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ABSTRACT

The use of chemical hydrogen carriers such as ammonia (NH3), methanol (MeOH), dimethyl ether (DME), and
liquid organic hydrogen carriers (LOHC) is considered as a potential option for hydrogen imports. Following
import, the carriers are either converted centrally into hydrogen or transported further to the point of use. This
study evaluates various domestic transport options — truck, rail, inland waterway, and pipeline — as unimodal or
intermodal transport for hydrogen and chemical hydrogen carriers. Based on this, the potential of transport and
decentralized integration of carriers for various locations is assessed. A cost comparison is used to determine the
maximum specific costs that a decentralized conversion plant can incur while remaining competitive with a
centralized conversion plant in the port. The analysis shows that the specific costs of decentralized conversion
plants at numerous locations can be significantly higher than those of centralized plants, indicating considerable

cost-saving potential.

Nomenclature
Abbreviation Description
AF Annuity factor
ATR Autothermal reforming
BP Boiling point
BT Benzyltoluene
CAPEX Capital expenditure
CCUS Carbon capture, utilization and storage
CGH3 Compressed gaseous hydrogen
COy Carbon dioxide
DBT Dibenzyltoluene
DME Dimethyl ether
LHV Lower heating value
LH, Liquid hydrogen
LPG Liquid petroleum gas
LOHC Liquid organic hydrogen carrier
MeOH Methanol
MP Melting point
NH;3 Ammonia
OPEX Operational expenditures
PSA Pressure swing adsorption
SMR Steam methane reforming
TRL Technology readiness level
WACC Weighted average cost of capital
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1. Introduction

Many national hydrogen strategies haven been published [1], and
the use of hydrogen is planned in many applications. Ensuring the
supply of hydrogen for all future applications is of great importance for
its successful implementation. On the one hand, hydrogen must be
available and, on the other hand, it must be possible to supply it to the
point of use in an economically attractive manner. However, the amount
of hydrogen produces locally in Central Europe will not be sufficient,
and the production of green hydrogen is more economical feasible in
countries with abundant solar and wind energy [2,3]. Therefore, a need
of import is given, and a global trade is expected.

There are various options for importing hydrogen, each with
different advantages and disadvantages. Pipelines for compressed
gaseous hydrogen (CGHy) are the most efficient method of transport [4]
and the most cost-effective supply option [5,6] up to a certain distance
[7,8]. But pipelines require substantial infrastructure, and geopolitical
risks at multiple border crossings have a significant impact on the their
bankability [9]. Furthermore, there is a hard to solve chicken-egg
problem between market and demand. A more flexible and
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risk-distributed supply pathway is maritime import of liquified
hydrogen (LH) or chemical hydrogen carriers [9]. LHy has a higher
energy density than CGH; allowing respective ships to transport large
quantities of hydrogen. Feasibility has already been demonstrated [10],
but LH; ships still have a low technology readiness level (TRL) [4]. Large
scale imports of LHy are not realistic in the near future, as significant
scaling and completely new infrastructure for storage, loading, and
unloading are required [7]. Chemical hydrogen carriers such as
ammonia (NHs3), methanol (MeOH), dimethyl ether (DME) or liquid
organic hydrogen carriers (LOHC) chemically bind hydrogen to carrier
molecules and are easier to transport than neat hydrogen. These carriers
can be synthetized after hydrogen production in the exporting country
and then transported in large quantities by ship to the importing
countries. Many of the carriers mentioned are chemicals that are widely
used in other sectors and are therefore already traded worldwide today.
Much of the infrastructure already exists and the transport options have
a high TRL [4]. Large-scale imports of chemical carriers are necessary
for the market ramp-up and can be realized in the near future. Import
routes and carriers have been investigated intensively in the past [6,
11-14].

Depending on the infrastructure in the importing country and the
application, different scenarios can arise for the location of the recon-
version of the carrier. In most import concepts or published plans, the
chemical hydrogen carrier gets converted back into the carrier molecule
and hydrogen centralized at the port [15-17]. The hydrogen is then fed
into a pipeline network. As for international transport, hydrogen pipe-
line are the cheapest and most efficient transport option [18]. Most of
the hydrogen demand in Germany will be covered by the hydrogen core
network pipeline [19]. However, small and medium-sized companies
are often located in remote areas and will not have their own pipeline
connection. This leaves a hydrogen demand that is not covered by the
core network [19]. The question arises as to how energy-intensive
application located in remote areas without own pipeline connection,
can be supplied with hydrogen or the energy needed.

Alternative transport options for CGHj, to the pipeline are truck, rail,
and ship transport, which can get very expensive [18,20]. In addition,
hydrogen can be liquefied and transported as LHy, but liquefaction also
leads to high costs. Transporting chemical hydrogen carriers, on the
other hand, is far more feasible because the transport conditions are
more manageable. NHs and DME can be liquefied at moderate temper-
atures or pressures and MeOH and LOHC are liquid at ambient condi-
tions (see Table 1). The transport is more cost-effective and the suitable
infrastructure is already in place [6]. From a transport perspective,
transporting chemical hydrogen carriers is preferable to transporting
hydrogen (excluding pipelines). However, conversion must then take
place locally in a decentralized manner. Small-scale, decentralized
plants initially result in higher specific costs than large-scale centralized
plants but also offer greater flexibility. Centralized plants are designed
for the specifications of the pipeline (high pressure and high purity re-
quirements), while decentralized plant designs can be tailored to the
individual application. Depending on the application, this can lead to

Table 1
Comparison of chemical hydrogen carrier properties.
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cost savings and additional expenses.

The transport of hydrogen has already been examined in many
studies, whereby the majority focus on import and international trans-
port. [5,6,11-13]. Domestic supply chains, on the other hand, are rarely
considered or are greatly simplified by not taking all transport options
into account [20-23]. Scheffler et al. [24], for example, examined
import routes in great detail and considered various carriers, but then
only considered hydrogen pipelines for domestic transport. Rapp et al.
[25] examined domestic transport in more detail and compared
different modes of transport for CGH, and LH;. However, hydrogen
carriers were not examined for domestic transport. Eifler et al. [26] also
identified domestic transport as a gap in the literature and examined
domestic transport for LHy, MeOH, and NHj using different modes of
transport. However, they did not consider intermodal transport and did
not include LOHC and DME in the carrier selection. Spillmann et al. [27]
conducted a comprehensive study on the distribution options for
hydrogen within the country, examining many transport options.
However, the study did not consider LOHC and DME as possible carriers,
and decentralized conversions of hydrogen carriers were not discussed.
Further studies are needed that cover all domestic transport modes and
include the full range of commodities rather than focus on individual
ones. This will make it possible to examine the domestic hydrogen
supply in more detail and identify the most cost-effective supply option.
However, as decentralized conversion plants are still at a very early
stage of development, they remain the missing link in the supply chain
and in the comparison of hydrogen supply options. It is therefore
important to evaluate the cost-saving potential of decentralized solu-
tions involving the transport of hydrogen carriers in order to determine
whether further development is worthwhile and should be pursued.

To address the outlined problem, we developed a method to calculate
the cost of domestic hydrogen supply at various locations and to
determine the maximum allowable specific cost of decentralized con-
version units. The costs of supplying hydrogen include conversion at the
port, conditioning, and transport of pure hydrogen. The supply of the
carrier only includes its transport. As a result, the comparison of costs
leads to the maximum allowable specific costs at which decentralized
plants remain economically feasible compared to the transport of neat
hydrogen. Based on these marginal cost thresholds, the integration po-
tential of decentralized use cases can be assessed. We applied this
approach to compare transport costs in a specific scenario and to eval-
uate the feasibility of decentralized conversion. Our method supports
informed decisions on where decentralized solutions are practical and
should be further pursued. Additionally, it provides guidance for the
development of infrastructure and supply logistics for green energy
systems.

