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Summary

Green hydrogen can decarbonize transportation, but also help to integrate
variable renewable energy sources if its production is sufficiently flexible
in time. Using an open-source co-optimization model of the power sector
and four supply chains for hydrogen at filling stations, we find a trade-off
between energy efficiency and temporal flexibility: for lower shares of re-
newables and hydrogen, more energy-efficient decentralized electrolysis is
optimal. For higher shares of renewables and/or hydrogen, more flexible
centralized hydrogen supply chains gain importance as they allow disen-
tangling hydrogen production from demand via storage. Liquid hydrogen
emerges as particularly beneficial, followed by liquid organic hydrogen
carriers and gaseous hydrogen. Centralized hydrogen supply chains can
deliver substantial power sector co-benefits, mainly through reduced re-
newable surplus generation. Energy modelers and system planners should
consider the flexibility characteristics of hydrogen supply chains in more
detail when assessing the role of green hydrogen in future energy transition
scenarios.
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1 Introduction

The increasing use of renewable energy sources in all end-use sectors is a main
strategy to reduce greenhouse gas emissions [I]. Beyond current electricity use,
energy demand from other sectors such as transportation may be satisfied either
directly by renewable electricity or indirectly by hydrogen and derived synthetic
fuels produced with renewable electricity [2], 3], 4], [5]. The potential of hydrogen-
based electrification for deep decarbonization is widely acknowledged [6), 7], [, 9.
10]. Yet, evidence is scarce so far how such electrification, also referred to as
sector coupling, impacts the power sector, and, conversely, how conditions in the
power sector impact sector coupling strategies.

We tackle this research gap by investigating different supply chains of hy-
drogen. Importantly, these supply chains imply a flexibility-efficiency trade-off:
more energy-efficient options tend to be temporally less flexible, mainly because
of more expensive storage, and more flexible options tend to be less energy-
efficient (see Figure . Thus, hydrogen supply chains differ both with re-
spect to their additional demand for renewable electricity and their temporal
flexibility, with respective implications for the power sector. We investigate this
trade-off in an analysis on the use of hydrogen for road-based passenger mobil-
ity. Specifically, we examine least-cost options for the supply of electrolysis-based
hydrogen at filling stations in future scenarios with high shares of variable re-
newable electricity. To this end, we use an open-source optimization model with
a well-to-tank perspective that co-optimizes alternative hydrogen supply chains
and the power sector. We apply the model to German 2030 scenarios that vary
the shares of renewable energy sources in electricity generation and the demand
for hydrogen.

Our main contribution is evidence on the benefits of different hydrogen supply
chains in a power sector with high shares of renewable energy sources. Most
previous power sector analyses that include a hydrogen sector lack detail to
discuss different hydrogen production and distribution options [11], 12 13, [14]
15]. Studies that include more techno-economic details of supply chains for
(green) hydrogen mobility often rely on exogenous electricity price assumptions,
include only rudimentary power sectors, and/or are restricted to a single supply
channel [16] [17) 18, 19, 20, 21, 22].

Methodologically, we extend the established open-source power sector model
DIETER with a detailed representation of four hydrogen supply chains. The
model minimizes the overall costs of the integrated electricity-hydrogen sectors,
comprising both fixed and variable costs. Hydrogen may be produced with small-
scale decentralized electrolyzers at filling stations or with large-scale centralized
electrolyzers (Figure [I). In the latter case, hydrogen is distributed as liquid
hydrogen (LHy), compressed gaseous hydrogen (GHz) or using a liquid organic
hydrogen carrier (LOHC, see [23]). Available production technologies are proton
exchange membrane (PEM) and alkaline (ALK) water electrolysis.
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Figure 1: Centralized and decentralized supply chains with specific production,
processing, transportation, and storage requirements.



The four supply chains differ, first, in their temporal flexibility. The central-
ized options allow for large-scale hydrogen storage, while the decentralized option
only comes with a short-term buffer storage at the filling station. Second, they
differ in how much electricity is required and when. LHs requires a substantial
amount of electricity after electrolysis for liquefaction. LOHC also has a high
electricity demand to provide heat for dehydrogenation, but this takes place after
Hy transportation and storage. Decentralized electrolysis at the filling station
is the most energy-efficient option because it requires less electricity-intensive
compression and conversion steps (for an illustration see [SL3).

Endogenous model variables comprise all electricity generation and storage
capacities, their hourly dispatch, as well as capacity and hourly use decisions for
the hydrogen supply chains. Exogenous model inputs include cost and efficiency
parameters for all technologies as well as time series of electricity demand, hy-
drogen demand, and renewable energy availability. To adequately capture the
variability of renewable energy sources, we solve the model for all 8760 consec-
utive hours of a year, assuming a long-run first-best equilibrium perspective.
Section provides details on the model setup. For transparency and repro-
ducibility, model code and all input data are available under a permissive open-
source license.

We parameterize the model to a 2030 setting for Germany. As the German
government repeatedly committed itself to an ambitious expansion of renewable
energy sources and currently also promotes the use of green hydrogen, it con-
stitutes a relevant case study. To explore drivers of results, 12 scenarios vary
the shares of renewable energy sources in electricity generation between 65-80 %
in five percentage points increments and the demand for hydrogen between 5,
10, and 25 % of private and public road-based passenger vehicle energy demand.
For each renewable share, we also devise a respective baseline without hydrogen
demand. A renewable share of 65% matches the target of the current German
government for 2030. Larger shares allow to learn about higher ambition lev-
els. The annual hydrogen demands are 9.1, 18.1 and 45.3 TWhy, (272, 544,
and 1359kt) at the filling stations and allow to learn about the impact of an
extended market penetration. We denote the resulting renewables-demand sce-
narios as Res65-Demb, Res65-Dem10, and so on.

To address the trade-off between flexibility and energy efficiency, we com-
bine the decentralized hydrogen supply option with each of the three centralized
options for each scenario. We restrict model runs to three combinations per
scenario for two reasons. First, we do not expect parallel infrastructures for
centralized technologies to emerge in a plausible future setting. This is due to
path dependencies and technology specialization that we cannot represent in the
model. Second, discarding implausible technology combinations substantially
reduces the computational burden.



2 Results

2.1 Optimal hydrogen supply chains depend on renew-
able penetration and hydrogen demand
Figure [2| shows the cost-minimal combinations of decentralized and centralized

hydrogen supply chains for the 12 scenarios with hydrogen demand. It also shows
the Additional System Costs of Hydrogen (ASCH, defined in Section .

