European Hydrogen Backbone [21] infrastructure planning in NW Europe for 2030 (a) and 2035 (b).

a spatial perspective, clusters of the chemical and steel indus-
try are of central importance and need to be considered when
planning the transition to a hydrogen-based system.

Aggregating the hydrogen demand by NUTS3 region, we
identify 12 regions with a total technical demand potential of
10 TWh/a or more with major hotspots in North-Rhine West-
falia, Saarland and Ludwigshafen for north-west Germany,
around the Port of Rotterdam and Zeeland in the Netherlands,
Antwerp in Belgium and Dunkirk in northern-France. In the
long-term it is expected that these locations will become hydro-
gen demand hotspots. Limiting the hydrogen demand poten-
tial to the plants that are due to re-investment before 2030 we
observe that most of the NUTS3-regions showing high H,-de-
mand towards 2035 already show demand in the early years un-
til 2030. Only the major H,-potentials in North-Rhine Westfalia
in Germany for iron and steel and chemical industry start to be
tapped beyond 2030 when considering the reinvestment cycles.
This could be a challenging situation for infrastructure built-up:
While these locations will be very important in the long term,
they might start late in the transition towards hydrogen use if
reinvestment cycles are respected. Here, an analysis of company
strategies and transition plans might provide more insights. Po-
tentially, new hydrogen-plants can be constructed while current
plants are still running in parallel for a certain time.

The developed data set marks a step forward in the estima-
tion of detailed hydrogen demand potentials. The data set pro-
vides the basis to include site-specific data in systems analyses
that extends the scope beyond the industry sector by also look-
ing at hydrogen supply, storage and transport infrastructure.
Such detailed system studies allow to improve the systemic
understanding needed to elaborate transition strategies for the
cross-border region in north-western Europe.

Further future work can consider flexibility in the reinvest-
ment decision by incorporating important decision parameters
like corporate or site-level strategies depending on the underly-
ing infrastructure clusters. Also, competition with alternative
mitigation technologies like electrification or use of biomass
can be assessed more in detail at the process and sector level
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(see e.g. [17,29]). In addition, first calculations result in emis-
sion reduction of about 7 % and 11 % for the Netherlands and
Germany, respectively. The identified largest emitters are the
chemical industry and iron and steel subsector. As emissions
are reported in the EU-ETS on site level, the specific emission
reduction per plant is difficult to quantify — especially for the
chemical industry and at integrated sites containing power
plants. Here, further research is necessary considering those
aspects for drawing robust conclusions.
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Appendix

Visualisation and download of site- & process-specific results:

https://isi.pages.fraunhofer.de/eu-industry-transition/
Midden database: Link to MIDDEN-Database: https://www.

pbl.nl/en/middenweb/the-database
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