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Project GreenH,SZ

The project “Konzeptionierung einer marktfahigen griinen Was-
serstoffversorgung fiir die Region Salzgitter im Kontext der eu-
ropdischen Wasserstoffstrategie” (Conceptualization of a feasible
green hydrogen supply for the Salzgitter region within the context
of the European hydrogen strategy, GreenH,SZ) aims to achieve
climate-neutral applications and processes in the industrial and

transport sectors.

1 . Task definition & motivation

2. Methodology
2.1 Data sheets

The market ramp-up targets for green
hydrogen in the “REPowerEU Plan” en-
visage a supply of 20 million tonnes in
the European Union by 2030, whereby
10 million tonnes will be imported into
the EU (European Commission 2022).
The project therefore focuses on the
development of short-term solutions
for a sufficient green-hydrogen supply
in Salzgitter by 2030. In addition to the
steel industry in Salzgitter, other hydro-
gen consumers, such as rail transport
in the region of southeast Lower Saxo-
ny, are being considered. In addition to
the hydrogen production in Salzgitter
and on the coast of Lower Saxony, in-

> wasserstoff-campus-salzgitter.de/ ternational production sites, such asin

Tunisia or in Australia, are being con-
sidered for future export scenarios to
Europe in order to achieve the ramp-
up of a feasible and low-cost hydro-
gen supply.

The report explains the methodology
and assumptions behind the calcu-
lated production and import scenarios
by 2030 and ties in with the core mes-
sages of the thesis paper already pub-
lished (Fraunhofer IST 2022). In addi-
tion to the evaluation of the scenarios,
the implementation options of a pow-
er-to-X plant in the Salzgitter area are
considered in order to develop Salzgit-
ter as a visible model region for a suc-
cessful transformation of industry and
society towards climate neutrality.
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In order to obtain an overview of the
market-ready hydrogen technologies,
a data-sheet collection has been com-
piled concerning the mode of operation
and the performance parameters. The
data sheets can be continuously up-
dated and provide a sound basis for
knowledge transfer. As an example,
Fig. 1 shows the data sheet for proton-
exchange membrane electrolysis (PEM
electrolysis).

2.2 H, scenarios for domestic
production and imports in
2030

For the evaluation of the hydrogen sup-
ply from domestic production in Lower
Saxony and initial large-scale imports
up to 2030, the methodology and fun-
damental assumptions along the indi-
vidual technologies and infrastructures
of the value chain are presented below.
The continuously increasing hydrogen
demand of Salzgitter AG for its trans-
formation project SALCOS® alone (up to
around 250,000 tonnes per year by the
end of the 2030s) makes it necessary
for the industrial location of Salzgitter to
be connected to the European hydrogen
market via the planned hydrogen-pipe-
line network. The import scenarios focus
onagigawatt-scale seatransport of hy-
drogen, feasible by 2030, via the availa-
ble infrastructures and technologies of




— Operating principle

exchange membrane. Operation at ~70°C.

= Water is split into hydrogen and oxygen by applying a cell voltage
= Cell consisting of two noble metal-coated electrodes and a solid proton

= Primary use and integration: steel industry, refineries, chemical and fuel
production; Secondary use: grid services, local heat and oxygen supply

— Technical characteristics

= Electrolyte: Acidic polymer membrane (H*)

= System efficiency (LHV): “61%,,, (55 kWh/kg,,)

= Electrodes: PGM loading (Platin cathode, Iridium anode) ~3 g/kW,,

=  Minimal space requirement, no electrolyte handling necessary

]
Project report GreenH,SZ

= System scalability: single modules from 0,1 MW, to systems of 10 MW,
= Very dynamic operation, direct coupling to renewable electricity
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the hydrogen transport media selected
here: ammonia, methane, and metha-
nol. The import terminal is assumed to
be Wilhelmshaven, where project plans
for hydrogen imports vio ammonia and
methane already exist (German Energy
Agency 2022). The scenarios show the
hydrogen-production prices and the re-
sulting additional costs of the potential

import chains, based on an electrolysis
capacity of 1.5 GW available overseas
and the quantity of hydrogen ultimately
available in Salzgitter. The total cost in-
clude the cost elements of the complete
import chain and take into account all
conversion losses through to the offtake
in Salzgitter.

Green H, supply scenarios for import and domestic generation in 2030

Green H, export to Germany
(e.g. from Tunisia, Canada or Australia)
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Fig. 1: Data sheet for PEM electrolysis tech-
nology, assumptions in accordance with
(Clean Hydrogen Partnership 2022), image
rights H-TEC SYSTEMS GmbH

Fig. 2: Modeling of H, imports in 2030 with
various transport media for H, offtake in
Salzgitter in the Tunisia scenario

Domestic H, production
(in Lower Saxony, Germany)

Salz- = .
gitter H, offtake in Salzgitter

+ Industry
Green steel production (SALCOS®,
Salzgitter AG)
Mobility
H, fuel cell train (Coradia iLint, Alstom)
Industry & Building
Stationary fuel cell systems
(SOFC, Bosch)

Scenario Tunisia
H, supply to Salzgitter

(approx. 54,000 - 67,000,
depending on the carrier)
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2.2.1 Electrolysis

All scenarios are initially based on the
calculation of regional hydrogen-pro-
duction costs with the techno-econom-
ic assumptions of a scaled electrolysis
plant in the capacity range up to sev-
eral 100 MW in 2030. The development
of automated electrolysis production
sites with an annual production capac-
ity in the gigawatt range, together with
technological developments from the
cell through to the system level, will
lead to cost reductions for future elec-
trolysis plants. As an example, cost re-
ductions from 600 €/kW to 400 €/kW

Country- and region-specific generation

scenarios differ as a result of the respective electricity

generation potential from renewable energies.

(alkaline electrolysis) and from 900 €/
kW to 500 €/kW (PEM electrolysis) have
been set as European targets for a 100
MW electrolysis in 2030 (Clean Hydro-
gen Partnership 2022). The hydrogen
costs calculated here with low-temper-
ature electrolyzers are based on a sys-
tem-cost assumption of 470 €/kW and
are considered over a period of 20 years
with an interest rate of 8 %. The system
efficiency is assumed to be 63 % LHV
(approx. 53 kWh/kgH,) over the entire
stack lifetime.