Dem5 Dem10 Dem25
100%  — — — — — — — 70
b 0% J 65
5 80% f — g 6.0
S 70%
> 1 55 =
o B oo | |® ° ° o o o N ]
© 3 g 50 @
@ 2 so% e
1 45
o I 0% — 3
15} | 40 <
g 30% -
2 20% 1 35
S
10% | 1 3.0
0% . 25
DEC+GH, DEC+LH,  DEC+LOHC DEC+GH; DEC+LH,  DEC+LOHC DEC+GH, DEC+LH,  DEC+LOHC
100% [ —— — — 1 r — — — 0 — 470
90% | J J 65
2 80%
£ 1 1 6.0
S 70% | -
o Zew| |® © = S < ® ] e =
< o E E 50 @
w3 50% [ T
D o B E 4.5 R
o T 40% 2
o 30% T 1 40
<4
& 20% 1 1 3.5
“ 10% 1 1 3.0
0% . . . . 25
DEC+GH, DEC+LH,  DEC+LOHC DEC+GH, DEC+LH,  DEC+LOHC DEC+GH; DEC+LH, DEC+LOHC
100% — 1 7.0
90% E 6.5
2 s0%
£ so% J 6.0
g
o 0% g 55
S 60% 4
2 8™ 1 o 50 @
o 3 50% Ne- =
o A i 45 5
o I 0% 2
o 30% 1 4.0
8 [
5 20% 1 35
“ 10% E 3.0
0% . . . . 25
DEC+GH,  DEC+H, DEC+LOHC DEC+GH,  DEC+H, DEC+LOHC DEC+GH, ~ DEC+LH, DEC+LOHC
100% — 1 — — 470
90% ] 65
2 80%
£ 1 6.0
£ o
5 0% J 55 o
o & 60% E;
o < 1 50 o
[%} 50% \._ ¥
o X ] 45 T
0 I 0% =]
o 30% 1 20 2
@ \.-
5 20% 1 3.5
“ 10% \/ 1 3.0
0% 25

DEC+GH,  DEC+LH,  DEC+LOHC DEC+GH,  DEC+LH,  DEC+LOHC DEC+GH,  DEC+LH,  DEC+LOHC

CIDEC . GH, CJLH, [ LOHC —@—Additional System Costs (€/kg)

Figure 2: Optimal combinations of decentralized and centralized hydrogen supply
chains and Additional System Costs of Hydrogen (ASCH) for the 12 scenarios.
Starting from the top left panel, the share of renewable energy sources increases
to the bottom, and the demand for hydrogen increases to the right.



For combinations of relatively low shares of renewable energy sources (65-
70 %) and hydrogen demand (5-10 % of road-based passenger traffic), decentral-
ized electrolysis is the least-cost option. That is, the energy efficiency benefits of
decentralized electrolysis prevail over the flexibility benefits of the centralized op-
tions. Centralized supply chains increasingly become part of the optimal solution
for higher shares of renewables or larger hydrogen demand. In these scenarios,
the flexibility they offer becomes more valuable. Among the three centralized
options, liquid hydrogen tends to have the largest shares in the optimal solution.

Comparing the Additional System Costs of Hydrogen, the solutions that in-
clude compressed gaseous hydrogen are always dominated by liquid hydrogen
and often also by LOHC. This is because GH, incurs comparably high storage
and transportation costs (see [SL3)). In contrast, solutions that include LH, lead
to the lowest ASCH in most scenarios with high renewable shares (75-80 %) or
high hydrogen demand (25%). In general, solutions that include LHy or LOHC
often lead to relatively similar cost outcomes. Yet, this is driven by different
underlying mechanisms, i.e., higher overall energy efficiency of LH, and higher
temporal flexibility of LOHC (see Section and [SL.3).

Further, the additional system costs of hydrogen generally increase with hy-
drogen demand and decrease with the share of renewable energy sources, mainly
reflecting the availability of cheap renewable surplus energy (see Section .

2.2 Use patterns of hydrogen production and storage in-
dicate differences in temporal flexibility

Differences in hydrogen storage capabilities as well as the level and timing of
electricity demand lead to very different utilization patterns of the four
hydrogen supply chains. We illustrate this for the optimal combination of de-
centralized electrolysis and LHs in the Res80-Dem?25 scenario.
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Figure 3: Distribution of hydrogen production, hydrogen demand, and electricity
prices, exemplary for DEC+LH, in scenario Res80-Dem25

Figure [3al shows that LH allows to temporally disentangle hydrogen produc-
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tion from demand. On average, production is high in hours when (renewable)
electricity is abundant and, thus, cheap. These are not necessarily hours of high
hydrogen demand. At the filling station, dispensing centrally produced LHy on
time requires only little electricity. Vice versa, centralized hydrogen production is
low in hours of high prices. In contrast, decentralized electrolysis only includes a
small high-pressure buffer storage and needs to produce almost on demand (Fig-
ure . Thus, through greater temporal flexibility, centralized supply allows
to exploit phases of low electricity prices, which can overcompensate the overall
higher electricity demand. Comparable production patterns emerge also for the
other two centralized supply chains GHy; and LOHC.

The capacities of production site hydrogen storage and its hourly use vary
substantially across the three centralized options (Figure [{). LOHC has the
highest overall storage capacity and a strongly seasonal use pattern. In contrast,
GH, has a much smaller storage capacity and a pronounced short-term storage
pattern. LH, storage is in between. Capacity deployment of GH, storage is small
because of its relatively high specific investment costs. This changes in a sensi-
tivity with cheap cavern storage (see . For LHs, storage investment costs
are much lower, yet investment costs for liquefaction plants are high, impeding
investments in larger LH, production capacities. LHy storage is also subject to
a small, but relevant boil-off, which makes it less suitable for long-term storage.
For LOHC, both investment costs for storage and hydrogenation plants are rela-
tively low and investments, accordingly, high. As there is also no boil-off, LOHC
storage is used for seasonal balancing.
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Figure 4: Temporal use pattern of production site storage in scenario Res80-
Dem?25

2.3 Power sector outcomes illustrate drivers for optimal
hydrogen supply chains

Figure [5] summarizes power sector capacity impacts for the scenarios. Each bar
shows the difference of optimal generation capacities compared to the respective
baseline without Hy demand. Generally, overall generation capacity increases
with growing hydrogen demand and decreases with growing renewable penetra-
tion. A higher renewable share leads to higher renewable surplus generation.
Centralized electrolyzers make use of this surplus that would otherwise be cur-
tailed. In fact, in scenarios Res80-Demb and Res80-Dem10, overall electricity



generation capacity hardly increases or even decreases because the additional
electricity demand for hydrogen production is covered by renewable electricity

that would otherwise not be used.

50 r

Res65
generation capacity changes (GW)

-10

50

40

30

20

Res70
generation capacity changes (GW)

10

-10

50

40

30

20

Res75
generation capacity changes (GW)

10

-10

50

40

30

20

Res80

generation capacity changes (GW)

10

-10

40 L

30

20

10

Demb Dem10 Dem25
L L |
| X ] X ] , - - X - , l X I X . X
DEC+GH. DEC+LH,  DEC+LOHC DEC+GH, DEC+LH, DEC+LOHC DEC+GH; DEC+LH, DEC+LOHC
] —_—
DEC+GH2 DEC+LH, DEC+LOHC DEC+GH2 DEC+LH, DEC+LOHC DEC+GH, DEC+LH, DEC+LOHC

DEC+GH, ~ DEC+LH, DEC+LOHC DEC+GH,
—_— [ | =

DEC+GH,  DEC+LH, DEC+LOHC DEC+GH,

I Lignite I Hard coal

= Onshore wind

W Li-ion

mmm Offshore wind

Pumped hydro

DEC+LH,  DEC+LOHC DEC+GH;