2. Method
We built our model in Python based on calculations methods and

assumptions from the literature. All assumptions are listed and
explained in the following sections, while the calculation methods and

Carrier MP [°C] BP [°C] H,-Capacity [wt%] Gravimetric Density [kg/m?] Transport state
Energy Density [kWh/kg]
CGH, —259 —253 100 33.3 40 (500 bar) Gaseous (Pipeline: 80 bar, Truck: 500 bar)
LH, —259 —253 100 33.3 70 Liquid @ —253 °C
NH;3 —78 -33 17.8 5.3 680 Liquid @ 10 bar (for small-scale storage)
Liquid @ —34 °C (for large-scale storage)
MeOH —98 64 12.5/18.8" 5.6 790 Liquid at ambient conditions
DME —116 —24 13.0/26.1° 8.0 680 Liquid @ 6 bar (for small-scale storage)
Liquid @ —25 °C (for large-scale storage)
LOHC: -80--70/-70 285/280 6.2 2.2 (Hp) 995/876-996 Liquid at ambient conditions

HO-BT/H12-BT

2 Pure material/technical (with additional hydrogen from reforming reaction).
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uncertainties of the assumptions are listed in the appendix.

The starting point of all our supply chains is the port, where the
chemical hydrogen carriers are imported (NH3, MeOH, DME, LOHC).
The destination is an energy-intensive application, which requires
hydrogen. Three categories of domestic supply chains are possible to
supply this hydrogen — 1. Conv-CGHj, 2. Conv-LHy and 3. Carrier (see
Fig. 1). In the first two categories, the carrier is converted back into
hydrogen in a large-scale centralized conversion plant (Conv) at the
port. The hydrogen is then either compressed and transported as CGHy
(Conv-CGHy) or liquefied and transported as LHy (Conv-LHy). The third
category involves transporting the carrier to the point of use with sub-
sequent decentralized conversion (Carrier). For all carriers and
hydrogen, we considered transport by truck, rail and ship, either
unimodal or intermodal, and additionally a pipeline for the transport of
CGHoa.

The aim of this study is to evaluate the potential of the third category
- carrier transport and decentralized conversion (Carrier) — compared to
the other two categories involving centralized conversion and hydrogen
transport (Conv-CGHy and Conv-LHj). Decentralized systems can vary
depending on the application and require individual assessment for each
specific use case. Development is still at a very early stage, so an
investigation is needed to determine whether further development is
worthwhile or not.

To assess the potential, our model calculates the maximum specific
costs that a decentralized plant may incur to compete with the first two
categories (hydrogen transport). If the maximum allowable specific
costs are low, transporting the carrier offers few advantages and deliv-
ering hydrogen with prior centralized conversion is preferable. If the
maximum specific costs are high, there is potential for cost reduction via
decentralized conversion and it should be evaluated to transport the
carrier beyond the port and integrate the reconversion into the use case.

The transport costs depend heavily on distances, and the possible
domestic supply chains depend on the connection options at the appli-
cation site (own pipeline connection, port or rail connection). Therefore,
the model requires a defined scenario for which the domestic supply
costs and the maximum allowable specific costs can then be calculated.
The parameters that define a scenario are the location of the import port
and the application (or the distances of the modes of transport), the local
connection options, and the pipeline utilization. This study focuses on
applications in remote areas, as decentralized systems are most likely to
be considered there. We assume that the last mile must always be
covered by truck and that the application does not have its own pipeline
connection, port, or rail connection.

First the model calculates the costs for all possible domestic supply

—— Port of import —————

Carrier storage Conversion Conditioning
(CGHj, LH,)

(NH;, DME, MeOH, LOHC) (Hp)

Conv-

. ‘ a0 NH,, DME, MeOH, LOHC
Carrier ‘ .

CGH,
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chains with centralized conversion (Conv-CGH5 and Conv-LH»5) and the
most cost-effective gets determined as a benchmark. Then, all possible
transport options for the carrier under consideration are calculated, and
the most cost-effective one is determined again. The cost difference
between these two cost-optimal supply chains yields the desired mar-
ginal costs of the decentralized plants. All calculated costs for the indi-
vidual steps of the supply chains in this study refer to marginal costs,
meaning that no profits are taken into account.

2.1. Supply chains and cost calculation

The model follows a modular approach, so that each part of the
supply chain (e.g. conversion, compression, truck transport) is consid-
ered as an independent unit, resulting in specific costs in €/kgys. These
units can be combined into supply chains, and the costs are added up.
Any losses in mass and energy incurred are charged directly to the costs
of the respective unit to ensure their independence. The import costs of
the carriers are not included in the costs, as this study focuses on do-
mestic supply. The aim is not to compare the total costs of different
carriers with each other, but to compare the different supply chain
configurations (with centralized vs. with decentralized conversion) for
one given carrier. In this comparison, the import costs are the same for
both configurations and therefore do not have to be considered in this
analysis. In addition, the import prices of future green chemical
hydrogen carriers are not yet available and can only be estimated with a
high degree of uncertainty. The costs calculated in this study are
therefore not total costs, but domestic supply costs between the port and
the point of use. They are calculated individually for each carrier.

There are three types of units: conversion (conv), conditioning
(cond), and transport (trans). Conversion refers to the centralized con-
version plant at the port. Conditioning includes either compression or
liquefaction. Transport can be by pipeline (only for CGHy), truck, rail,
ship, or, in the case of intermodal transport, a combination of these. For
each carrier analyzed, all supply chains from the three categories “Conv-
CGH.", “Conv-LHy” and “Carrier” (see Fig. 1) are formed. The respective
number of possible combinations H, K, or J for the three categories
depend on the scenario and the connections options of the application.
In the first step, the costs of all supply chains are calculated.

CConv—CGHZAh = Cconv}l + Z Ccond.h + Z Ctmns‘hy vhe H 21
Ceonv-2k = Ceovi + Z Ceondk + Z Crransks vk €K 2.2
CCarrierJ = Z Ctrans.j7 V] eJ 2.3

— Application site —

Conversion Application
(Ha) (Ha)

Distribution

Model objective

Fig. 1. — Categories of domestic supply chain options from the port of import to an application requiring hydrogen.
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Next, the most cost-effective supply chains with centralized recon-
version and decentralized reconversion are determined from the previ-
ously calculated sets.

min _ .

Ccentralized - hemHlng(CCunfoGHZ.m CConvaH2.k) 2.4
min g L

Cdecentmlized - IE]EIJH (CCamer,;) 2.5

Allowable specific costs Cajiowable are the cost difference between the
most cost-effective supply chain with centralized reconversion (Conv-
CGH; and Conv-LH3) and with decentralized reconversion (Carrier).
They describe the maximum costs that decentralized conversion plants
may incur to remain economically competitive with the centralized
conversion at the port and the transport of pure hydrogen.

__ (omin _ (min
Caltowabte = Ccentrah'zed Cdecentralized

2.6
2.1.1. Uncertainties and error bars

All calculations are based on assumptions listed in the following
tables. We have specified a range for many values in the appendix to
increase the robustness of the results. Where literature data was avail-
able, other references were used to determine the range. Where no
reliable literature data was available, we determined the uncertainties
based on the cost estimate classes of AACE international [28]. The un-
certainties and the range were used to calculate the error bars for all
costs. All best-case assumptions result in the lowest costs of a supply
chain, and all worst-case assumptions result in the highest costs, which
are both shown in the error bars of the results.