2.2.2 Electricity from
renewable energies -
costs and availability

The country- and region-specific gen-
eration scenarios differ as a result of
the respective electricity generation
potential from renewable energies. The
number of full-load hours of electroly-
sis as an indicator of the annual hydro-
gen production is based on the full-load
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hours of the renewable energies. The
specific electricity production costs refer
to the country-specific levelized cost of
electricity (LCOE) without further addi-
tional costs, such as grid charges as the
electricity purchase price for the elec-
trolyzer.

For the calculation of potential produc-
tion costs in Lower Saxony, the availa-
bility of onshore wind energy at good
wind sites in Northern Germany with full
load hours of 2,500 h/a is assumed. The
average electricity production costs are
assumed to be 55 €/MWh, based on to-
day’s costs (Kost et al. 2021). Excellent
onshore wind sites (e.qg. in Scandinavia
or New Zealand) achieved LCOE of up to
35€/MWh in 2020 (IRENA 2022c). Green
hydrogen generation from offshore wind
in the North Sea takes into account ex-
cellent sites with full load hours of 4,500
h/a. The lower limit of today’s LCOE of
offshore wind is given as 72 €/MWh (Kost
et al. 2021), whereby the lowest weight -
ed-average LCOE with 59 €/MWh (0.067
USD/kWh) was achieved in 2020 in the
Netherlands, which is selected here
for the offshore wind scenario (IRENA
2022b). The electrolysis full-load hours
for hydrogen production in Germany
are set equal to the full-load hours
from the best onshore and offshore
wind sites (2,500 and 4,500 h/h, re-
spectively). Realized electrolysis plants
can achieve higher utilization if addi-
tional electricity, e.qg. from photovoltaic
plants, is purchased via corresponding
offtake agreements and guarantees of
origin. In addition, the utilization can be
further increased by means of an elec-
tricity storage system. A site-specific
detailed engineering and dimensioning
of an optimized plant design consisting
of renewables, electricity and hydrogen
buffer storage and the electrolysis and
synthesis plant capacity was not with-
in the scope of this project, but offers
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Electricity purchase price
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= Electricitypurchase price

2.500..

Full-load hours electrolysis

a further cost reduction potential. The
scenarios in Tunisia and Australia are
predominantly based on electricity pro-
duction using photovoltaics, whereby it
isassumed that the installed capacity of
the renewable energies is around twice
as high as the nominal capacity of the
electrolysis, so that a full-capacity uti-

lization of up to 3,200 h/a is calculated.
Electricity purchase costs are assumed
to be 30 and 25 €/MWh for Tunisia and
Australia, respectively, due to excellent
solar irradiation, whereby many coun-
tries worldwide were able to achieve
electricity production costs in the range
of 32-49€/MWhin 2020 (IRENA 2022c¢).

Electricity purchase price

3.200..

Fig. 3: Assumptions of electricity prices
and full-load hours of electrolysis in the
scenarios
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Fig. 4: Comparison of hydrogen transport
ships in use and required in the future.

Abstract representation by ship length,
assumptions from (Offshore Energy 2022),
(Marine Insight 2022)

20 million tonnes of climate-friendly hydrogen
should be available in the EU in 2030. 10 million tonnes

have to be imported.

2.2.3 Conversionintoa
hydrogen carrier medium
for sea transport

In the export scenarios considered, the
hydrogen from the electrolysis is con-
verted into the respective liquid carri-
er medium in a downstream synthesis
reactor. The capacity of the synthesis
plant is designed for continuous-load
operation (8000 h/a), utilizing an addi-
tional hydrogen pressure storage system
with tanks and compressors as buffer
storage. A further transport of the car-
rier medium to the export terminal is
not included. Continuous transport by
ship is made possible through further
storage of the carrier medium at the
export and import terminal.

2.2.4 Transport by ship

For the sea transport of hydrogen as
ammonia, methane or methanol,
there are terminals, infrastructures
and transport ships available on the
world market. Fig. 4 provides an over-
view of the transport capacities of the
available ships and the quantity of en-
ergy transported per vessel in relation
to the respective medium. The world’s

>www.wasserstoff-campus-salzgitter.de

only liquid-hydrogen ship “Suiso Fron-
tier”, whichisin operation between Aus-
tralia and Japan, shows that liquid hy-
drogen will not play an important role
for hydrogen imports in 2030 due to the
extremely low transport capacities.
The shipping costs in the scenarios are
based on a charter rate cost model for
of a fleet that would be required for
the specific hydrogen export volume.
In all scenarios, the respective trans-
port media are also used as the fuel for
the hydrogen-transporting ships. It is
therefore assumed that ammonia en-
gines with similar efficiency values to
those of already available methanol
engines are deployable. A projected hy-
drogen market in accordance with the
EU targets of 20 million tonnes by 2030
is thereby taken as a basis for the es-
timation the required terminal cost for
export and import. In some cases, us-
able terminals are already available,
in others they are yet to be built. This
study is therefore based on an infra-
structure corresponding to the market,
which is used proportionally for the se-
lected quantity of hydrogen. An infra-
structure built and used separately for
only one project would, in contrast, be
significantly more expensive.




Applied vessel types - available today

Synthetic methane typical LNG carrier
» Length: 300m
L
: CH, » Energy capacity: 1.00 TWh,,,,

» CH,-tank: 174,000 m?

Ammonia largest carrier (in construction)

» Length: 230m

3 m » Energy capacity: 0.31 TWh,,,,

» NH,-tank: 58,000 t

Methanol largest carrier
— » Length: 186 m
F—4 CH,OH
ay » Energy capacity: 0.28 TWh,,

v

CH,OH-tank: 50,000 t

Liquid H, the world’s only hydrogen vessel “Suiso Frontier”
— » Length: 116 m
— ]
: I y » Energy capacity: 0.003 TWh,,,

3 H,-tank: 1,250 m?

LOHC largest ,,Ultra Large Crude Carrier™
— » Length: 380 m

» Energy capacity: 0.91 TWh,,,,

» LOHC-tank: 440,000 t

H, transport ships

Around 10 % of the global ammonia production is cur-
rently transported via pipelines or ships. For sea trans-
port, gas tankers are deployed, which were primari-
ly built for the transport of liquefied petroleum gas
(LPG). By the end of 2019, around 170 of the more than
1,100 available LPG vessels were capable of transport-

ing ammonia, with capacities ranging from 2,500 to
40,000 tNH3 (IRENA 2022a). The global liquefied nat-
ural gas shipping fleet increased by around 10 % year-
on-year, with 641 LNG tankers were operational in April
2022, whereby newer vessels are almost exclusively
built with a storage capacity of 150,000-180,000 m?
(IGU 2022). Today, the largest methanol tankers have

(Reference to H, storage quantity)*
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Required vessel types
Equal to the carried energy of a typical LNG carrier

Synthetic methane typical LNG carrier

w

Length: 300 m

CH

4

w

Energy capacity: 1.00 TWh,,,,

~

CH,-tank: 174,000 m*

Ammonia

» Estimated length: 330 m

NH,-tank: 190,000 t

-
w

Methanol

o

Estimated length: 280 m
.