DEC+LH, DEC+LOHC DEC+GH;
Natural gas

PV

DEC+LH,  DEC+LOHC

DEC+LH,  DEC+LOHC

[ Other conventional

= Other renewable

Figure 5: Electricity generation capacity changes compared to the respective
baselines without hydrogen for optimal combinations of decentralized and cen-
tralized hydrogen supply chains as shown in Figure E}



Concerning specific technologies, the additional electricity demand for hydro-
gen supply yields larger optimal solar PV capacities. Additional investments in
wind power are lower, and the optimal wind power capacity even decreases in
some ResTh or Res80 scenarios compared to the respective baseline. Additional
wind power would lead to more sustained renewable surplus events, which would
be harder to integrate. Offshore wind power is always deployed at the exoge-
nous lower capacity bound of 17GW. We further find a slight increase in the
natural gas generation capacity in most scenarios because this is the most eco-
nomical conventional generation technology to be operated with relatively low
full-load hours. Compared to the respective baselines, the supply of hydrogen
further tends to increase the optimal electricity storage capacity in the scenar-
ios with lower renewable penetration because inflexible decentralized hydrogen
production prevails here. In contrast, the optimal electricity storage capacity
decreases in the Res80 scenarios. Here, centralized hydrogen supply chains add
a substantial amount of flexibility to the power sector.

Figure [0] shows the impact of hydrogen supply chains on yearly energy gener-
ation. Across scenarios, wind power is a major source of the additional electricity
required for hydrogen supply. Much of this wind power would be curtailed in
a power sector without hydrogen. The central driver for this result is that cen-
tralized hydrogen supply chains allow to make better use of variable renewable
energy sources, facilitated through longer-term storage. In the Res75 and Res80
scenarios, electricity generation from wind turbines increases substantially al-
though wind capacity hardly increases or even decreases (compare Figure [5).
Renewable curtailment decreases most in scenario Res80-Dem?25 with LOHC,
where full-load hours of wind power increase by 19%. LOHC has the largest
capability to integrate renewable surpluses by means of storage and also requires
the largest amount of electricity.

Power generation from conventional generators also increases and supplies
that part of the additional electricity that is not covered by renewables accord-
ing to the specified share. In the Res65-Dem?25 and Res70-Dem25 scenarios
with largely inflexible, decentralized electrolysis, this is mainly natural gas-fired
power generation. With increasing shares of renewables, there is a shift to hard
coal and lignite. In Res80-Dem?25, the share of lignite in non-renewable power
generation is highest. Here, the temporal flexibility of centralized hydrogen sup-
ply chains allows increasing the full-load hours of conventional generation with
the highest fixed and lowest variable costs, i.e., lignite. Likewise, the use of
electricity storage increases compared to the baseline in scenario Res65-Dem25,
where inflexible decentralized hydrogen supply prevails, but is substituted by
centralized hydrogen flexibility in scenario Res80-Dem?25.
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Figure 6: Yearly electricity generation changes compared to the respective base-
lines without hydrogen for optimal combinations of decentralized and centralized
hydrogen supply chains as shown in Figure @



2.4 CO; emission intensity of hydrogen may not decrease
with higher renewable shares

We calculate the CO5 emission intensity of the hydrogen supplied in two com-
plementary ways (see Section . The Additional System Emission Intensity
of Hydrogen (ASEIH), shown in Figure takes the full power sector effects of
hydrogen provision into account. It is defined as the difference of overall CO,
emissions between a scenario with hydrogen and the respective baseline with-
out hydrogen, relative to the total hydrogen demand. The ASEIH mirrors the
changes in yearly electricity generation induced by hydrogen supply and ranges
between 6 and 13 kg CO, per kg H,.
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Figure 7: Emission metrics

Among the Res65 scenarios, the emission intensity of hydrogen is higher for
high hydrogen demand (Dem25) because the greater role of flexible centralized
hydrogen supply chains triggers an increase in coal-fired generation. For a renew-
able share of 70 %, the emission intensity is lower because overall power sector
emissions decrease, and the additional hydrogen demand largely integrates re-
newables without requiring additional fossil generation. In contrast, for high
renewable shares of 75 % or 80 %, the ASEIH increases again because the flexi-
bility related to the centralized hydrogen supply chains allows integrating more
coal-fired power generation. This is most pronounced for combinations of de-
centralized electrolysis and LH,, as the centralized supply channel has a greater
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relevance in overall Hy supply compared to DEC+GH,; or DEC+LOHC. Un-
der this metric, thus, the emission intensity of electrolysis-based hydrogen does
not necessarily decrease with increasing renewable shares, absent further CO,
regulation.

The second metric, Average Provision Emission Intensity of Hydrogen (APEIH),
shown in Figure[7D] does not capture the differences to an alternative power sec-
tor without hydrogen, but is based on COs emissions prevailing in the hours
of actual hydrogen production. The APEIH ranges between 7 and 12 kg CO,
per kg Hy. The APEIH is highest for the Res65 scenarios and generally decreases
with increasing renewable shares. It is lowest in supply chains with GHs, slightly
higher in with LHs, and highest for LOHC. This largely reflects the differences
in energy efficiency among these options.

For lower renewable shares, the APEIH tends to be higher than the ASEIH;
for high renewable shares, the APEIH tends to be lower than the ASEIH. That
is, a greater renewable penetration decreases the CO, emissions of the electricity
mix used to produce hydrogen (APEIH), but additional emissions induced by
H, do not necessarily decrease (ASEIH). This also indicates that analyses on the
emission intensity of (green) hydrogen should generally be interpreted with care.

2.5 Power sector co-benefits of hydrogen

We illustrate the power sector co-benefits of hydrogen supply in two different
ways. First, the Average Provision Costs of Hydrogen (APCH) indicate hy-
drogen costs from a producer perspective. Over all scenarios, the APCH are
between around 5 and 8 €/kg (Figure [Bal). These costs are below the current
uniform retail price of hydrogen in Germany of around 9.5 €/kg. In general, the
APCH increase with hydrogen demand in all scenarios. With increasing shares
of renewable energy, the APCH generally increase slightly, with the exception
of scenarios Res80-Demb and Res80-Dem10. Here, supply chain combinations
that include LHy or LOHC lead to lower costs because they can make better use
of periods with very low electricity prices, which are frequent in this setting.

In contrast to APCH, the Additional System Costs of Hydrogen (ASCH)
metric indicates the costs of hydrogen from a power system perspective. ASCH,
which are also shown in Figure 2 are smaller than APCH in all scenarios. This
difference is substantially more pronounced for higher renewable shares (Fig-
ure . The ASCH also include the co-benefits of better renewable energy
integration compared to a system without hydrogen. Yet, these benefits cannot
be fully internalized by customers at filling stations, as the difference to the more
production-oriented APCH metric indicates.
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Figure 8: Average Provision Costs of Hydrogen (APCH) and differences to Ad-
ditional System Costs of Hydrogen (ASCH).