2.2. Conversion and conditioning processes

The conversion costs and conditioning costs were calculated using
the annuity method. The annuity factor (AF;) is calculated based on the
weighted averaged capital costs (wacc) and the lifetime of the plant n;
for each unit of a supply chain i.

_ wacc*(1 + wacc)™

AFf=————— 2.7
Y (14 wace)" —1

The investment costs (Capex) are given for a reference plant with a
reference size Sjpase. All centralized plants in the port are assumed to
have a size of 500 tys/d. Therefore, the Capex are scaled up to the
required size with a scaling factor a.

S \“
Capex; = Capex; pase ™ (—') 2.8
Si,bme

Not every plant can be scaled directly to 500 tyy/d, as the process
cannot be implemented on such a large scale. In this case, we have
assumed a numbering up of the largest possible plant for the respective
process. First, the largest possible divisor of the plant and the target
value (500 tyy/d) is formed. The costs of the reference plant are then
scaled up to this plant size using the scaling factor alpha. After that, the
costs are scaled linearly, which is like numbering up the plant to the
target plant size at the port.

The costs of the unit are calculated using the scaled capital costs, the
operating costs (Opex), and the annual amount of hydrogen filled. The
annual amount of hydrogen filled is the annual amount of hydrogen
produced (for the given plant size S;) minus losses. These mainly result
from purification or leaks. For conditioning plants, the annual operating
costs consist of fixed costs and electricity costs. Conversion plants also
have a heat requirement that must be met. We assume that centralized
plants cover this with hydrogen, which is why the hydrogen required for
heat supply in the case of conversion plants is also included in the losses.

Mu2 fin = MH2 prod — MH2 losses 2.9
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Capex;*AF; + OPEX;

Mgz Availability; 2.10
M2 fin *Availability;

Cconversiom Cconditioning =
The general assumptions for plants are listed in Table 2, unless
otherwise specified in one of the following tables.

2.2.1. Conversion plants

Ammonia is converted back into hydrogen and nitrogen in so-called
ammonia crackers according to Equation (2.11). The reaction takes
place preferentially at high temperatures and low pressures.

2NH; < 3H; + N, 2.11

The ammonia cracker in this study is based on a Steam Methane
Reformer (SMR) like plant design as a reference. SMR’s are a proven
technology, and large-scale plants are currently being built based on this
concept [33]. A cost-effective nickel catalyst can be used, and the reactor
operates at high temperatures of up to 900 °C and pressures of up to 40
bars to reduce subsequent compression. The planned KBR plant in Korea
with a hydrogen output of 200 tya/d [34,35] was used as the main
reference. Pressure swing adsorption (PSA) is used for purification.

Methanol is converted into carbon dioxide and hydrogen according
to Equation (2.12) when water is used as oxidizing agent. In this case,
the water also increases the hydrogen yield, as the water releases an
additional hydrogen molecule.

CH30H + H,0 < CO; + 3H, 2.12

Various process concepts are possible for MeOH reforming.
Commercially available reformer uses low-temperature reforming at
temperatures of 250-300 °C. However, the scalability of these reformers
to large-scale plants is questionable. Steam reformers or autothermal
reformers (ATR), on the other hand, are feasible for large-scale
reforming. In any case, a carbon capture unit is needed to avoid CO»-
emissions and recapture the carrier molecule. In this study, several as-
sumptions were made to calculate the costs of a large-scale MeOH
reformer. The investment costs are based on a SMR plant with CCS as a
conservative estimate by Oni et al. with a base capacity of 600 tya/
d [36]. The conversion rate was taken from small-scale plants that are
already in operation today — also as a conservative estimate [37]. The
losses incurred are negative for the MeOH reformer, as additional
hydrogen is released by the water during steam reforming (see Eq.
(2.12)). Purification is again carried out by a PSA.

The reforming reaction of dimethyl ether is shown in Equation
(2.13). As with methanol, water acts as an oxidizing agent, which again
increases the hydrogen yield. During DME reforming, three additional
hydrogen molecules are released by the water.

CH30CHj3 + 3H50 < 2CO;, + 6H, 2.13

The SMR plant with CCS from Oni et al. is also used as a conservative
estimate for large-scale DME conversion plants [36]. The electricity
demand and the conversion rate are taken from Ruther et al. [38], with
an additional electricity demand for the separation and conditioning of
the CO3 [39].The negative losses are slightly higher for DME than for
MeOH [40]. As with ammonia cracker and methanol reformer, a PSA is
used for purification.

LOHC is a general term for various substances, the two most
commonly discussed being benzyltoluene-perhydrobenzyltoluene (BT)
and toluene-methylcyclohexane (TOL). In this study, we use BT as
LOHC, as leading licensors such as Hydrogenious LOHC Technologies

Table 2

General techno-economic assumptions of conditioning and conversion units.
Parameter Unit Value
Availability h/a 8000 [29-31]

Wacc %/a 8 [24]
Electricity price €/kWh 0.15 [32]
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Table 3

Techno-economic assumptions of centralized conversion plants.
Parameter Unit NH3 MeOH DME LOHC
Base Capex k€ (k€/tpdH2) 125,800 (629)>" [34] 611,856 (1008)™ [36] 611,856 (1008)™ [36] 60,120 (501) [24]
Base capacity tyo/d 200 [34] 607 [36] 607 [36] 120 [24]
Max. capacity per train tyo/d 1200 [34] 700 700 250 [24]
Fix. Opex Yocapex/a 4 [5] 4 [5] 4 4 [5]
Scaling factor o - 0.85 [20] 0.74 [41] 0.74 0.6 [24]
Lifetime a 20 [27] 20 [20] 20 20 [42]
Electricity demand kWh/kgu2 0.1 [35] 1.23 1.23 [38,39] 0.37 [24]
Conversion rate kgcarrier/KgH2 7.21 [35] 6.89 [24] 5.88 [38] 24.33 [43]
H,-Losses - 0.22 [35] —0.15 [24] —0.31 [38] 0.34 [43]
Output pressure bar 40 [35] 27 27 [38] 2 [24]

@ Value converted from $ to € using the DAC conversion rate for the year of publication [44].

b Capex calculated with an assumed annuity factor of 0.10185.

are currently demonstrating large-scale projects with BT. Nevertheless,
the characteristics relevant to this study differ only slightly between the
carrier materials, which is why the statements on LOHC can be inter-
preted in general terms. During dehydrogenation, the hydrogen-loaded
LOHC (H12-BT) releases the bound hydrogen (see Eq. (2.14)). The
resulting unloaded LOHC (HO-BT) is then transported back to the hy-
drogenation process, where it can be reloaded with hydrogen.

H12-BT < HO-BT + 6 H, 2.14

For large-scale dehydrogenation, a reference plant design was used
by Scheffler et al. [24]. The reference size is 120 tys/d and the output
pressure 2 bar. No purification unit is required, but high losses occur to
provide the heat needed for dehydrogenation.

No separate costs were calculated for decentralized conversion
plants after transport of the carrier. Decentralized plants are still in a
very early stage of development, and their design is highly dependent on
the specific application. Instead of calculating costs based on assumed
data, as is the case for the other units, the costs of decentralized plants
will be calculated by the model at a later stage. The costs calculated by
the model are the maximum allowable specific costs for decentralized
solutions to be economically competitive with centralized conversion
and subsequent transport of hydrogen. Therefore, no data is available
for decentralized plants; instead, the costs of these plants are the target
value of the model. All assumptions for the centralized conversion plants
are listed in Table 3.