N CHOH Py » CH,OH-tank: 180,000 t

Liquid H,
| » Estimated length: 420 m
H,-quantity: approx. 30,000 t,,

» H,-tank: 420,000 m?

LOHC
» Estimated length: 400 m

b LOHC » LOHC-tank: 500,000 t

-

» H,-quantity: approx. 31,000 t,,

! Dibenzyltoluol as LOHC with 6.2t/ ...

a capacity of more than 40,000 tCH,OH (Institute of
Shipping Economics and Logistics (ISL) 2021). Similar
to methanol, liquid organic hydrogen carriers (LOHC)
can be used as an oil product using the available oil
tankers. In the ultra-large crude carrier class, there are
currently two operational oil tankers with a capacity of
approximately 440,000 tonnes, which would nearly be
equivalent to the amount of energy transported by an
LNG vessel (Marine Insight 2022). In contrast, the only
liquid-hydrogen vessel built to date by Kawasaki has
a storage capacity of only 1,250 m? for approx. 89 tH,
(Kawasaki 2021).
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H, AND ENERGY LOSSES FOR IMPORT CHAIN AUSTRALIA-SALZGITTER

Elektrolysis production in Australia (3,01 TWh,,,/a)
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= 100 -
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Energy of produced H2 carrier Energy of imported H2 carrier  Energy of imported H2 in Salzgitter
at export site in Wilhelmshaven after reconversion
(Scenario Australia) after fuel consumption (Scenario Australia)
E (Scenario Australia)
H, AND ENERGY LOSSES FOR IMPORT CHAIN TUNISIA-SALZGITTER
Elektrolysis production in Tunisia (2,83 TWh/a) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Fig. 5: Energy losses due to synthesis, ship
fuel consumption and reconversion in the
Australian scenario

Fig. 6: Energy losses due to synthesis, ship
fuel consumption and reconversion in the
Tunisia scenario

2.2.5 Reconversion for the
provision of pure
hydrogen

For hydrogen transport in Germany, a
hydrogen-pipeline network is assumed,
which connects electrolysis sites and
import terminals on the North Sea coast
with industrial hydrogen consumers
such as in Salzqitter. For a uniform eval-
uation of the hydrogen supply, a recon-
version of the carrier media at the import
terminal in Wilhelmshaven is therefore
considered.

For ammonia cracking for hydrogen
recovery, a future cracking plant with
a capacity of around 300,000 tH,/a
is modeled based on the assumptions
of the plant design in the “H21 North of
England” project (Sadler et al. 2018).
The heat requirement for ammonia
cracking is provided through combus-
tion of the produced hydrogen-ammo-
nia mix, enabling around 79 % of the
imported hydrogen to be recovered.
Ammonia crackers are commercial-
ly implemented today for small-scale
applications (production < 700 tH,/a),
with few larger-scale plants having
been realized so far (IRENA 2022a); as
a result, the introduction of efficient
ammonia crackers by 2030 is also sub-
ject to uncertainties. In general, there is
very little literature available regarding
large-scale ammonia cracking plants.
A sufficient market maturity and energy
efficient operation of GW-scale plants
for dedicated hydrogen production has
still to be proven.

Hydrogen recovery from methane is
performed using autothermal reform-
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The imported hydrogen volumes for industrial

offtake in Salzgitter are calculated by the

conversion efficiencies of the synthesis and

reconversion process as well as the scenario-

specific fuel consumption of the hydrogen

carrier ships.

ing based on the design of an industrial
plant for blue hydrogen production from
natural gas (production approx. 300,000
tH,/a) with a CO, capture of 94 % in the
“H21 North of England” project (Sadler
et al. 2018).

For the conversion of methanol into
hydrogen, simplified assumptions re-
garding investment costs and CO, cap-
ture are applied with reference to auto-
thermal reforming. Similar to ammonia
cracking, methanol reformers for hydro-
gen production have not yet been real-
ized at this plant size.

The total quantities of supplied hydro-
gen for offtake in Salzgitter are calcu-
lated using the energy losses during
synthesis and reconversion (based on
the LHV) as well as the distance-de-
pendent fuel consumption of the hy-
drogen carrier ships in the scenarios
(see Figs. 5 and 6). The influence of the
transport distance is clearly visible in
the comparison of Tunisia and Australia,
especially for the ammonia and meth-
anol routes. For these two routes, about
15 % of the electrolysis generation is
consumed for transport between New
South Wales (Port Kembla) and Wil-
helmshaven (about 24,000 km), while
less than 9 % is consumed for methane
due to fewer trips. After import from
Australia and reconversion at the ter-
minal in Wilhelmshaven, a maximum
of 66 % of the electrolysis generation is
then available for further transmission
to Salzgitter, while up to 76 % could be
achieved for ammonia and methanol in
the Tunisia scenario. The methane route
always yields lower H, energy quantities
after the reconversion step in Germany.
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CO, transport ships

For the CO, export, the utilization
of future CO, transport ships with
a proposed capacity of more than
50,000 tonnes of CO, per cargo is
assumed (Roussanaly et al. 2021).
CO, has been transported by ship
for more than 30 years, primarily
in the food industry, although cur-
rent ships are limited to a cargo
capacity of around 1,000 tonnes of
CO, (Element Energy 2018). For the
Norwegian CCS project “Northern LNG ships can transport green hydrogen as

RS G e Sl el el synthetic methane. An additional transport of CO,
rently being built with a capacity

of 7,500 m? for a cargo of around is required for this. A certification system must
OO0 femies GF O, (Mertie record the resulting greenhouse gas emissions of
Lights 2022). The development of

dual tankers that are suitable for the entire transport chain and relate them to the
transporting both LNG and liquid delivered tonne of hydrogen.