Second, we illustrate the power sector co-benefits of different hydrogen sup-
ply chains with their impacts on the System Costs of Electricity (SCE, Sec-
tion . Here, the total co-benefits of integrating the power and hydrogen
sectors are attributed to the costs of generating electricity. For renewable shares
of 65 % and 70 %, hydrogen hardly has an impact (Figure[J). Yet, SCE decrease
markedly for higher renewable shares, up to more than 9% for a combination of
decentralized electrolysis and LOHC in the Res80-Dem?25 scenario. The main
driver for these benefits, again, is reduced renewable curtailment.
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Figure 9: Effect of hydrogen on System Costs of Electricity (SCE)
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2.6 Sensitivity analyses: impacts of central parameter as-
sumptions on supply chains

Additional model runs show the impact of alternative assumptions for central
parameters (see [SL1). GH, and LOHC tend to improve relative to LH, if the
transportation distance decreases, and vice versa, in particular if the share of
centralized production is high. If mass hydrogen storage could be placed at
filling stations, this would greatly benefit the decentralized supply chain. GH,
becomes the dominant option for most scenarios if low-cost cavern storage can
be developed. LHs; would improve further if boil-off during storage could be
avoided. In turn, LOHC would become dominant in most scenarios if free waste
heat could be used for dehydrogenation and if existing transportation and storage
infrastructure could be used without additional costs.

3 Discussion

Our co-optimization of the power and hydrogen sectors highlights the trade-off
between energy efficiency and flexibility for different hydrogen supply chains. For
lower shares of renewable energy sources and low hydrogen demand, decentralized
electrolysis is most beneficial because energy efficiency matters most in such a
setting. For higher shares of renewables or higher hydrogen demand, the flexibil-
ity benefits of centralized hydrogen options gain importance because these allow
to temporally disentangle hydrogen production from demand to make better use
of periods with high renewable availability. Among the centralized options, LH,
provides the best combination of efficiency, flexibility, and investment cost over
the majority of scenarios. Although more energy-efficient, GH, is never part of
the cost-minimal solution due to high storage costs. LOHC is largely between
LH; and GH,. It offers cheap storage, but also requires substantial amounts
of electricity for the relatively inflexible dehydrogenation process at the filling
station.

Yet, the Additional System Costs of Hydrogen are relatively similar among
optimal supply chain combinations in many scenarios. Thus, real-world invest-
ment choices should also take factors into account that the model analysis does
not capture. This includes aspects of operational safety and public acceptance,
which may favor LOHC, or constraints to renewable energy deployment, which
may favor the more energy-efficient options. Sensitivity analyses show how op-
timal supply chains depend on the (potential) future availability of, e.g., cavern
storage or waste heat.

We further show that centralized hydrogen supply chains can deliver rele-
vant power sector co-benefits. Their energy storage capabilities help to make
use of lower-cost electricity generation options, in particular renewable surplus
generation. Yet, the flexibility that hydrogen provides to the power sector not
only facilitates renewable integration, but can also increase the use of conven-
tional generation with low marginal costs. Accordingly, the emission intensity of
hydrogen does not necessarily decrease with higher renewable shares, absent fur-
ther CO4 regulation. However, this effect is not specific to hydrogen generation.
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It generally occurs when a flexibility resource is added to a power sector with
under-utilized emission-intensive generation capacity. This concerns electrical
storage [24], electric vehicles [25] and power-to-heat [26].

We conclude that power sector models should represent the flexibility char-
acteristics of hydrogen and other sector coupling strategies in sufficient detail
to assess their potential contribution for renewable energy integration. Like-
wise, system planners and policy makers should properly consider flexibility and
efficiency aspects when assessing the role of green hydrogen in future energy
transition scenarios. To realize flexibility benefits in actual energy markets, the
design of tariffs and taxes should aim for a largely undistorted wholesale price
signal along all steps of the hydrogen supply chain [cf. 27], while considering a
fair distribution of the co-benefits between hydrogen and electricity consumers.

Future work may address some limitations of this study. Several research
design choices we made for clarity and tractability lead to a power sector that
is relatively flexibility-constrained. On the demand side, we abstract from a
range of potential flexibility sources, such as power-to-heat options or battery-
electric vehicles. We also abstract from geographical balancing in the European
interconnection. Accordingly, we may overestimate renewable surpluses and, in
turn, the benefits of flexible hydrogen supply chains that make use of them.
Likewise, we abstract from transmission and distribution grid constraints, which
may increase the local value of flexible hydrogen supply. We further do not
constrain investments in renewable electricity generation in Germany. A cap on
renewable capacity deployment, reflecting public acceptance and planning issues,
may increase the relative importance of energy efficiency compared to flexibility.
Against this background, future research would be desirable on the efficiency-
flexibility trade-off for different hydrogen carriers for long-range bulk transport
of green hydrogen from remote areas with very good renewable energy resources,
such as Patagonia or Australia. Likewise, extending our analysis to also include
the reconversion of hydrogen to electricity in scenarios with full renewable supply
would be promising [3] 28].

4 Experimental procedures

4.1 Model

We use the established open-source power sector model DIETER [26, 29] 30,
31]. For transparency and reproducibility [32], source code, input data, and a
complete documentation of the model version used here are available under a
permissive open-source license in a public repository [33] (see also www.diw.de/
dieter).

The model minimizes the total system costs of providing electricity and hy-
drogen. The objective function comprises annualized investment costs and hourly
variable costs for electricity generation and storage technologies, electrolysis as
well as storage, conversion, and transportation of hydrogen. Main model inputs
are availability and costs parameters for all technologies as well as hourly time
series of electricity demand, hydrogen demand, and renewable capacity factors.
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Main decision variables are capacities in the power and hydrogen sectors as well
as their hourly use. The optimization is subject to constraints, including market
balances for electricity and hydrogen that equate supply and demand in each
hour, capacity limits for generation and investment, and a minimum share of
renewable energy in electricity supply. The model determines a long-run first-
best equilibrium benchmark for a frictionless market. Assuming perfect foresight,
DIETER is solved for all consecutive hours of an entire year. Model outputs com-
prise system costs, optimal capacities and their hourly use, and derived metrics
such as emission intensities.

To keep the analysis tractable, the DIETER version used here has no ex-
plicit representation of electricity transmission, focuses on Germany only, and
abstracts from balancing withing the European interconnection. We also do not
use some features of the original model, such as demand-side flexibility beyond
the hydrogen sector.

The hydrogen sector is modeled with a well-to-tank perspective. It includes
one decentralized and three centralized options for providing electrolysis-based
hydrogen at filling stations, of which only one can be selected per filling station
(Figure . Electricity demand along the hydrogen supply chains, that is, for
hydrogen production, processing, and distribution facilities, enters the model’s
electricity market balance. All costs for hydrogen-related investments enter the
model’s objective function. This endogenously captures the use of electricity for
different purposes in each hour.

For centralized hydrogen production, we consider alkaline and proton ex-
change membrane water electrolysis. The hydrogen is either compressed and
stored at the production site at up to 250 bar (GHy), liquefied and stored in
insulated tanks (LHs) or bound to a liquid organic hydrogen carrier (LOHC) in
an exothermic hydrogenation reaction and stored in simple tanks. As LOHC,
we assume dibenzyltoluene; see [34] for an exposition. GHy and LOHC can be
stored without losses; LHy suffers from a boil-off of ~0.2 % per day (~ 52 % per
year), which lowers its potential for long-term Hy storage. For GH,, hydrogen
may also be directly prepared for transportation after production, bypassing pro-
duction site storage. Investments in storage capacity at centralized production
sites are unrestricted. Due to minimum filling level requirements, usable storage
capacities can be lower than nominal capacities.