2.2.2. Compressor

CGHj;, requires compression after centralized conversion at the port
for transport. The pipeline operates at a pressure of 80 bar and the other
transportation methods (tube trailers or containers) use 500 bar. For the
large-scale compressors downstream of the centralized conversion
plants, a plant size of 500 tyo/d is again assumed. The largest com-
pressors today are in the order of 216 tyy/d [45]. Accordingly, we first
scaled up and then numbered up the process (see Section 2.1). For
large-scale compressors at the port, this results in three 167 tyo/d
compressors. If hydrogen is first transported by pipeline and then by

truck for the last mile, a second compressor is required after the pipeline.
This study assumes hydrogen hubs where the pipeline hydrogen is
further compressed to 500 bar and transferred to tube trailers. The size
of these compressors was set to 7.2 tys/d [46]. We assumed a multi-stage
piston compressor with intercooling and a constant pressure ratio per
stage. The electrical power is calculated for the inlet pressure pi,, the
outlet pressure poy: and the flow rate [47]. A detailed calculation is
given in the appendix. The investment costs are calculated based on
electrical power consumption, the installation factor IF = 2 and indirect
costs IC = 0.4 [48]. Losses may occur due to leakages.

Capex compressor = 2759.4* PP825+[F*(1 4 IC) 2.15

2.2.3. Liquefier

LH; enables the transport of neat hydrogen with a higher volumetric
energy density than CGHs. To achieve this, the hydrogen is liquefied in
the port after conversion of the carrier instead of being compressed. In
the future, it might also be possible to import LH; directly, which would
eliminate the need for liquefaction at the port. This could potentially
lead to a substantial reduction in the costs of a LHp-based supply chain.
As large-scale import of LH5 does not appear to be feasible within the
forthcoming years, it was not considered in this study. This paper uses a
Claude cycle with mixed refrigerant (MR) as a reference plant and a
electricity demand of 6.7 kWh/kgyy [49,50]. Although the power
requirement of today’s plants is around 11 kWh/kgys, several studies
assume lower power requirements for large-scale plants [7,50,51].
Losses again can occur due to leakages and boil off during storing and
filling. The assumptions for the liquefier and compressor are listed
together in Table 4.

2.3. Transport options

Both unimodal (only one mode of transport) and intermodal trans-
port (combination of at least two modes of transport) are considered as
inland transport options. For unimodal truck and rail transport, bulk
transport is assumed for chemical hydrogen carriers, while container-

Table 4

Techno-economic assumptions of conditioning units.
Parameter Unit Compressor at the port Compressor at the pipeline Liquefier
Base Capex k€ (k€/tpdH2) 134,000 (2,680) [50]
Base capacity tro/d - — 50 [50]
Max. capacity per train ta/d 216 [45] 216 [45] 200 [52]
Fix. Opex Yocapex/a 5.4 [47] 5.4 [47] 4 [20]
Alpha - - - 0.66 [53]
Lifetime a 15 [54] 15 [54] 30 [20]
Electricity demand kWh/kgpo Calc. Calc. 6.76 [53]
Hj-Losses % 0.9" 0.9° 1.65 [55]
Input pressure bar Depending on the conversion 80 /
Output pressure bar 80 500 2 [55]

# Based on expert interview (literature data: 0.5 [24,46]).
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based options are assumed for intermodal transport and unimodal ship
transport. LH» is transported in optimized trailers for unimodal truck
transport and in containers for all other modes of transport (unimodal
railway and ship transport and intermodal transport). CGH> is always
transported in containers.

We assumed that the investment costs are not borne by the company
of the hydrogen application but by freight forwarder. We also assume
that the freight forwarder will always operate at full capacity. This is a
best-case scenario, but a freight forwarder will try to achieve this to
minimize costs and thus maximize profits. The investment costs are
distributed over the annual costs using the AF, as described for the
conversion and conditioning plants (see Eq. (2.7)). The distances are
determined depending on the scenario selected or the locations of the
port and the industrial site. More details are provided in the appendix for
all modes of transport.

2.3.1. Truck

The speed was set at 60 km/h, fuel consumption at 0.35 1/km, fuel
costs at 1.6 €/1, driver labour costs at 35 €/h, and utilization at 4818 h/
year. In Germany, there is a driving ban on Sundays and public holidays
[56], and night driving was also avoided. The transport pressure for
CGH,, trailer and container was 500 bar.

The transport of LH; results in losses that occur during the filling
process. In this study, the losses are calculated with a scaled daily boil-
off rate to simplify the calculation. All other assumptions are listed in
Table 5.

2.3.2. Radilway

Unimodal rail transport is possible if the customer has its own rail
connection. In this case, the chemical hydrogen carriers can be trans-
ported in tank wagons with very large capacities (see Table 6). Neat
hydrogen cannot benefit from this, as complicated transport conditions
do not allow for large transport volumes. For LGH; and CGHy, we have
assumed rail transport by container, the costs of which correspond to
those of transport by truck. However, LH» containers are slightly smaller
than LH, trucks. If there is no dedicated rail connection, the last mile
must be covered by truck, resulting in intermodal transport. The speed of
the train was set at 45 km/h, the number of wagons per train at 30
wagons/train, and the utilization at 8760 h/year [23,52]. Freight costs
were based on a report published by Panteia in 2023 [63], which listed
the total annual costs for various means of transport. For rail transport,
we used the average of the two modes “wagon load” and “shuttle” which
results in costs of 5.4 m€/year. The costs were converted into specific
costs per wagon for the distance considered. More detailed information
can be found in the appendix. Unlike trucks, rail transport in Germany is
not subject to driving bans on Sundays and public holidays. We assumed
that the tank wagons are already filled, so that the filling process is not
included in the loading time.
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2.3.3. Ship

For both hydrogen and chemical hydrogen carrier, shipping will al-
ways be covered by containers. Although bulk transport by inland
waterway is also conceivable for carriers [65], this study focuses on
applications in remote areas with lower hydrogen demands, where
transport in containers is more suitable [66]. The speed of the ship is set
at 16 km/h, the number of container per ship at 100 container/ship, the
loading and unloading time at 16 h/trip, and the utilization at 8760
h/year (as for rail transport) [25]. The freight costs are again taken from
the Panteia report as total annual costs (around 934 k€/year) [63] and
converted into costs per container. All other assumptions are given in
Table 7.

2.3.4. Intermodal

Intermodal transport describes the combination of several modes of
transport. Hydrogen carriers or conditioned hydrogen are transported in
containers that can be quickly transferred from one mode of transport to
another. This reduces transfer times and costs. Intermodal transport
already plays a very important role in the transport sector today and will
be expanded increasingly in the future. Combinations of trucks, ships,
and trains are possible. We have assumed 91 €/Container for the transfer
costs at the port and 47 €/Container for the transfer at the rail terminal
[67,68]. The assumptions for container transport are listed in Table 7.

2.3.5. Pipeline

Even though the study focuses on applications without a pipeline
connection on site, a combination of pipeline and truck for the last mile
may be useful. The costs are calculated based on the costs for the
hydrogen backbone for three different diameters, new- and retrofitted
pipelines and different utilizations [69,70]. A detailed breakdown of the
cost calculation is given in the Appendix. At 100 % utilization, the costs
amount to 0.227 €/kgys/1000 km and at 25 % utilization to 0.496
€/kgn2/1000 km. The costs for all other utilization rates are calculated
by linear interpolation between these values.