CO,, for example, is a current top-

Image source: MAN

ic of research projects (Datta et
al. 2020). With such ships, empty
voyages could be avoided.

>www.wasserstoff-campus-salzgitter.de




The North Sea corridor, with electrolyzers and import

terminals, is considered a central nucleus for the development

of the European hydrogen network. At the Energy Hub Port of

Wilhelmshaven, for example, GW-scale electrolysers, import

terminals for ammonia and methane and hydrogen caverns

are planned.

2.2.6 Transport to customer

The assumptions regarding hydrogen
transport via pipeline are based on the
development of the “European Hy-
drogen Backbone” as a vision of a Eu-
rope-wide hydrogen network driven by
32 energy infrastructure operators from
28 countries (EHB 2022). According to
the hydrogen import target of 10 million
tonnes in 2030 in the European Com-
mission‘s REPowerEU program, a hy-
drogen network of 28,000 km in length
is proposed for 2030 (European Com-
mission 2022), (EHB 2022). The North
Sea corridor is considered the central
nucleus of the network development
as the first hydrogen pipelines are to
be built in the Netherlands, Belgium,
and northwestern Germany in order to
make imports available to industrial
customers via the import terminals that
already exist or are being built for lique-
fied natural gas and ammonia. The ex-
pansion will be carried out via, amongst
other things, a number of IPCEI projects
(“Important Projects of Common Eu-
ropean Interest”), in which a pipeline
connection to Salzgitter is planned.
The costs assumed here for the trans-
port from Wilhelmshaven to Salzgit-
ter correspond to the assumptions of
the long-distance-pipeline operators
for a high utilization of the pipeline, as
a result of which around 23.5 TWhH,
(approx. 700,000 tH,) per year will be
transported through the pipeline.

2.2.7 CO, closed-loop system
for methane and
methanol

While the nitrogen for ammonia syn-
thesis in the Haber-Bosch reactor can
be provided on site via an air separa-
tion plant, the storage of hydrogen in
methane and methanol is faced with
the problem of climate-friendly carbon
supply for the synthesis. In the exam-
ple of hydrogen production of 85,000
tH,/a with an electrolysis capacity of
1.5 GW, a CO, feed of around 465,000
tCO,/a is required for methanation of
the green hydrogen, while methanol
production requires around 620,000
tCO,/a. CO, air-capture technologies
(direct air capture) are not expected
to have achieved the required techno-
logical maturity to economically pro-
vide these amounts of CO, by 2030. A
further option is CO, capture from bio-
energy plants, such as biomass power
plants. However, sufficient CO, supply
from this alone will also be difficult to
implement by 2030. In addition, CO,
capture from biogenic sources should
be used to meet the targets for nega-
tive emissions in the long term.

The CO, demand for the production of
the hydrogen carrier medium is there-
fore covered in the scenarios through

Project report GreenH,SZ
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CO, capture from industrial point sourc-
es with emissions that are difficult to
avoid, such as in the cement industry.
Plans for a CO, pipeline infrastructure in
Germany outline an initial network be-
tween industrial sites and Wilhelmshav -
en with a length of 1,000 km for a trans-
port volume of around 19 million tonnes
of CO, per year (Open Grid Europe 2022),
whereby CO, capture from industrial
emissions in Germany is proposed in
a magnitude of 15 million tCO,/a to
achieve climate neutrality in 2045 (Ger-
man Energy Agency 2021). The CO, re-
quired at the hydrogen-production site
will be exported from Germany by ship.
After the hydrogen import, CO, will be
captured again directly at the port dur-
ing the reforming process of methane or

>www.wasserstoff-campus-salzgitter.de

methanol to feed the pure hydrogen into
the dedicated hydrogen pipeline net-
work. Assuming a highly efficient car-
bon capture & utilization (CCU) tech-
nology, around 94 % of the annual CO,
requirement for the hydrogen import
scenarios can therefore be managed by
a CO,-transport system, whilst around
6 % of the annual CO, demand must be
added annually from industrial point
sources. In the methane scenario, these
uncaptured CO, emissions would cause
greenhouse gas emissions of about 0.5
tonnes of CO, per tonne of hydrogen
supplied to industrial offtake in Salzgit-
ter.

If it is possible to provide the required
CO, from “green” sources, e. g. by ad-
vanced DAC plants in the long term, the
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remaining GHG emissions can be further
reduced until thereis only “green” CO, in
the cycle.

2.2.8 Calculation of the total
costs

All cost components of the import sce-
narios always refer to the amount of
hydrogen supplied for offtake in Salzgit-
ter, which reaches a proportion of 58 %
and 76 % of the hydrogen production at
the electrolyzer site (see Figs. 5 and 6).
Through the assumptions for the recon-
version of all transport media, a uniform
hydrogen price is obtained, which can
be compared with the costs of a re-
gional hydrogen production in Northern
Germany. Alternatively, the hydrogen

s S

carrier media can be used in various ap-
plications and industrial sectors with-
out reconversion, which, however, does
not allow for a comparison for a dedi-
cated pure hydrogen demand. For ex-
ample, methanol and ammonia based
on green hydrogen can be directly pro-
cessed in the chemical or fertilizer in-
dustry, whereas methane can be used
in current natural-gas applications or
iron-ore direct-reduction plants with a
corresponding CO, capture.
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3. Results and discussion

3.1 H,productionin Lower
Saxony compared to
import scenarios, using
Tunisia and Australia as
examples

Hydrogen production in Northern Ger-
many can achieve the most favorable
supply costs of around 4 €/kgH, in 2030
through the use of onshore and offshore
wind resources. The import scenarios
Tunisia and Australia achieve costs of
around 4.83 to 5.45 €/kgH, with the am-
monia route. The additional costs for
conversions and transport cannot un-
dercut the difference between the more
favorable production costs in Tunisia
(2.58 €/kgH,) or Australia (2.25€/kgH,)
and production in Germany. Assuming
a high utilization of the hydrogen pipe-
line, the transport costs within Germany
(< 0.10 €/kgH,) to Salzgitter are negli-
gible, while potential pipeline network
fees are not included.