For transportation, hydrogen is taken from the respective storage at the cen-
tralized production site, re-compressed (if necessary), and transported (time con-
suming) in special tank trucks to the filling stations.

At filling stations, GHs from centralized electrolysis is either re-compressed
and stored at up to 250 bar or directly compressed to 950 bar for the high-pressure
buffer storage (bypass option). LHy and LOHC are first stored in unconverted
form, where boil-off for LH is slightly higher at the filling station than at the
centralized production site (~ 0.4 % per day or ~ 77 % per year). Spatial limita-
tions and security aspects restrict these storage capacities to two truck loads for
all three centralized supply chains. LH, is then cryo-compressed and evaporated,
and LOHC dehydrogenated and compressed to be stored in gaseous form at up
to 950 bar in high-pressure vessels used as buffer for dispensing. High pressure
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storage is limited to 300 kg (one 20 ft container with tubes [35]).

For decentralized hydrogen production, electrolysis is restricted to PEM,
which is superior to ALK electrolysis in several dimension relevant for small-
scale on-site production, including higher load flexibility [36], lower footprint [36],
and easier handling [37]. The hydrogen is immediately compressed and stored
at 700-950 bar in high pressure vessels at the filling station. For the high pressure
storage and dispensing, the same assumptions apply as for the centralized supply
chains.

4.2 Cost and emissions metrics

System Costs of Electricity (SCE) are the total power sector costs related
to overall electricity generation. They include all investment, fixed, and vari-
able power sector costs, but exclude the investment, fixed, and (non-electricity)
variable costs of the hydrogen supply chains. Using the SCE, the co-benefits of
integrating the power and hydrogen sectors are completely attributed to elec-
tricity generation. The SCE treat all electricity generation equally, irrespective
of later consumption for conventional electricity demand, demand for hydrogen
production and distribution, or losses in the transformation process.

Additional System Costs of Hydrogen (ASCH) are defined as the dif-
ference in total system costs between a scenario that includes hydrogen and the
respective baseline without hydrogen demand, related to total hydrogen supply.
The ASCH factor in the total power sector co-benefits of hydrogen supply. ASCH
are not directly observable for market participants, but relevant from an energy
sector planning perspective.

Average Provision Costs of Hydrogen (APCH), in contrast, sum the
annualized costs of the hydrogen infrastructure and yearly electricity costs for
hydrogen production, related to total hydrogen supply. Yearly electricity costs
are the product of the hourly shadow prices of the model’s energy balance and
the hourly electricity demand along the hydrogen supply chain, summed up over
all hours of a year. The APCH reflect a producer perspective (excluding taxes
and fees that are potentially relevant in real-world settings). For alternative
levelized costs of hydrogen (LCOH) concepts, see [3§].

The Additional System Emission Intensity of Hydrogen (ASEIH)
relates the overall difference of COy emissions between a scenario with hydro-
gen and the respective baseline without hydrogen to the total hydrogen supply.
Analogously to the ASCH, this metric takes the full power sector effects of hy-
drogen provision into account. Like ASCH, ASEIH are not directly observable
in an actual market, but relevant from an energy sector planning perspective.

The alternative Average Provision Emission Intensity of Hydrogen
(APEIH) metric is calculated by multiplying hourly average emission intensi-
ties of electricity generation with respective hourly electricity consumption for
hydrogen supply at all steps of the supply chain (including compression, dehy-
drogenation etc.), and relating this to overall hydrogen provision. Analogously
to the APCH, the APEIH assume a producer perspective.
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SI Supplemental Information

SI.1 Sensitivities

We carry out a range of sensitivity calculations to explore how key parameter
assumptions affect numerical model results. Specifically, we investigate the ef-
fects of varying transportation distances, alternatively assume that mass storage
for decentralized hydrogen supply is available, alternatively assume that low-cost
cavern storage for GH, is available as well as LHy storage without boil-off, and
examine cost-free heat supply as well as cost-free transportation and storage
infrastructure for LOHC.
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SI.1.1 Transportation distance

Alternatively to the baseline assumption of a 500 km overall transportation dis-
tance for centrally produced hydrogen, we examine the effects of 200 and 800 km
transportation distances. In general, a shorter/longer transportation distance
increases/decreases the shares of centralized hydrogen supply chains in the opti-
mal solution, see Figures and Moreover, with a shorter transportation
distance, centralized technologies are now part of the optimal technology port-
folio in some scenarios, while for a longer transportation distance, centralized
supply chains drop out in some scenarios.
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Figure SI.1: Optimal combinations of decentralized and centralized hydrogen

supply chains and Additional System Costs of Hydrogen (ASCH) for different
scenarios - sensitivity with 200 km overall transportation distance.
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Figure SI.2: Optimal combinations of decentralized and centralized hydrogen
supply chains and Additional System Costs of Hydrogen (ASCH) for different
scenarios - sensitivity with 800 km overall transportation distance.

In general, a longer/shorter transportation distance increases/decreases the
overall costs of the centralized hydrogen supply chain. The spread in costs across
supply chain combinations within scenarios tends to increase with transportation
distance. Yet, the overall least-cost options are robust, with LH, as dominant
centralized supply chain in the optimal solution. Cost outcomes are fairly robust
with respect to the transportation distance because the share of transportation-
related costs in the overall costs of hydrogen provision are relatively small.

In more detail, a change in the the average transportation distance has two
effects on the costs of hydrogen supply. First, variable transportation costs (fuel
and driver wage) are proportional to the transportation distance. For the sensi-
tivity calculations with 800 km and 200 km overall transportation distance, the
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variable costs increase/decrease by 60 %. While the relative effect is the same
for all three centralized supply chains, the effect on absolute cost is highest for
GH; and also more pronounced for LOHC than for LHs, see Figure [SI.3a]

Second, longer/shorter distances imply that each truck-trailer combination is
occupied for a longer/shorter time period. Consequently, the fleet capacity needs
to be increased or can be reduced, respectively. Figure shows transporta-
tion capacity investment costs per kg of hydrogen supplied through a specific
supply chain averaged over all Res-Dem-scenarios. The pattern is identical to
the one for variable costs, yet with less impact in absolute terms.

1,60

800 km

variable costs (€/kg)
average fixed costs (€/kg)
(accounting for utilization rate)
@
o

GH, LH LOHC GH, LH, LOHC

(a) (b)

Figure SI.3: Average transportation capacity investment costs and variable costs
per kg of hydrogen supplied through the respective channel

25



SI.1.2 Mass storage for decentralized hydrogen supply
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Figure SI.4: Optimal combinations of decentralized and centralized hydrogen
supply chains and Additional System Costs of Hydrogen (ASCH) for different
scenarios - sensitivity with mass storage available for decentralized production.

Under baseline assumptions, mass hydrogen storage is not available at fill-
ing stations for decentralized supply because of space requirements and security
concerns. Alternatively, we assume that relatively cheap mass storage at 250 bar
can be deployed at filling stations, with the same techno-economic assumptions
as for centralized GHy storage. Table gives an overview of the necessary
changes with respect to compression processes and storage infrastructure.