3. Results

The costs of supply between the port and the point of use were
calculated for a defined scenario with specified distances and pipeline
utilization. The calculation is based on a modular approach in which all
individual components of the domestic supply chain (centralized con-
version, compression, ship transport, etc.) can be combined into
different supply chains. First, all feasible supply chains in the three
categories shown in Fig. 1 (Conv-CGHj, Conv-LHj,, Carrier) are formed
and their costs calculated. The most cost-effective supply with central-
ized conversion at the port and subsequent hydrogen transport (Conv-
CGHj, or Conv-LHy) is identified and compared with the carrier’s most
cost-effective transport option to the application site. The cost difference
corresponds to the maximum cost that decentralized conversion could
incur, so that the transport of the carrier and the decentralized

Table 5

Techno-economic assumptions Truck Transport (unimodal, trailer).
Parameter Unit Truck CGH,, (500 bar) LH, NH3 MeOH DME LOHC
Capex k€ 140> [26,52,57] 900" [20,58-60] 800" [20,26,59] 230° 90" 200° 90"
Opex %Capex/a 12 [58,61] 2 [20] 2 [20] 2 [20] 2 [20] 2 2 [20]
Lifetime a 8 [58,61] 12 [20] 12 [20] 12 [20] 12 [20] 12 [20] 12 [20]
Capacity Kgcarrier( 1,100 [23] 3,900° 23,000%( 25,000%( 23,000%( 25,000°(

KgH2-eq) 4,094) 3,125/ 2,990/ 1,550)
4,700%) 6,003

Loading & unloading time h/trip 1.5 [58] 5[62] 1.5 [20] 1.5 [20] 1.5 1.5 [20]
Hj-Losses %/d 0 [20] 0.5% 0 [20] 0 [20] 0 0 [20]

@ Based on expert interview.
> Own assumption based on literature data range.
¢ Calculated using hydrogen storage capacity of pure material.

4 Calculated using hydrogen storage capacity of pure material plus additional water from reforming process.
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Table 6

Techno-economic assumptions of rail transport (unimodal, tank wagon).
Parameter Unit CGH, LH, NH3 MeOH DME LOHC
Capex ke 900" 800" 163 [52] 109 [52] 163 128 [52]
Opex %Capex/a 2% 2 [26] 2 [26] 2 [26] 2 [61] 2 [61]
Lifetime a 12° 12° 45 [64] 45 45 45
Capacity kgcarrier( 1,100 [25] 3,000 [26] 55,700 [52]( 63,200 [52]( 55,700( 63,200(

KgH2.eq) 9,915) 7,900°/ 7,241%/ 3,893)
11,8819 14,538

Loading & unloading time h/trip 8 [25] 8 [25] 8 8 8 8
Hy-Losses %/d 0 0.5% 0 0 0 0

 Container transport assumed, using truck transport costs/data.
b Calculated using hydrogen storage capacity of pure material.

¢ Calculated using hydrogen storage capacity of pure material plus additional water from reforming process.

Table 7

Techno-economic assumptions of intermodal transport and ship transport (container).
Parameter Unit Semi-trailer CGH, LH, NH3 MeOH DME LOHC
Capex k€ 60 [52] 840" 740" 45 20 45 20
Opex %Capex/a 2 2 2 [26] 2 [26] 2 [26] 2 2
Lifetime a 12 12 12 12 12 12 12
Capacity Kgcarrier( 1,100 [25] 3,000 [26] 23,000 25,000°( 23,000°( 25,000°(

KgH2-eq) 4,094) 3,125 / 2,990/ 1,550)
4,700 6,003

H,-Losses %/d 0 0.5 0 0 0 0

@ Derived from truck transport costs, excluding semi-trailer costs.
> Adapted to maximum truck payloads (see Truck Transport).

¢ Based on expert interview.

4 Calculated using hydrogen storage capacity of pure material.

¢ Calculated using hydrogen storage capacity of pure material plus additional water from reforming process.

conversion is more economical than centralized conversion and trans-
port of hydrogen. These costs help to evaluate the potential of decen-
tralized conversion at the given location and for the given application. In
addition, it can be assessed whether it is worthwhile to pursue further
developments of decentralized use cases. Finally, the calculated allow-
able specific costs of decentralized conversion can be compared with the
costs of centralized conversion.

In the scenario analyzed, Wilhelmshaven is the port of import, and
the application is located at a remote location in Bavaria. The total
distance is 800 km and the application has neither its own port nor a rail

or pipeline connection. The last mile must be covered by truck in all
cases and is 50 km for all transport options. The pipeline utilization is set
at 75 %.

3.1. Transport costs

First, only the transport costs for the specified distances are dis-
cussed, excluding conversion processes and conditioning. The possible
transport options for the scenario analyzed are 1. Pipeline and truck
(Pip-Truck), 2. Truck only (Truck), 3. Rail and truck (Rail-Truck), 4. Ship

3.5
1 CGH, [ NH3 1 MeOH DME
3.0 - I LH> 1 LOHC MeOH* DME*
§, 2.5 A
w |
o 2.0 A |
[72])
(o]
(&)
5 1.5 i
Q.
w
g 1
= 1.0 A
0.5
0.0 1 T 1 T 1
1: Pip- 2: Truck 3: Rail- 4: Ship- 5: Ship-
Truck Truck Truck Rail-Truck

Fig. 2. — Transport costs for a distance of 800 km. The last mile is always covered by truck with a distance of 50 km for intermodal transport options (1,3,4,5).

MeOH* and DME* use the higher hydrogen storage capacities (including hydrogen

from the reforming reaction with water).



O. Ulrich et al.

and truck (Ship-Truck), 5. Ship, rail and truck (Ship-Rail-Truck) (Fig. 2).
The first option (pipeline and truck) is only available for CGHy, as a
pipeline was only assumed for CGHa.

Two different hydrogen storage densities can be used for MeOH and
DME (see Table 1), depending on whether or not the additional
hydrogen released by the water during steam reforming reaction is to be
taken into account. The hatched bars are calculated using the higher
storage density, which considers additional hydrogen from the steam.
Based on this pseudo energy density/hydrogen capacity, more hydrogen
can be transported per delivery and the costs are lower.

For all chemical hydrogen carriers, as well as CGH3 and LHy, delivery
by truck only (option 2: Truck) is the most expensive mode of transport.
This is due to high operating expenses (fuel costs, personnel costs, etc.).
The combination of ship and truck (option 4: Ship-Truck) results in the
lowest costs for chemical hydrogen carriers, even though ship transport
involves long loading and unloading times. This is due to the low freight
costs incurred by ships, because of the high number of containers they
can transport. Rail and truck (option 3: Rail-Truck) and ship, rail and
truck (option 5: Ship-Rail-Truck) are relatively similar for chemical
hydrogen carriers. Transport by rail is more expensive than transport by
ship, and transport costs are correspondingly higher when rail transport
is included. For CGH; and LHj, intermodal transport by truck and rail is
less expensive than the combination of truck and ship.

Compared to the chemical hydrogen carriers and LHy, CGH; always
incurs the highest costs. Truck transport (option 2: Truck) of CGHj is
particularly expensive, but the other transport options also remain
costly. At 500 bar, CGHj is stored in small storage tanks housed in a
container. This means that transport capacities remain low — 1,100 kgyo
in a CGHy trailer compared to an LH; trailer with a capacity of 3,900
kgye and NHj trailer with around 4,100 kgyo. In addition, the large
number of storage tanks leads to very high acquisition costs. The same
applies to containers for intermodal transport by rail or ship. Transport
using a combination of pipeline and truck (option 1: Pip-Truck), on the
other hand, results in low costs that can compete with the transport of
carriers.