The results clearly show that the costs
for conversion and reconversion of the
hydrogen as well as the costs due to
losses incurred in the process are the

Fig. 7: Costs of hydrogen imports from
Tunisia compared to production in Lower
Saxony in 2030

H2 ONSHORE WIND
(E.G. IN SALZGITTER)

H2 OFFSHORE WIND (NORTH
SEA) & TRANSPORT

H2 IMPORT AS AMMONIA

H2 PRODUCTION TUNISIA &
H2 IMPORT AS METHANOL

H2 PRODUCTION TUNISIA &
H2 IMPORT AS METHANE

0,00 1,00 2,00 3,00
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Investment for new import infrastructure is @ low

largest cost drivers in addition to the ac-
tual production.

With appropriate utilization, the costs
of the infrastructure per kilogram of
hydrogen are low for short and medi-
um distances. The new construction
of terminals, pipelines and dedicated
carrier vessels with hydrogen-carri-
er-based propulsion systems, howev-
er, causes enormous investments and
requires a significant amount of time
for planning, approval and realization.
Despite the comparatively higher costs,
transport via methane is advantageous
in this respect, as the majority of the in-
frastructure already exists (see chapter
3.2).

Scenario Tunisia

In the comparison of the hydrogen car-
rier media, ammonia achieves the high-
est cost efficiency. The hydrogen losses
accounts to approx. 24 % of the hydro-
gen generation abroad, which is mainly
due to the heat supply for the ammonia
splitting. Methane and methanol can
respectively supply 63% and 76 % of
the electrolysis generation to Salzgit-
ter in the Tunisia scenario. The shipping

H2 IMPORT FROM TUNISIA & H2 GENERATION IN LOWER SAXONY IN 2030
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E H2 IMPORT FROM AUSTRALIA & H2 GENERATION IN LOWER SAXONY IN 2030
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costs for the relatively short distance
account to below 5 % of the total costs
for all hydrogen carriers, while the CO,
transport system is below 8 %.

Scenario Australia

The Australia scenario shows the im-
pact of the longertransport distance on
total costs with the route from south-
east Australia (New South Wales) to
Wilhelmshaven, with a round-trip time
of up to 78 days depending on the ship
type. Hydrogen transport increases to
a cost proportion of 7% (methane),
12 % (methanol) and 17 % (ammonia),
while the CO, loop also increases to
up to 17 % of the total cost. As a result,
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the CO, supply price doubles to up to H

medium

100 €/tCO,. In addition to reducing fuel Fig. 8: Costs of hydrogen imports from
consumption and specific greenhouse Australia compared to production in Lower
gas emissions, the introduction of Saxonyin 2030

multi-modal transport ships for stor-
ing the liquid CO, and the hydrogen
carrier - which are not yet available
today - would therefore be a decisive
milestone in the development of these
import scenarios.

The final hydrogen supply is reduced
to 58 % (methane), 65 % (methanol),
and 66 % (ammonia) of the production
in Australia, resulting in higher overall
hydrogen costs compared to the Tuni-
sia scenario.

Electrolyzers in Northern Germany can achieve the lowest green
hydrogen supply costs of around €4 /kgH, in 2030 compared to

international import scenarios from overseas. Ammonia

achieves the lowest import costs.
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Fig. 9: Technological maturity and market
availability of the respective technologies
and infrastructure for future hydrogen
supply chains up to 2030
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3.2 Estimation of market
maturity and technological
availability for the
realization of H, import
chains by 2030

In addition to the techno-economic as-
sessment of the various supply scenarios
via the individual transport media, Fig. 9
provides an estimation of the techno-
logical maturity and the resilience and/
or quality of the available data on the
respective elements of the import chain
options. The evaluation system also
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thereby takes into account the invest-
ment required for any new construc-
tion of the necessary infrastructures
for import volumes on a gigawatt scale
by 2030. For LOHC and especially liquid
hydrogen, comparatively greater risks
or lower market maturity still exist for
timely realization. The major risk for the
carbon-based routes via methanol and
methane is the lack of a regulatory legal
basis for CO, storage and subsequent
export to other countries, as well as for
high investments for the development of
the CCU infrastructure.
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3.3 Interactive demonstrator
for the scenarios

For the visualization and explanation of
the regional hydrogen production and
the imports shown for 2030, an interac-
tive demonstrator has been developed
for the presentation and modeling of
the scenarios. Together with the exhi-
bition “Energiewende Niedersachsen”
(Energy transition Lower Saxony), the
demonstrator from the Wasserstoff
Campus Salzgitter serves to convey the
knowledge from the project results. By
means of various presentation modes,
the demonstrator presents the different
technologies and pathways of the entire
value chain. Interactive sliders empha-

|
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The demonstrator from the Wasserstoff Campus

transfer.

size the importance and influence of the
electricity price, the electrolysis costs
and further parameters on the achieved
total price of hydrogen.

3.4 Project development for
hydrogen production in
the Salzgitter metropolitan
area

The project also investigated how spe-
cific projects for generation can be de-
veloped in the Salzgitter region and
where potential customers for the hy-
drogen may be available. Decisive fac-
tors hereby are suitable locations and
the prospect of long-term economic
operation.

Salzgitter is used for trainings and knowledge

Fig. 10: Interactive demonstrator for the

hydrogen supply scenarios
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Location conditions and
possible scenarios:

Electrical energy

Customers for the
hydrogen

Optional customers for the
by-products oxygen and
waste heat

3.4.1 Location conditions and
possible scenarios

The choice of location for a hydrogen

production plant depends on various

criteria. These include the availability of:

> Electrical energy

> Water

> Customers for the hydrogen

> Optional customers for the
by-products oxygen and waste heat

In the case of the further conversion of
the hydrogen into synthetic methane,
CO, is also additionally required.

The integration of all these factors at
one suitable location is a complex chal-
lenge and is also referred to as industri-
al symbiosis on account of the typically
different partners involved. Due to the
comparatively high cost of electricity
in Germany, the implementation of this
symbiosis is, however, desirable in order
to make the best possible use of elec-
tricity as a valuable energy source. In
the following, the individual factors are
explained in more detail and their fea-
sibility within the framework of this pro-
ject is evaluated.

Electrical energy

Electrical energy is required in elec-
trolysis in order to split water into its
components of hydrogen and oxygen.
In contrast to the modeling above, an
electrolysis capacity of 25-50 MW was
considered here.