As a consequence, decentralized production of hydrogen becomes more tem-
porally flexible and loses its major disadvantage compared to centralized pro-
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duction. Given that decentralized hydrogen supply is more energy-efficient, its
share substantially increases for most supply-chain combinations and Res-Dem-
scenarios (Figure , except for the ones with the highest renewable surpluses,
i.e., Res80-Demb and Res80-Dem10, where all demand is still supplied by cen-
tralized technologies. Here, centralized production of LHs and LOHC still profits
from a larger optimal storage size and the according flexibility. Centrally pro-
duced GH, drops out completely. As expected, with the additional flexibility op-
tion, the ASCH decrease slightly and the spread in costs between different supply
chain combinations within each scenario rather decreases. Finally, the pattern of
least-cost options across scenarios is robust, except for scenarios Res75-Dem?25
and Res80-Dem?25 where the cost-optimal technology portfolio now contains
LOHC rather than LHs,.
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SI.1.3 Cavern storage for GH,
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Figure SI.5: Optimal combinations of decentralized and centralized hydrogen
supply chains and Additional System Costs of Hydrogen (ASCH) for different
scenarios - sensitivity with cavern storage available for centralized GHy produc-
tion.

Low-cost cavern storage would provide flexibility for centralized GHs produc-
tion at very low costs of 3.5 €/kg, which is about one third of the costs of LOHC
or LH, storage. Tables[ST.4and [SI.0]list the altered requirements for compression
processes.

If cavern storage is available, the share of centralized GH, production in-
creases substantially for all scenarios, see Figure In contrast to the results
under default assumptions, the ASCH of the supply chain (DEC+)GH, are now
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lower than for the other options in most scenarios, especially if the share of
renewable energy sources is high or Hy demand is low. Moreover, Figure
illustrates that the use of cavern storage exhibits a seasonal pattern, as prevalent
for LOHC in the baseline specification, yet with higher storage capacity due to
low investment costs. Accordingly, the (non-)availability of cavern storage is a
relevant driver of numerical model results.
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Figure SI.6: Temporal storage use patterns also including cavern storage for
scenario Res80-Dem?25
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SI.1.4 No boil-off for LH,
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Figure SI.7: Optimal combinations of decentralized and centralized hydrogen
supply chains and Additional System Costs of Hydrogen (ASCH) for different
scenarios - sensitivity with no boil-off for LHs storage.

We assess the effects of LHy boil-off during storage and transportation by
counter-factually setting it to zero. Figure [SL.7] shows the results. The optimal
shares of LH, compared to decentralized hydrogen production slightly increase in
some cases, but effects are small. The average increase is 3.2 percentage points,
and the largest increase is 10.2 percentage points in scenario Res70-Demb. Like-
wise, the effect on Hy costs is small, with an average cost reduction of 1.8 % and a
maximum decrease of 7.0 % in scenario Res80-Dem10. The pattern of least-cost
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options is robust with the combination containing LHy now additionally optimal
for Res75-Dem]10.

While the effect on costs and optimal technology shares is limited, LH, with-
out boil-off is better suited as long-term or seasonal storage. Its use pattern
changes substantially and resembles that of LOHC under default assumptions.
Figure exemplarily illustrates this point for scenario Res80-Dem25.
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Figure SI.8: Temporal storage use patterns of LHy mass storage at the production
site for scenario Res80-Dem?25

Additionally, we find that LH; storage at the filling station becomes relatively
more important if there is no boil-off. Under default assumptions, boil-off at the
filling station was slightly higher than at the production site. Without boil-off,
the two storage options are identical in terms of losses over time. Thus, the divi-
sion of storage between the production and filling sites allows for a more efficient
use of transportation capacities. This results in a decrease of transportation
infrastructure costs of 5.5 % per kg of hydrogen in the scenario Res80-Dem25.
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SI.1.5 Free heat supply for LOHC dehydrogenation
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Figure SI.9: Optimal combinations of decentralized and centralized hydrogen
supply chains and Additional System Costs of Hydrogen (ASCH) for different
scenarios - sensitivity with free heat supply for dehydrogenation.

LOHC has a relatively high electricity demand for dehydrogenation, which
is additionally temporally inflexible, that may hold back its extended use. We
carry out a sensitivity calculation where the required heat is available free of
costs, for instance, because industrial waste heat is available. Figure shows
the results. Compared to default assumptions, the share of LOHC increases in
most scenarios. Also the ASCH for combinations of decentralized electrolysis and
LOHC decrease. With free heat supply, the LOHC supply chain is the least-cost
solution for all scenarios with renewable shares of 75 % or 80 %.
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SI.1.6 Free transportation and production site storage infrastructure
for LOHC
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Figure SI.10: Optimal combinations of decentralized and centralized hydrogen
supply chains and Additional System Costs of Hydrogen (ASCH) for different
scenarios - sensitivity with free infrastructure for LOHC storage and transporta-
tion.

Proponents of LOHC argue that existing infrastructure may be used for the
LOHC supply chain, especially storage at the production site and filling sta-
tions as well as transportation facilities [I]. To address this point in a sensitivity
calculation, we assume that storage and transportation capacities do not incur
additional costs. Note that the expected lifetime of trucks is 12 years. The cost
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advantage of free transportation capacities would at most last for this time pe-
riod. The results in Figure show that the optimal share of LOHC increases
only moderately in many scenarios. In contrast, the ASCH decrease substan-
tially for all supply chains containing LOHC. As for the sensitivity calculation
with free heat supply for dehydrogenation, the supply chain involving LOHC is
the least-cost option in the scenarios with high renewable penetration also in this
case (75 % or 80 %).
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SI.2 Key power sector data

We apply our model to 2030 scenarios for Germany. To embed the analysis in
a plausible mid-term future setting, electricity generation and storage capacities
lean on the medium scenario B of the Grid Development Plan 2019 (Netzen-
twicklungsplan, NEP [2]), an official projection of the German electricity market,
which transmission system operators base their investments on.

NEP capacities for wind power, both onshore and offshore, solar PV, and
battery storage serve as lower bounds for investments. NEP capacities for fos-
sil plants, biomass plants, and run-of-river hydro power serve as upper bounds,
where natural gas capacities are split evenly between combined- and open-cycle
gas turbines. Coal capacities are largely in line with current German coal phase-
out plans that target at most 9 and 8 GW lignite and hard coal by 2030, re-
spectively. Investments for pumped storage are bounded from below by today’s
value and from above by the NEP value. Figure summarizes the capacity
bounds for the power sector.
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Figure SI.11: Lower and upper bounds for capacity investments in the power
sector

Cost and technical parameters for power plants [3] and storage [4, ] are
based on established medium-term projections. Fuel costs and the COy price
of 29.4 €/t follow the middle NEP scenario B 2030. The hourly electricity load
is representative for an average year and is taken from the Ten-Year Network
Development Plan 2030 of the European Network of Transmission System Op-
erators for Electricity [6]. Annual load sums up to around 550 Terawatt hours
(TWh). Time series of hourly capacity factors for wind and PV are based on
re-analysis data of the average weather year 2012 [7], []].

All input data is available in a spreadsheet provided together with the open-
source model [9].
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SI.3 Key hydrogen sector data

In the following, we present key assumptions on hydrogen sector parameters and
fuel demand that are central drivers of the results. Full account of all input data

is given in [SI.3.3]

S1.3.1 H, infrastructure

PEM electrolysis is six percentage points more efficient than the ALK technol-
ogy (71 % versus 66 %), but has about one-third higher specific investment costs
(905 €/kW,, versus 688 €/kW,). Moreover, based on industry data [10], we as-
sume that investment costs of centralized electrolysis are 20 % lower than those
of decentralized production.