LH, is the significantly cheaper option for transporting neat
hydrogen. Even though the acquisition costs are also very high today,
the high transport volume leads to lower transport costs. While the costs
of truck transport are comparable to the costs of carriers, intermodal
transport of LH; is more expensive than carriers (except LOHC). This is
because LH; containers have a lower capacity than LH; trailers, but the
acquisition costs remain very high.

The transport conditions for chemical hydrogen carriers are signifi-
cantly more moderate than those for CGH, and LHj (see Table 1), and
the transport of carriers has been well established for a long time. MeOH
and LOHC can be transported in liquid form under ambient conditions.
However, methanol is classified as toxic and easily flammable. LOHC is
classified in a low hazard class and is easy to handle (non-flammable).
NHj and DME are also highly flammable gases and must be transported
in pressurized containers. The initial costs of the trailers and containers
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are therefore higher than for MeOH and LOHC. In addition, NHj is
highly toxic and hazardous to water. Nevertheless, the trailers and
containers are mature technologies for all chemical hydrogen carriers,
and the initial costs are significantly lower than for trailers and con-
tainers for CGH, and LH,.

Ammonia results in the lowest transport costs when the hydrogen
storage densities for MeOH and DME are used, which refer to the
hydrogen actually stored in the carrier. In this case, ammonia has the
highest hydrogen storage density (see Table 1 if only the hydrogen in
molecule is considered) and the highest amount of hydrogen transported
per delivery. The slightly higher acquisition costs for ammonia trailers
and containers, which arise from the higher material requirements for
ammonia transport, are offset. However, DME and MeOH also result in
low transport costs. DME is even the most cost-effective option,
assuming steam reforming and taking into account the additional water
released in the process.

LOHC is the easiest to transport and has the lowest hazard rating.
However, the hydrogen storage density is only 6.2 wt-%, which means
that the capacity of trailers and containers is low (1,000 kgyo). This
makes the transport of hydrogen by LOHC more expensive than the
transport via the other chemical hydrogen carriers.

3.2. Allowable specific costs

To determine the maximum allowable specific costs, not only the
transport costs must be considered, but the total domestic supply costs.
In the case of hydrogen delivery, it must first be released from the im-
ported carrier at the port and then conditioned for transport. Both steps
result in additional costs that are incurred when delivering neat
hydrogen. The model forms all domestic supply chains for the possible
transport options between the port and the application, depending on
the connection options at the application site. This is followed by a
calculation of the costs.

Table 8 lists all supply chains for the scenario under consideration.
The last mile is always shown by truck, which is why delivery must be
intermodal or unimodal by truck. The first nine supply chains contribute
to the transport of hydrogen (either as CGH; or LH>) after centralized
conversion of the imported carrier at the port. The following four supply
chains are the transport options for the imported carrier if it is not
converted at the port but transported on to the application site.

The calculated domestic supply chain costs for NH3 as carrier are
shown in Fig. 3. The results for the other chemical hydrogen carriers
(MeOH, DME and LOHC) are provided in the appendix. The transport
costs are the same as in Fig. 2, but the costs for conversion and condi-
tioning have now been added to the supply chains involving hydrogen
transport.

The compression of hydrogen is significantly less expensive than the
liquefaction of hydrogen, which offsets the cost advantage of LH,
transport. The domestic supply costs for CGHy (except Conv-CGH2-Pip-
Truck) and LH; are in the same range. However, if LHj is specifically

Table 8

Analyzed domestic supply chains for the given scenario.
Domestic supply chains Centralized conversion Condit-ioning Distribution Decentralized conversion
Conv-CGH,-Pip-Truck Yes CGH, Pipeline (@80 bar) + Compression + Truck (@500 bar) No
Conv-CGH,-Truck Yes CGH, Truck No
Conv-CGH,-Rail-Truck Yes CGH, Railway + Truck No
Conv-CGH,-Ship-Truck Yes CGH, Ship + Truck No
Conv-CGH,-Ship-Rail-Truck Yes CGH, Ship + Railway + Truck No
Conv-LH,-Truck Yes LH, Truck No
Conv-LH,-Rail-Truck Yes LH, Railway + Truck No
Conv-LH,-Ship-Truck Yes LH, Ship + Truck No
Conv-LH,-Ship-Rail-Truck Yes LH, Ship + Railway + Truck No
Carrier-Truck No - Truck Yes
Carrier-Rail-Truck No - Railway + Truck Yes
Carrier-Ship-Truck No - Ship + Truck Yes
Carrier-Ship-Rail-Truck No - Ship + Railway + Truck Yes
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Fig. 3. — Domestic supply costs from port of import to the application with ammonia as chemical hydrogen carrier including conversion, conditioning and different
transport options depending on the supply chain (distance = 800 km, last mile by truck = 50 km).

required for the application (e.g., for LH; filling stations) or LH> is im-
ported at the port, LHp-based supply chains may be a viable option. This
is also in line with the findings of Sens et al. [20]. Supplying CGH; via
pipeline and truck results in the lowest costs (Conv-CGH,-Pip-Truck), as
pipeline transport is the most cost-effective mode of transport (see
Fig. 2). Although compression costs are slightly higher because a second
compressor is required between the pipeline and the truck, these

additional costs have no significant impact. The most expensive option is
to transport CGHj, by truck alone (Conv-CGHa-Truck).

As already shown in Fig. 2, intermodal transport by ship and truck is
the most cost-effective solution for NH3 transport costs. The costs for
decentralized conversion and conditioning plants are not calculated, as
these costs are the target result of the analysis and will be calculated in
the next step based on the cost difference between the cheapest supply
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Fig. 4. — Comparison of the most cost-effective supply chain with centralized conversion at the port and subsequent hydrogen transport (left) with the most cost-
effective carrier transport (right) to the point of application (distance = 800 km, last mile by truck = 50 km). The cost difference represents the allowable specific
costs of decentralized conversion plants (center). a) NH3, b) MeOH., ¢) DME, d) LOHC.
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chain with hydrogen transport and the cheapest supply chain with NH3
transport. These two chains are outlined in red in Fig. 3.

For the other chemical hydrogen carriers (MeOH, DME, LOHC), the
diagrams look very similar and show comparable cost ratios (see Ap-
pendix). The delivery of hydrogen by pipeline and truck (Conv-CGHj-
Pip-Truck) and the carrier transport via ship and truck (Carrier-Ship-
Truck) remain the most cost-effective chains for the delivery of
hydrogen and the carrier.

The most cost-effective supply chains were identified for all carriers
and compared individually for each carrier (Fig. 4). Transporting the
carrier is significantly cheaper than transporting hydrogen, resulting in
a cost difference shown by the light orange bar in the middle of the four
plots in Fig. 4. This cost difference corresponds to the upper marginal
costs for an economically viable decentralized conversion plant. As long
as a decentralized solution does not exceed these costs, it is worthwhile
transporting the chemical hydrogen carrier to the point of use. There is
also potential for cost reductions if decentralized solutions are devel-
oped with lower costs. However, if on-site conversion would be more
expensive than these marginal costs, the carrier should possibly be
converted centralized at the port and neat hydrogen should be
transported.