In order for the produced hydrogen to
be recognized as “green hydrogen”, it
must, amongst other things, be based
on “green electricity”. Wind power and
photovoltaics are best suited region-
ally for this purpose. The potential for
hydropower and biomass was assessed
as too low and also too fragmented. For
wind power, so-called priority areas for
wind-energy utilization were designat-
ed in the Regionales Raumordnung-
sprogramm fir den GroBraum Braun-

>www.wasserstoff-campus-salzgitter.de

schweig (Regional planning program for
the Braunschweig metropolitan area)
in 2008, in which further expansion can
proceed (Regionalverband GroBraum
Braunschweig 2020). In addition, wind
farms are already connected to the grid
and feed in green electricity.

The power grid in the Salzgitter region is
already at full capacity and it also sup-
plies a number of large power consum-
ers from industry. The integration of an
additional load of 25-50 MW means an
extensive expansion of the grid in or-
der to be able to guarantee supply at
all times. The extra-high voltage line
planned for the new Volkswagen plant
in Salzgitter and the power supply for
electrolyzers of Salzgitter AG represent
further new consumers.

In addition, enormous uncertainties ex-
ist from the legislative point in terms of
the regulatory requirements to define
hydrogen from renewable electricity as
“green hydrogen”. At EU level, a broad
and controversial discussion on this
subject has been ongoing for several
months. The corresponding criteria for
the requirements of additionality and
temporal and geographical correlation
are set out in Article 27 of the Renewa-
ble Energies Directive in the so-called
»RED II“ as a ,Delegated Act“. The EU
Commission has now published a final
version of the delegated act on February
13, 2023, which contains adjustments to
the draft of May 20, 2022. The legal acts
still have to be adopted by the European
Parliament and the Council (European
Commission 2023).

A direct supply of electricity is made
more difficult by the very fragmented
ownership structures within the wind
farmsinthe Salzgitter region. In addition,
more attractive options are available in
some cases for marketing wind power -
even after the expiry of the EEG subsidy
period: Competition already exists for
green electricity, which consequently




generally goes to “the highest bidder”.
The expansion of wind power is not fast
enough in this respect to be considered
within the scope of this project.

The elaboration of a sufficient supply of
electrical energy could therefore not be
completed within the scope of the pro-
ject.

Water

The limited availability of water had
already become apparent even before
the dry summer of 2022. An electrolysis
plant with 25 MW of connected electric
load requires around 6 m® of water per
hour at full load. For many regions in
Germany, this is easily achievable, but
must be taken into account at an ear-
ly stage when selecting specific sites.
Wastewater, for example, can also be
made usable if it is suitable and special -
ly purified; this, however, increases the
investment requirement.

Customers for hydrogen/
synthetic methane

Particularly for new applications for hy-
drogen, e.g. in heavy-duty transport,
there are many entry hurdles to over-
come: The offtake is initially only very
fragmented, and the associated logis-
tics are expensive or do not yet exist, e.qg.

Project report GreenH,SZ

hydrogen refueling stations for busses or
trucks; interest often only arises when
there is greater availability and attrac-
tive prices. The chicken-and-egg prob-
lem is already familiar from the debate
on the expansion of electromobility.

It therefore appears necessary to con-
sider both the sides of the producers and
customers as well as the infrastructure
in an integrated way at the earliest pos-
sible stage.

The Salzgitter AG plant will require enor-
mous quantities of hydrogen through to
the 2030s, which cannot be rationally
covered by exclusively local generation.
The SALCOS project therefore consid-
ers not only local generation but also a
connection to a hydrogen pipeline net-
work.

Synthetic methane, in contrast, can
benefit from an extensive, already ex-
isting infrastructure including connect-
ed consumers: the natural-gas network.
As a result of the good gas quality, Syn-
thetic methane can be mixed with nat-
ural gas in any desired concentration.
Customers are therefore companies or
private individuals who currently pur-
chase natural gas. This is particularly
relevant for applications that cannot
be readily electrified, such as in coating
technology or melting furnaces.

Fig. 11: Evaluation of the different
electricity purchase scenarios

Electricity supply Advantages Disadvantages

Via the power grid in the
Salzgitter area

Via the power grid outside
of the Salzgitter area

Direct supply from e.g.
wind farm

Combination of grid
supply and direct supply

* High operating hours achievable
(> 8000 h/a)
* Very good utilization of investment

« Capacity may be more readily available at
grid nodes, as there are fewer large
consumers

* Renewable supply is clearly visible
* Regulatory requirements easier to fulfill
* Grid fees can be waived

+ Grid in Salzgitter urban area heavily utilized, 25-50 MW
currently not available

+ Certification of “green H,” is considered difficult

+ Grid fees must be paid in full

* Hydrogen must be additionally transported to
Salzgitter
* Production plant not in the Salzgitter area

* Only a small number of operating hours achievable
via wind power directly, max. 2500 h/a

* Ownership structure very fragmented

* Production plant must be located in the immediate
vicinity of the generation facility

* Identical to grid supply
+ Additional spatial restriction due to grid
connection and e.g. wind farm
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Customers for by-products
During electrolysis, oxygen and heat
are produced as by-products. Oxygen
is utilized in a wide range of industrial
processes, including metallurgy, the
chemical industry and environmental
technology. Oxygen is, however, a very
readily available, low-cost gas, and
utilization of the oxygen produced here
only makes economic sense if it is loca-
ted close to the consumers. One option
could be the Salzgitter AG steelworks in
Peine.

Waste heat from electrolysis unfortu-
nately only occurs at low temperature
levels of around 60 °C. The majority of
the existing heat networks are operated
at higher temperatures and therefore
cannot use this waste heat. The utili-
zation of a heat pump would, however,
make this possible, and the plant could
thereby provide a contribution towards
a CO,-free heat supply. In addition, the
utilization in drying processes is of inte-
rest, provided that the spatial proximity
is suitable.

Carbon dioxide (CO,)

What is primarily described as harmful
to the climate is actually a raw material
for the production of synthetic gases,
fuels and chemicals: CO,.

The combination of hydrogen and CO,
can produce, for example, synthetic
methane, which can be added 1:1 to
the existing natural-gas network as
a “green” energy carrier. Alternative-
ly, methanol, synthetic kerosene and
even diesel can be produced in suitable
plants - this wide variety is collectively
known as power-to-liquid products. For
a local power-to-x project, only synthe-
tic methane was considered, for reasons

>www.wasserstoff-campus-salzgitter.de

of simplicity and availability of consu-
mers.