Cost differences also exist for hydrogen transportation. Trailers for GH,
require high pressure tubes (764 €/kg), for LHy an insulated tank (190 €/kg),
and for LOHC only a simple standard tank (93 €/kg). Differences in variable
costs are determined by the net loading capacity per truck, where GHs is most
expensive with 0.91 €/kg, compared to 0.36 €/kg and 0.13 € /kg for LOHC and
LHs, respectively. Fuel consumption (Diesel), wages for drivers, and (un-)loading
times are assumed to be identical across all supply chains.

Investment costs for hydrogen storage are the central parameter that deter-
mines whether flexibility of a supply chain is economical. The costs of GHs
storage at 250 bar (459 €/kg) is substantially higher than for LH, (14 €/kg) and
LOHC (10 €/kg). LOHC has a degradation rate of 0.1 % per supply-cycle, entail-
ing additional costs of 0.6 €/kg. We interpret these cost as LOHC rental rate.
High-pressure gaseous (buffer) storage at the filling station is more expensive
(612 €/kg) and requires a high minimum filling level in order to ensure pressure
above 700 bar for dispensing. This reduces the effective available storage capacity
further.

The techno-economic characteristics of the four hydrogen supply chains entail
an efficiency-flexibility trade-off with respect to their electricity demand. Decen-
tralized production is relatively energy-efficient, but needs to be almost on-time
due to a lack of cheap storage options. The three centralized supply chains are
less efficient, but (partly) provide cheap storage options that allow to shift energy
intensive electrolysis to hours with high (renewable) electricity supply. Electric-
ity demand for the remaining, inflexible processes to prepare stored hydrogen
for dispensing at the filling station (recompression, cryo-compression, and evap-
oration or dehydrogenation), is comparably low. Figure contrasts overall
electricity demand with largely inflexible (i.e., non-shiftable) electricity demand
at the filling station for different hydrogen supply chains across all scenarios.
Within-channel deviations (min & max) are due to the choice of electrolysis
technology and losses during storage.
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Figure SI.12: The (realized) efficiency-flexibility trade-off for different hydrogen
supply chains across all scenarios.

SI1.3.2 H, demand

Hy demand for private and public road-based passenger transportation in Ger-
many leans on a forecast for the year 2030 [11]. To convert gasoline and diesel
consumption to Hy demand [12], shares of fuel consumption for 2030 are assumed
to be identical to those in 2017 [I3]. Table shows the resulting demands for
the scenarios where 5 %, 10 % or 25 % of private and public road-based passenger
traffic in Germany in 2030 is fueled by hydrogen.

The hourly Hy demand profile at the filling stations is assumed to be identical
to today’s for gasoline and diesel fuel. As data for Germany is not available, we
resort to U.S. data for for hourly and weekly [14] as well as for monthly [I5]
demand characteristics. Moreover, each filling station dispenses at most 1000 kg
hydrogen per day [16]. This results in 976, 1952, and 4880 filling stations for
the 5, 10, and 25 % demand scenarios, respectively.

Table SI.1: Traffic Data (2030 projection)

Scenario H> demand
TWh kt
5% 9.053 271.610
10% 18.160 543.220
25% 45.265  1,358.050

Finally, depending on the average loading capacity and time a car spends
at the filling station, a small amount needs to be added to the average costs of

37



hydrogen to cover dispenser costs (around 0.1 € for 5kg per car with an average
filling time of 7min and a filling station capacity of 1000kg/d, compare [17]).
These costs are identical across all supply chain combinations and, thus, have no
effect on their ranking.

S1.3.3 Data tables

In the following, we list all data and sources for techno-economic parameters
concerning the Hy infrastructure. As parameter projections for 2030 are scarce
except for electrolysis, we resort to values for currently existing or planned sites.
All cost parameters are stated in euros (€). For conversion from U.S. dollar ($),
we assume an exchange rate of one. As the literature on cost parameters does
often not provide information on the reference year, we refrain from correcting
for inflation. Unless stated otherwise, kg is always short for kgy,. To calculate
electricity demand for compression and scale investment costs, we follow [18].
Pursuing a conservative approach, we always calculate energy demand for hy-
drogen compression for the least favorable initial pressure conditions. All data
are in terms of the lower heating value (LHV). The costs of water for electrolysis
are not taken into account in this analysis as they are negligible in Germany.
Finally, OPEX are always stated as % of CAPEX.

Table SI.2: General assumptions

Value

Average transportation distance (one-way) [17, 18] 250 km

Average transportation speed [1§] 50 km/p
Interest rate 4%

Loading (LOHC) [19] 6.2 *weight-%
LOHC costs® [20] 4€/xgronc

a: LOHC has is a degradation rate of 2 X 0.1 % (hydrogenation & dehydrogena-
tion) [20] per supply-cycle, entailing additional costs of 0.13 €/kg. We interpret
these costs as LOHC rental rate.

Table SI.3: Assumptions for different electrolysis technologies for 2030

ALK PEM
CAPEX (€/iw,)? [10, 2] 550 724
OPEX (%) [22] 15 15
Depreciation period (a)>9 [21,22] 10 10
Efficiency (%)° [22] 66 71
Pressure out (bar) [21], 22| 23] 30 30
Scale advantage (%) [10] 20 20

a: Based on a 10 MW, electrolysis system with 2 times the
current R&D investment and production scale-up.

b: Cost advantage when scaling up from 2.2 MW,) to 10 MW.
The output of a 2.2 MW, and 10 MWy electrolyzer with an
efficiency of 68.5% (the center of our assumptions for ALK
and PEM) is equal to 45 kg/h and 206 kg/h, respectively.

c: At the system level, incl. power supply, system control, gas
drying (purity at least 99.4 %). Excl. external compression,
external purification and hydrogen storage.

d: 60,000h operation at an utilization rate of 70 %.
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Table SI.4: Assumptions for different storage preparation processes (production
site)

GHy (D) GHjy (C) GH5®aV- (C) LHy (C) LOHC (C)
w21 [24) [25) [18) (19, 20}, 26, 27

Activity - compression  compression liquefaction  hydrogenation
CAPEX-base (€) - 40,528 40,528 643,700 74,657 [19]
CAPEX-comparison - 1 kW 1 kW lkg lkg
Scale - 0.4603 0.4603 2/3 2/3
Ref.-Capacity (kg/n) - 206 206 1030 1030
CAPEX-scaled (€/kg)® - 2,923 2,672 63,739 7,392 [19)]
OPEX (%) - 4 4 4 4
Depreciation period (a) - 15 15 30 20
Pressure in (bar) - 30 30 30 (20 nec.) 30
Pressure out (bar) - 250 180 2 -
Compression stages - 2 2 - -
Elec. Demand (kWh/kg) - 1.707 1.402 6.78 0.37
Heat Demand (kWh/kg) - - - - -8.9
Losses (%) - 0.5 0.5 1.625 3

Abbreviations: cav.: cavern; (D): decentralized supply chain; (C): centralized supply chain

a: For 10 MW, (206 kg/h) electrolysis capacity, the maximum daily throughput is almost 5t of hydrogen. For non-stacked
processes such as liquefaction and hydrogenation, we assume a throughput of 1030 kg/h which would be equal to the hydrogen
production of a 50 MWy, electrolyzer.