The allowable specific costs are very similar for all carriers (around
1.2 €/kgy2). However, a detailed analysis reveals differences in the costs
for centralized conversion and compression. A comparison of the cost
composition of the carriers shows that DME and MeOH incur higher
conversion costs than LOHC and NH3. This is due to the high investment
costs associated with the required CO5 capture. On the other hand, the
compression costs for LOHC are significantly higher than for the other
carriers. LOHC dehydrogenation takes place at low pressure, while the
conversion of NHz, MeOH and DME is carried out at higher pressures. As
a result, LOHC has the highest compression demand after conversion to
compress the hydrogen to the 80 bar required for the pipeline. Despite
the different cost compositions, the total domestic supply costs of all
carriers are in a similar range. It should be noted that no import costs for
the carriers themselves were taken into account and are therefore not
included in the calculated costs. Only the costs incurred between the
port of import and the point of use are the focus of this study and are
needed to estimate the potential of decentralized conversion.

Fig. 5 shows the allowable specific costs in relation to the costs of a
centralized conversion plant. The cost ratio 6 describes this relationship.
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Fig. 5. Cost ratio 0 of allowable specific costs for decentralized systems (from
Fig. 4) and the costs of centralized conversion systems for the carriers NHs,

MeOH, DME and LOHC (distance = 800 km, last mile by truck = 50 km).
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allowable specific costs

= - — - 3.1
centralized specific conversion cost

For the analysis, a hydrogen application was considered at a remote
location in Bavaria (800 km away from the import port) with a last mile
of 50 km to be bridged by truck for all intermodal transport modes. At
this location, depending on the carrier, decentralized plants could cost
2.2 to 3.8 times more than centralized conversion plants (Fig. 5). This
means that there is significant potential to reduce the cost of supply by
transporting the carrier to the point of use.

4. Discussion

The calculation of the domestic supply chain costs, and the allowable
specific costs depend on two aspects. First, the quality of data used in
assumptions for a defined scenario and, second, the scenario itself or the
resulting distances for the transport methods and the defined pipeline
utilization. For this reason, the influence of the input parameters for a
given scenario is first examined using sensitivity analysis and un-
certainties. Then, the influence of the scenario parameters considered
(distances and pipeline utilization) is analyzed in more detail. Finally,
the calculated costs and the potential for cost reduction of decentralized
conversion units are discussed with further influencing factors.

4.1. Uncertainty and sensitivity

Many assumptions have been made, while future costs or de-
velopments are subject to a high degree of uncertainty. All domestic
supply chain costs are indicated with error bars (Figs. 3 and 4), which
show the cost range of the supply chains and were calculated with un-
certainties for each parameter (see Section 2.1.1). They show the results
calculated under the best and worst assumptions for a given scenario
with fixed distances. The intermodal hydrogen transport supply chains
show very large error bars because the number of transport methods is
higher and therefore also the number of assumptions used. Error bars for
the transport of chemical hydrogen carriers are smaller overall, as the
technology already exists and the overall costs are low.

In addition to the error bars, a calculation of the Impact Factor (IF)
was carried out for each parameter to further investigate the calculated
costs. The aim is to demonstrate the robustness of the results. To do this,
first the sensitivity of each parameter on the result was calculated and
then combined with the uncertainty of this parameter. For the sensitivity
analysis, each parameter was changed by + - 30 % and the impact of
changes on the calculated allowable specific costs for decentralized
conversion plants were determined. The sensitivity ¢ is defined as:

d ~Caltowabie
Callowable Base

Q= d X

Xbase

4.1

Positive sensitivity means that an increase in the parameter leads to
an increase in the allowable specific costs. Negative sensitivity means
that an increase in the parameters leads to a reduction in the allowable
specific costs.

The result is very sensitive to changes in some parameters, which in
many cases are fixed assumptions. However, other parameters are sub-
ject to uncertainties that must also be considered. A combination of
sensitivities ¢ und uncertainties u (given in the appendix and described
in Section 2.1.1) is needed and enables the calculation of the Impact
Factor IF.

IFi :(/Jl-*lli 4.2

The aim is to determine the parameters that have the greatest in-
fluence on the results and to evaluate this calculated influence. IF in-
dicates the percentage by which the result would change if the
parameter analyzed were at the edge of its uncertainty. This allowed us
to identify all relevant parameters and to examine the robustness of the
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result depending on the number of parameters with a high influence and
the order of magnitude of this influence.

Fig. 6 shows the sensitivities, uncertainties and the resulting Impact
Factors for one scenario with NH3 as carrier. The ten parameters with
the highest Impact Factors are given. The Capex of the centralized
conversion plant leads to the highest Impact Factor with a maximum
influence on the result of 13 %. Only three other parameters lead to a
change greater than 5 %. These parameters are the most critical ones
where significant technical or economical changes would be most im-
pactful on the results of this study. The small number of parameters with
a significant Impact Factor IF shows that the resulting cost ratios are
reliable, even though many assumptions were made. Although the
calculated marginal costs should always be interpreted within the given
range, the statements and conclusions regarding the potential of
decentralized plants remain valid in a specific scenario.

4.2. Distances and pipeline utilization

The costs of the domestic supply chains and the allowable specific
costs are calculated for a defined scenario with fixed distances and a
specified pipeline utilization. Utilization depends on the expansion of
the pipeline infrastructure and the time required for this, while distances
depend on the location of the respective application. Both have a sig-
nificant impact on the results.

For the scenario under consideration, a total distance of 800 km and
a truck distance of 50 km were assumed in combination with other
modes of transport (pipeline, rail, and ship). This assumption is opti-
mistic, particularly with regard to the pipeline, as there is currently little
information available on the locations of future hydrogen hubs that will
transfer hydrogen from the pipeline to trailers. In addition, the pipeline
must first be built, and even within Germany, the size of the pipeline
network varies greatly between the federal states. Furthermore, the 50
km to the nearest rail terminal or port for reloading containers is not
available at many locations. In principle, the rail network is larger than
the federal waterway network, which means that the distance to the
nearest rail terminal is likely to be shorter than to the nearest port in
many cases. Nevertheless, 50 km is optimistic even for rail in many parts
of Germany. The truck distance required for the last mile can be greater
than the assumed 50 km in many cases.

To assess the influence of other scenarios on the calculated allowable
specific costs and the resulting potential for decentralized plants, the
scenario parameters were changed, and the cost ratio 6 of allowable
specific costs and centralized conversion costs were calculated (Fig. 7).
The total distance was left at 800 km and only one scenario parameter
was changed at a time - pipeline utilization (7.a), truck distance to
nearest pipeline connection (7.b), truck distance to nearest rail terminal
(7.¢), truck distance to nearest port (7.d). The allowable specific costs
can only be calculated using two supply chains. Accordingly, the supply
chains used are kept constant for each analysis and are indicated in the
diagrams for tracking purposes. Another sensitivity analysis, which
varies the total distance as an input parameter, is also included in the
appendix. The last mile distance is kept constant in this analysis, and the
structure is based on Fig. 7.

As pipeline utilization increases, cost ratio 6 decreases because
pipeline costs fall and transporting hydrogen with upstream centralized
conversion of the carrier becomes more attractive.

Increasing distance of the truck after the pipeline has a significant
influence on the result. At a truck distance of zero, there is a direct
pipeline connection, and the allowable specific costs result mainly from
conversion and conditioning. It will be very difficult to meet these
maximum marginal costs of the decentralized conversion plant, which is
why centralized conversion would therefore be recommended. If there is
no direct pipeline connection, the allowable specific costs increase
significantly, and decentralized conversion becomes increasingly
attractive.

The same trend can also be seen when the distance between truck
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and the nearest rail terminal and port changes. However, the influence is
significantly lower than for pipelines. The allowable specific costs and
cost ratio 0 are generally at a significantly higher level than with the
pipeline. This is due to the significantly higher transport costs for
hydrogen by rail and truck (7.c) or by ship and truck (7.d) compared to
pipelines and trucks (see Fig. 2). At a distance of zero, cost ratio 0 again
corresponds to the allowable specific costs if a rail terminal or port is
located directly on site. There is still considerable potential for decen-
tralized plants, as the costs are likely to be at least four times higher than
those of the centralized conversion plant. However, this would require
that there is no pipeline connection at all, and the value only applies to a
total distance of 800 km.