CO, is currently best available via so-
called industrial point sources, e.g. in
flue gases. The extraction of CO, from
the atmosphere is currently still very
expensive and only available on small
scales. In the future, CO, can also be
easily captured from Salzgitter AG’s di-
rect-reduction plant for crude-steel
production in the SALCOS project and
then fed into a further utilization pro-
cess. The region therefore has sufficient
usable CO, available.

Here, too, however, there is a lack of cla-
rity in the area of legislation: Similar to
the definition of “green hydrogen”, di-
scussions are still ongoing regarding the
conditions that must be fulfilled for the
use of CO, in CCU-projects producing
a “green” carbon-based product from
captured CO,. CCU technologies would
furthermore enable the CO, to be stored
and used again when the synthetic me-
thane is utilized by the end customer, as
modeled in the closed-loop system for
the methane import route (see chapter
2.2.7).

Conclusion regarding possible
location

Within the scope of this project, it was
not possible to conclusively address the
power supply as a major location criteri-
on. This is, however, the necessary pre-
requisite in order to be able to examine
a selection of specific locations in more
detail. In general, the Salzgitter region
offers promising locations in terms of
both producers and consumers. A more
in-depth investigation of the power
supply is proposed.




With a high number of full load hours per year, the cost of
the electricity supply is dominant; with a lower utilization

below 2,000 hours, the investment costs are dominant.
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3.4.2 Economic viability

The economic viability of power-to-X
plants depends primarily on the follo-
wing factors:

> Cost of electricity supply

> Operating hours per year

> Sales revenues from the products

> Investment costs

>Income from by-products

With a high number of full lLoad hours per
year, the cost of the electricity supply is
dominant; with low full load hours be-
low 2,000 hours, the investment costs
are dominant (see Fig. 12). The goal of
most projects is to achieve the highest
possible utilization rate and, conse-
quently, a high production volume; as a
result, electricity costs are typically the
decisive factor for economic viability.

Conventional subsidy programs, which
aim to cover a proportion of investment
costs, therefore often fall short in the

2000 4000 6000 8000

Full load hours

case of PtX plants, as the legal require-
ments do not allow support for ongoing
operating costs. The H,Global program
(www.H2-global.de) addresses this
point and closes the gap between the
sales price and the currently still too
high production costs by means of so-
called “Contracts for Difference”.
Transferred to the scenarios described
above for electricity supply, this means
that:
> Electricity supply via the grid allows
high operating hours per year; the
electricity price therefore becomes
decisive here. Grid fees, taxes and
charges are consequently also very
relevant and often drive up the price of
electricity, which calls profitability into
question.
> Direct power supply from a wind farm
allows only low operating hours, which
makes the investment costs more
important. Charges on the electricity
price are lower here.

Fig. 12: Influence of electrolysis investment
costs and electricity prices in dependence
of full utilization hours on hydrogen-
production costs, taken from (IEA 2019)
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The investment costs for PtX plants are
influenced by two mechanisms: “econ-
omy of scale” and “quantity effects”.
Electrolysis plants specifically become
more economical the larger they are
or the larger the utilized core modules
(stacks) are (economy of scale). This is,
however, part of the product develop-
ment; at a certain point in time, there-
fore, only certain module sizes are avail -
able. In projects, investment costs can
also be reduced via the plant size, i.e.
the quantity of modules used (quantity
effects). In this project, a size of 25-50
MW was selected in order to take advan-
tage of both effects as far as possible.
Additional revenues from by-products
have a positive effect on profitability, but
can only compensate to alimited extent
for excessively high electricity prices.
Waste heat in particular can provide
a relevant contribution as a CO,-free
heat supply if it is suitably remunerat-
ed. However, this requires a year-round
heat supply, which is not feasible at all
locations during the increasingly hot
summers in Germany.
Oxygen is available industrially at very
favorable prices and therefore has only
a small impact on economic viability, as
only small additional revenues can pre-
sumably be generated.
The present study demonstrates the
high costs of transporting hydrogen;
offtake should therefore be located in
close proximity to production. Particu-
larly in view of the high demand for hy-
drogen in German industry, this criterion
is, however, hardly implementable.
From an economic point of view, the lo-
cation selection should therefore set the
following priorities:
>Low electricity prices, secured

through long-term purchase

agreement




> High number of operating hours per
year

>Attractive purchase price, secured
through long-term power purchase
agreements

> Utilization of by-products

3.4.3 Hurdles facing a definite
implementation

In the project, various locations in the
Salzgitter region and, in some cases,
beyond were identified and investigated
with regard to their suitability for a hy-
drogen production plant. Logistical de-
velopment and proximity to the power
grid are given at a number of them, as
is the spatial proximity to potential cus-
tomers.

The greatest obstacle within the frame-
work of this project development is pre-
sented by the power supply. The grid in
the Salzgitter urban area is currently al-
ready heavily burdened and has to sup-
ply a number of large consumers (see
also chapter 3.4.1). An alternative direct
connectiontoe. g.a wind farm would re-
quire the bundling of a sufficient number
of turbines; these are under highly frag-
mented ownership and have attractive
sales options on the electricity market
even after the expiry of the EEG subsidy
period. The targeted capacity of 25-50
MW could therefore not be secured by
the end of the project.

The planning was further complicat-
ed by regulatory uncertainty as to the
conditions under which the produced
hydrogen would be considered “green”
according to RED II.

On the customer side, a certain degree
of uncertainty can be observed as to
when hydrogen will be required and to
what extent, and what purchase price
is acceptable. It hereby becomes clear

that the chicken-and-egg-problem
can ideally be solved holistically, i.e.
by developing both the production and
the utilization of hydrogen as well as the
necessary logistics in the project in par-
allel. At least for the initial phase of the
expected market ramp-up for hydrogen,
this appears to be the most promising
variant.

One approach to solving some of the
described hurdles lies in the adaptation
of the project consortium: An expansion
to include project developers and pro-
viders of hydrogen logistics as well as
companies that can introduce a bun-
dling of “green electricity” into the pro-
ject is proposed.

3.5 Regional H, customers
using the example of
hydrogen-powered local
transport

For successful project development, it is
necessary to find the broadest possible
customer base for the sale of the hydro-
gen and the by-products. In this pro-
ject, rail transport in the region around
Salzgitter was identified as a potential
customer for the green hydrogen. In a
master’s thesis supervised by Alstom,
various hydrogen requirements for in-
dividual rail networks in the Salzgitter
metropolitan area were analyzed (Hin-
richs 2021).

