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A B S T R A C T

In resource-poor industrial countries with high energy consumption, a significant proportion of future energy 
will likely be imported by ships using chemical hydrogen carriers. The considered hydrogen (H2) derivatives −
liquefied natural gas, methanol, liquid organic hydrogen carriers, and ammonia − undergo considerable con
version losses during endothermic reconversion to H2 in the importing country. Currently, these losses have been 
accepted and scientific research on approaches to increase conversion efficiency remains limited. This study 
introduces a novel concept for externally supplying conversion heat using local renewable electricity through a 
power-to-heat and high-temperature thermal energy storage system (HT-TES-P2H system). The advantages and 
disadvantages, along with key figures for the four H2 derivatives, as well as the thermal and process-related 
integration of an HT-TES-P2H system into the endothermic processes, were analysed systematically. Suitable 
heat integration concepts were identified for all four H2 carriers; ammonia was thermodynamically modelled in 
detail. For ammonia a majority of the endothermic heat can be provided by an HT-TES-P2H system and hydrogen 
yield increases from 80 to 96 %. Japanese and German energy systems were analysed to identify potential 
savings and suitable locations for implementing the concept. A simplified capital cost analysis was carried out for 
ammonia production in Brazil and Australia with import to Germany. Overall, our novel concept indicates that 
the addition of a relatively inexpensive HT-TES-P2H system in the importing country results in significantly 
greater capital expenditure savings of 16.7 % by reducing the size of the entire ammonia supply chain.

1. Introduction

The implementation of a hydrogen (H2) economy is perceived as a 
prerequisite for achieving climate targets. Currently, approximately 
96 % of global hydrogen production relies on fossil fuels, contributing to 
substantial greenhouse gas (GHG) emissions [1]. In the energy sector, 
the production of H2 and H2-based fuels is expected to increase from 
<90 million tonnes in 2020 to 530 million tonnes in 2050 in a net zero 
scenario [2]. A future sustainable H2 supply therefore requires both a 
switch from fossil to renewable H2 production and a sharp increase in 
production volumes. Several sustainable methods of H2 production are 
known. They include biomass processes, such as biogas reforming, py
rolysis, gasification, and fermentation, as well as water splitting pro
cesses, such as electrolysis, thermolysis, and photolysis utilising solar 
and wind energy, combined with hydropower and geothermal energy 
[1,3,4].

Among the sustainable H2 generation methods, water electrolysis 

with renewable electricity is the most widespread and has the highest 
conversion efficiency [1]. Electrolysis requires considerable electricity 
quantities and, ideally, a constant supply of electricity. In the future, a 
large proportion of this electricity will be produced by wind and 
photovoltaic (PV) systems. Regions in Europe, South Korea, Japan (JP), 
and parts of China will likely have insufficient resources to produce the 
necessary H2 themselves, and are therefore considered H2 demand 
centres [5,6]. These countries face limitations, such as the potential for 
wind and solar energy (including full load hours per year, and season
ality) and available land area. The demand for H2 arises in sectors such 
as power generation, the process industry, basic materials, petrochem
icals, shipping, aviation and heavy goods transport [7]. To achieve a 
climate-neutral supply, these countries plan to import considerable 
quantities of H2. Countries with high wind and PV potential are 
preferred as export sources because they have the capability to produce 
low-cost H2.

H2 transport and storage are challenging due to the low volumetric 
energy density of H2. Hence, H2 must be compressed, liquefied, or 
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converted into other molecules for economical storage or transportation. 
Various options are available for the transport of H2. Transport by truck, 
rail, and inland waterways is typically attractive only for small quanti
ties and short distances using compressed hydrogen (CH2), liquefied 
hydrogen (LH2), or H2 derivatives. Other H2 storage options, such as 
metal hydrides, physisorption, and cryo-compressed H2, also exist. 
These options are not considered in detail herein due to their high cost, 
increased transportation weight, and other properties, which make them 
unsuitable for long-distance transport [8]. Liquid synthetic fuels (e- 
fuels) can also be produced using renewable electricity, water, and CO2 
(e.g., the Fischer-Tropsch process). E-fuels can also be transported and 
used directly without reconversion in industries such as transportation, 
industrial processes, and power generation. Hence, in this study, e-fuels, 
for which reconversion to H2 appears unattractive, were excluded 
[3,9,10].

Various studies have assumed that importing H2 over medium dis
tances, on the order of 5000 km, via pipelines with CH2 is the most 
favourable option (especially if existing natural gas pipelines can be 
converted for this purpose). The disadvantages of these pipelines include 
considerable infrastructure costs, long construction times, and long- 
term commitments. Deep-sea ship transport is preferred over pipelines 
over longer distances via sea routes [5,7,11,12].