4.3. Decentralized conversion costs

The cost differences in domestic supply chains lead to significant
potential for cost reduction when the carrier is transported to the point
of use. This finding remains valid even when considering the un-
certainties of the assumptions and different scenarios or distances.
Nevertheless, calculating the allowable specific costs or maximum
possible costs of decentralized conversion plants does not guarantee
savings. Depending on the application, decentralized systems can have
different plant designs with different requirements, which also have a
significant impact on costs. Some influencing factors lead to higher costs
for decentralized plants, while others lead to further potential for cost
reductions. The impact on costs must be worked out in detail during the
development of decentralized technology for integrating chemical
hydrogen carriers. This can only be done for specific applications, but
the effects can be discussed in theory.

4.3.1. Influencing factors

Economy of scale vs. standardization: Large-scale plants are gener-
ally more cost-effective than small-scale plants due to economies of
scale. Decentralized plants are therefore always more expensive than
centralized plants. On the other hand, mass manufacturing or stan-
dardization could occur if decentralized plants are used in large
numbers. However, this is unlikely, especially at the beginning of a
technology rollout. Furthermore, standardization would make
application-specific integration more difficult and is therefore not
necessarily desirable.

Different plant designs: Not all technologies that are suitable for
large-scale plants can be transferred to small-scale plants. In some cases,
it is not possible to scale down the same process, meaning that a different
design must be chosen (e.g. electrical heating instead of using large
burners), which is likely to result in different costs. In addition, large-
scale plants are mostly based on optimized processes, whereas the
effort required for smaller plants is often too great to exploit all opti-
mization possibilities.

Pressure requirements: Large-scale plants operate at high pressures
because hydrogen must be transported at high pressures (in case of
CGHy). In most cases, the centralized plant feeds into the pipeline
network, which operates at 80 bar. Transport by trailer or container
requires even higher pressures of up to 500 bar. However, some appli-
cations might require significantly lower pressures or have no pressure
requirements at all. Therefore, the conditioning step of hydrogen
compression is not necessary for all applications or can be significantly
reduced if the conversion takes place decentralized at the application
site. This offers significant potential for costs reduction, as compressors
are expensive in invest and operation. In addition, complexity and
maintenance effort on site are reduced.

Purity requirements: A general hydrogen supply requires high purity
levels, but a supply optimized for the specific application only needs to
meet the requirements of that application. These could be the same as
for the centralized conversion (e.g. fuel cell applications), but lower
purity levels are possible for other applications. If hydrogen is required
as a heat source, for example, the purity requirements are low, and the
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purification unit is no longer necessary. Depending on the application,
only partial conversion may be necessary, or the carrier may be used
directly. In this case, not only would the purification be designed
differently, but the conversion step itself could also be designed
differently.

Use case specific heat integration: Centralized plants are often
designed as stand-alone facilities. Accordingly, they must provide the
heat required for the endothermic conversion steps themselves. This
leads to significant losses or lower conversion rates. Decentralized plants
can be integrated into the respective applications. In industrial appli-
cations, residual heat may be available that can be used for endothermic
reconversion reactions. The residual heat can be integrated into the
conversion process and lead to higher efficiency.

Carbon capture/ CO,-Transport: Organic chemical hydrogen carriers
such as DME and MeOH bind hydrogen on CO5 and use it as a carrier
molecule. During reforming, CO; is released again. We assumed that
centralized plants would capture the CO; for possible back transport to
the synthesis site or for carbon capture and storage (CSS). However,
decentralized plants must also deal with CO; management. If the COy
source is renewable (biomass or direct air capture) the CO, can be
released back into the air during reforming. If, as in centralized plants, a
closed CO; cycle is desired or the source is not renewable, the CO5 must
be captured and transported. This leads to an additional effort and
additional costs and might limit carbon-based carriers in decentralized
applications with current CC technology.

5. Summary and conclusions

The aim of this study was to investigate the possible transport op-
tions of chemical hydrogen carriers after their import and to evaluate
the potential of decentralized conversion plants. To supply an applica-
tion with hydrogen, the carriers can either be converted centralized at
the port and the hydrogen transported as CGH; or LHj, or the carrier can
be transported to the application and converted on site. If a pipeline
connection is available at the point of use, transporting CGHy via
pipeline is the best option. If no pipeline connection is available,
transporting CGHy quickly becomes expensive and therefore less
attractive. We calculated and compared the costs of the various domestic
supply options from the port of import to the point of use. The cost
difference resulting from the cheaper transport of the carriers compared
to the conversion, conditioning, and transport of CGHy and LHj repre-
sents the allowable specific costs that decentralized conversion may
incur. These were determined in this study for a specific scenario. Using
our method, it is possible to estimate the potential for decentralized
conversion plants at an early stage of development for a given location
and pipeline utilization. The following key findings can be formulated.

- In most cases, the transport of CGH; leads to very high costs (direct
pipeline connection excluded). Transporting CGH; by truck alone is
the most expensive transport option calculated. However, costs can
be significantly reduced by combining pipelines and low-distance
transport by truck.

Transporting LHj is significantly cheaper than transporting CGHoy,
but the high costs of liquefaction compared to compression negate
the cost advantage. However, LH; can still be a viable option if the
application requires LH; or if LHy is imported directly.

- NH; results in the lowest specific transport costs with regard to the
chemically bound hydrogen. If the hydrogen released during
reforming with water is also taken into account, DME results in the
lowest specific transport costs.

The transport costs of LOHC are significantly lower than those of
CGHa, but considerably higher than those of the other carriers. This
is due to the high mass of the carrier molecule and the resulting low
amount of hydrogen transported. However, LOHC is the easiest
carrier to handle and therefore has a major practical advantage over
the other chemical hydrogen carriers and hydrogen.
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- A comparison of the various domestic supply chains leads to the same
two most cost-effective supply chains for each carrier examined:
transport of CGH2 by pipeline and truck as a supply chain with
centralized conversion, and transport by ship and truck for delivery
of the carrier.

The cost differences, taking into account conversion and condition-

ing costs at the port, result in high allowable specific costs for

decentralized plants. For a total distance of 800 km and a pipeline
connection 50 km away from the application, decentralized con-
version plants for all chemical hydrogen carrier examined can cost

around 1.2 €/kgpyy specifically. This means they can cost 2.2 to 3.8

times more than centralized conversion plants. If the pipeline is

further away or not available at all, the allowable specific costs rise
to 5 to 8 times the centralized conversion costs.

The allowable specific costs and thus the potential for decentralized

conversion plants depend heavily on the location of the application

and the local supply options. They must be determined individually
for each location.

- Decentralized conversion plants can be designed differently than
centralized plants, depending on the application. This can lead to
additional costs but also offers further cost savings. Decentralized
plants are most attractive for applications with low pressure and
purity requirements and for applications where waste heat is avail-
able (e.g., in high-temperature applications).

For many locations, it can be very attractive to have the carriers
delivered to the site and to aim for decentralized conversion and inte-
gration. In this study, a methodology was developed to evaluate loca-
tions and estimate the potential at an early stage of development. The
next step should be to develop technical solutions for decentralized
systems for specific use cases at identified locations with high-cost
reduction potentials and compare the costs with the maximum costs
calculated in this study.
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