At approximately 0.80 million tonnes
(as of 2020), greenhouse gas emissions
from German rail transport are only
slightly lower than those from nation-
al air transport and coastal and inland
shipping (UBA 2022). Germany's state-
owned rail network achieved an electri-
fication level of 61% in 2020, whereby
80 % of all rail traffic is carried on these
electrified lines. Today, the remaining
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rail traffic is mainly realized through die-
sel multiple units or diesel locomotives.
In Lower Saxony, around 1,600 of the
total of approx. 3,000 route kilometers
are electrified with overhead lines. In
order to further reduce greenhouse gas
emissions in rail transport, one focus is
the further electrification of the rail net-
work. The German government‘s goal is
to electrify 70 % of the entire rail network
by 2025. A second focus is on alternative
propulsion technologies. These are pri-
marily the battery overhead-line hybrid
multiple units and hydrogen-fuel-cell
hybrid multiple units. With these emis-
sion-free propulsion variants, the route
traveled must be partially electrified or
not electrified (Hinrichs 2021).

In a fuel-cell train, the electricity for
propulsion is generated from hydrogen
via a fuel cell. The hydrogen is refueled
at special hydrogen filling stations and
stored in pressurized tanks. The ALSTOM
Coradia iLINT was presented in 2016 as
the world’s first hydrogen train. The iL-
INT achieves a distance range of more
than 1000 km. In 2022, the world’s first
hydrogen-powered passenger service
started in Bremervorde with a total of
14 hydrogen trains from Alstom and a
filling station operated by Linde with 64
high-pressure tanks (500 bar) and a to-
tal capacity of 1,800 kg of hydrogen. As
a result, 15 diesel trains were replaced
(Alstom Group 2022), (Hinrichs 2021).
For comparison, with a current PEM
electrolysis of 1 MW capacity, 450 kg
can be produced per day (H-TEC SYS-
TEMS 2022).

The possibility exists to replace routes
in the Braunschweig metropolitan area
that are currently operated with diesel
multiple units with alternative propul-
sion technologies such as a hydrogen
multiple unit. The Lower Saxony South-

22|23




qusers’épff Campus
Salzgitter

Project report GreenH,SZ

Key messages to politics
and industry:

east 1 and 2 diesel networks are particu-
larly suitable for this. Hydrogen can be
supplied to the trains by decentralized
generation directly at the filling stations
or by delivery from a larger production
facility. Important boundary conditions
for locations and the dimensioning of
the filling stations include good acces-
sibility for the trains, a maximum stor-
age volume of 5 tonnes in order to avoid
stricter requirements under the Stor-
fallverordnung (hazardous incidents or-
dinance), and a certain level of redun-
dancy in order to ensure the operation of
the train fleet. As described in chapter
3.4.1, the location factors for the elec-
trolyzers must also be considered, in
particular the power supply. Ideal for
the capacity utilization of the filling sta-
tion would be a multimodal use, so that
the filling station can supply different
transport media such as trains, cars and
trucks. The current legal situation, how-
ever, makes multimodal use of a hydro-
gen filling station difficult. Neverthe-
less, requlated train operation already
ensures good utilization of such filling
stations. For the above-mentioned net-
works in the Braunschweig metropoli-
tan area, a projected demand of 7 to 10
tonnes of hydrogen per day has been
estimated (Hinrichs 2021).

Texthervorhebung im pdf: “Up to 10 t H,
demand per day (estimate) - Regional
H, rail network - For successful project
development, it is necessary to find the
broadest possible customer base for the

. . > wasserstoff-campus-salzgitter.de/ sale of the hydrogen and the by-prod-
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ucts.”
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The production of green
hydrogen in Germany is
competitive.

3.6 Key messages to politics
and industry

The thesis paper “Kurzfristige Losungen
fir grinen Wasserstoff in Salzgitter”
(Short-term solutions for green hydro-
gen in Salzgitter) summarizes the fun-
damental findings of the project in 4
core messages which are explicitly ad-
dressed to politics and industry (Fraun-
hofer IST 2022):

. The production of green hydrogen
in Germany is competitive.

. The German hydrogen market
needs investment security
quickly.

. The acceleration of the market
ramp-up can be achieved with

existing technologies.

. The supply to the industry
requires an accelerated
development of the hydrogen-
pipeline network with connec-
tion to the German ports.

The project therefore aims to provide
both orientation and thought-provoking
impetus as to where action needs to be
taken and what can be done to com-
mence the development of a hydrogen
market by 2030.
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The acceleration of the
market ramp-up can be
achieved with existing
technologies.

The German hydrogen
market needs investment
security quickly

The supply to the industry
requires an accelerated
development of the
hydrogen-pipeline
network with connection
to the German ports.

4. Outlook

One of the main findings of the project
is the enormous complexity from hyd-
rogen supply chains, in particular when
considering near-term imports by ship
from overseas with different hydrogen
carriers. Short-term hydrogen supply
chains based on GW scale electrolyzer
plants face multiple uncertainties - and
yet all the links in the supply chain must
be dimensioned in detail based on mul-
tiple and intermittent renewable energy
generation profiles in order to enable a
cost-efficient functioning of the entire
system.

In addition, interest in hydrogen has
continued to grow strongly and has gai-
ned in overall quality. As a result, im-
provements in knowledge and market
maturity of electrolysis, carrier synthesis
and reconversion plants will occurin the
future, thereby opening up further con-
crete perspectives for international hyd-
rogen transport after 2030, including for
liquid hydrogen and LOHC.

The GreenH,SZ project has developed a
variety of approaches that are suitable
for subsequent work. Activities for a con-
crete implementation of a power-to-x
plant in the Salzgitter region should be
mentioned at this point.

Within the framework of the Wasser-
stoff Campus Salzgitter, the “Sector
Coupling” project was launched back in
2020 with the aim of projecting a plant
in the Salzgitter region for the produc-
tion of green hydrogen and, if necessary,
conversion into a PtX product, which is
as close as possible to industrial sym-
biosis, so that the by-products - such
as waste heat and oxygen - can also
be utilized. The potential sites identi-
fied in the “GreenH,SZ” project can be
transferred to this project. In addition, it
is proposed that the project consortium
be suitably expanded and the points of
power supply, logistics and offtake be
specifically addressed. For the future,
the Wasserstoff Campus Salzgitter will
continue to offer a suitable project fra-
mework for this purpose.=
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