Table SI.5: Assumptions for different storage types (production site)

GHy (D) GHy (C) GHQCB‘V‘ (C) LHy (C) LOHC (C)

28] 29 0] IE]
CAPEX-base (€) - 450 35 13.31 10
CAPEX-comparison - 1kg 1kg 1kg 1kg
Scale - 1 1 1 1
CAPEX-scaled (€/kg) - 450 3.5 13.31 10
OPEX (%) [18] - 2 2.5 [31] 2 2
Depreciation period (a) [28] - 20 30 [31] 20 20
Pressure range (bar) - 15 - 250 60 - 180 - -
Min. filling level (%) - 6 33.3 5 -
Boil-off (%/a) [32] - - - 0.2 -
Storage bypass possibility - yes yes - -

Abbreviations: cav.: cavern; (D): decentralized supply chain; (C): centralized supply chain
a: Calculated according to Boyle’s law in order to maintain the minimum pressure required. For the cavern,
minimum pressure is calculated dependent on the required amount of cushion gas.
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Table SI.6: Assumptions for different transportation preparation processes

GHy (D) GHg (C) [24] GH5®V- (C) [24] LHy (C) LOHC (C)
Activity - compression compression overflow/pumping
CAPEX-base (€) - 6000 6000 -
CAPEX-comparison - 1kWep 1kWep -
Scale - 1 1 -
Ref.-Capacity (kg/n) 720 720 -
CAPEX-scaled (€/kg)* - 13,784 6,530 -
OPEX (%) - 4 4 -
Depreciation period (a) - 15 15 -
Min. Pressure in (bar) - 15 60 -
Pressure out (bar) - 250 250 -
Compression stages - 2 2 -
Elec. demand (kWh/kg) - 2.297 1.088 -
Losses (%) - 0.5 0.5 -

Abbreviations: cav.: cavern; (D): decentralized supply chain; (C): centralized supply chain

a: 720kg/h is equal to the trailer capacity. Thus, every compressor is required to have the capacity to load one truck

per hour.

Table SI.7: Assumptions for different transportation processes

All 20 GHy (C) [30] LHs (C) [30] LOHC (C) [18]
Function tractor trailer trailer trailer
CAPEX (€)>P 223,031 518,400 865,260 150,000
Capacity (kg) - 720 4,554 1,800
Net capacity (kg)® - 676.8 4,326 1,620
CAPEX-net (€/kg) - 763.93 190 92.59
OPEX (%) 12 2 2 2
Depreciation period (a) [20] 12 12 12 12
Losses (%/d) [32] - - 0.6 -
(Un-)/Loading time (h) - 1/1 1/1 1/1

Abbreviations: (C): centralized supply chain
a: CAPEX adjusted for a lifetime of 12 years with an interest rate of 4 %.
b: The average fuel consumption of a tractor is assumed to be 35L/100km [20]. Moreover, we assume a
price of 1.30 €/L for diesel and an hourly wage of drivers of 35 €. Fuel is not covered by the CO2 tax.

c: For GHg, net-capacity is determined by the required outlet pressure. 5% of LHg remain in the trailer
to avoid heating up of the trailer-tank. For LOHC, a maximum discharge-depth of 90 % is assumed [I9].
Thus, transportation capacity of actually usable hydrogen is below the total amount of bound hydrogen.
For all other processes, issues linked to a discharge-depth below 100 % are ignored either because the effect
on costs is negligible (storage, degradation) or because we assume a heat-recovery system being installed

(dehydrogenation).
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Table SI.8: Assumptions for different filling storage preparation processes (1%
stage)

GHy (D) GHy(C) 24 LHy (C) LOHC (C)

Activity - compression overflow/pumping
CAPEX-base (€) - 40,035 - -
CAPEX-comparison - 1kWgqp - -
Scale - 0.6038 - -
Ref.-Capacity (kg/n) 676.8 - -
CAPEX-scaled (€/kg) - 4,744 - -
OPEX (%) - 4 - -
Depreciation period (a) - 15 - -
Pressure in (bar) - 15 - -
Pressure out (bar) - 250 - -
Compression stages[I8] - 4 - -
Elec. demand (kWh/kg) - 2.105 - -
Constraint (trailers/p)a - 1 1 1
Losses (%) - 0.5 2.5 -

Abbreviations: (D): decentralized supply chain; (C): centralized supply chain
a: Own assumption to avoid congestion at the filling station.

Table SI.9: Assumptions for different storage technologies (15 stage)

GHy (D) GHy (C) 28] LHs (C) B0] LOHC (C) [I8]

CAPEX-base (€) - 450 13.31 10
CAPEX-comparison - 1kg 1kg lkg
Scale - 1 1 1
CAPEX-scaled (€/kg) - 450 13.31 10
OPEX (%) [18] - 2 2 2
Depreciation period (a) [28] - 20 20 20
Pressure range (bar) - 15 - 250 - -
Min. filling level (%)® - 6 5 -
Boil-off (%/d) [32] - - 0.4 -
Storage bypass possibility - yes - -

Abbreviations: (D): decentralized supply chain; (C): centralized supply chain
a: Calculated according to Boyle’s law in order to maintain the minimum pressure required.
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Table SI.10: Assumptions for different filling storage preparation processes (2"

stage)
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Table SI.11: Assumptions for different storage technologies (2°¢ stage)

All [30]
CAPEX-base (€) 600
CAPEX-comparison 1kg
Scale 1
CAPEX-scaled (€/xg) 600
OPEX (%) 2

Depreciation period (a) 20
Pressure range (bar) 700 - 950
Min. filling level (%)? 74

a: Calculated according to Boyle’s law in
order to maintain the minimum pressure
required. For the cavern, minimum pres-
sure is calculated dependent on the required
amount of cushion gas.

Table SI.12: Assumptions for filling station equipment

Refrigeration [24]  Dispenser [24]

CAPEX-base (€/pc.) [30] 70,000 60,000
OPEX (%) 2 1
Depreciation period (a) 15 10
Elec. demand (kWh/kg) 0.325 -
Max. temperature (°C)*  -40 -40

a: Hydrogen is dispensed to cars in gaseous form at 700 bar and pre-cooled
to —40°C in order to guarantee short filling times [24].

Table SI.13: Sensitivity: mass storage for decentralized electrolysis

GH, (D) [24] GH, (D) [24]
Activity compression (mass storage) compression (high pressure storage)
CAPEX-base (€) 40,035 40,035
CAPEX-comparison 1kWq 1 kW
Scale 0.6038 0.6038
Ref.-Capacity (kg/n) 45 45
CAPEX-scaled (€/kg) 11,972 17,014
OPEX (%) 4 4
Depreciation period (a) 15 10
Pressure in (bar) 30 30
Pressure out (bar) 250 950
Compression stages[18] 4 4
Elec. demand (kWh/kg)  1.654 2.947
Losses (%) 0.5 0.5

Abbreviations: (D): decentralized supply chain
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