LH2 is considered a major mode of transportation for deep-sea ship 

transport. The advantages include a high gravimetric energy density, 
high H2 utilisation rate, stable gas purity, and the potential utilisation of 
cold during regasification. LH2 also faces several challenges. One of the 
primary disadvantages is the extremely low storage temperature (− 253 
◦C at atmospheric pressure). This requires energy-intensive liquefaction 
and specialised (expensive) infrastructure for these low temperatures. 
This also leads to significant boil-off losses on ships (reported values 
range from 0.05 to 1 %/day), as well as during both loading and 
unloading at the port, which must be compensated. Molecular H2 exists 
in two isomeric forms: ortho-H2 and para-H2. This conversion requires 
additional energy and must be safely controlled when using LH2. Further 
details on these forms are provided in a review article [13]. Moreover, 
H2 is highly flammable and requires stringent safety measures to prevent 
leakage and explosion. Although LH2 has a high gravimetric energy 
density, it has a comparatively low volumetric energy density (71 kg- 
H2/m3) compared to that of H2 derivatives. Certain pilot projects do 
exist (e.g., the Kawasaki demonstration in JP [14]); however LH2 
technology for charging, shipping, and discharging has not been 
implemented on a large scale, with no current global trading market for 
LH2.

This study selected H2 derivatives as attractive options for the 
transport of H2 by ships in the deep sea. Compared to LH2, H2 derivatives 
offer the possibility of chemically binding molecular H2, making it easier 

Nomenclature

Acronyms
AT Autothermal
CAPEX Capital expenditure
CCS Carbon capture and storage
CCU Carbon capture and utilisation
CH2 Compressed hydrogen
CLP Classification, labelling, and packaging
DAC Direct air capture
DBT Dibenzyl toluene
DE Germany
EU European Union
Ebsilon EBSILON®Professional software
e-LNG Liquefied synthetic methane
GHG Greenhouse gas
GHS Globally harmonised system of classification and labelling 

of chemicals
HTF Heat transfer fluid
HT High-temperature
HX Heat exchanger
IEA International Energy Agency
JP Japan
LH2 Liquefied hydrogen
LHV Lower heating value
LNG Liquefied natural gas
LOHC Liquid organic hydrogen carriers
LT Low-temperature
MeOH Methanol
NOx Nitrogen oxide gases
P2H Power-to-heat
PCM Phase change material
PEM Proton exchange membrane
POX Partial oxidation
PSA Pressure swing adsorption
PV Photovoltaics
R&D Research and technology development
SoA State-of-the-art
SR Steam reforming

TCS Thermochemical storage
TES Thermal energy storage
TRL Technology readiness level
WGS Water gas shift

Symbols
FH2 Molar flow of hydrogen
FCarrier Molar flow of H2 carrier
h Specific energy consumption per hydrogen mass
hNH3,heat Specific ammonia heat consumption
hPel Specific electricity consumption
hQ̇,TES Specific heat supply of the TES-P2H system
hQ̇,amb Specific ambient heat supply
HH2 ,LHV Lower heating value of hydrogen
HNH3 ,LHV Lower heating value of ammonia
ṁproduct

H2
Mass flow of hydrogen product

ṁfeed
NH3

Mass flow of ammonia feed for conversion and heat supply

ṁfeed
NH3→H2

Mass flow of ammonia feed for conversion

ṁfeed
NH3 ,heat Mass flow of ammonia feed for heat supply

MH2 Molar mass of hydrogen
MNH3 Molar mass of ammonia
Pel Electrical power consumption
Q̇TES Heat flow from TES-P2H system
Q̇amb Ambient heat flow
X Stoichiometric coefficient
ηE,NH3 Energy efficiency of NH3 to H2 conversion based on the 

LHV
ηE,total Energy efficiency of NH3 to H2 conversion based on the 

LHV with electrical power and heat flow from the TES-P2H 
system

ηE,total* ηE,total for 6000 h the ‘progressive’ and 2000 h ‘best guess’ 
cases

ηel→H2 Efficiency of water electrolysis
ηH2→NH3 Efficiency of ammonia synthesis
ηH2 Hydrogen yield
ηH2,NH3 Hydrogen yield of ammonia reconversion/cracking
ηNH3,Transp Ammonia transport efficiency
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to transport and store over longer distances and durations. For example, 
moderate temperatures and pressures can be used, and technologies 
available for transport and storage can be employed. The major H2 de
rivative options are ammonia (NH3), methanol (MeOH), liquid organic 
hydrogen carriers (LOHC), and liquified natural gas (LNG). LNG can be 
replaced by liquefied synthetic methane (e-LNG) in the future [6,15,16]. 
There are various definitions of LOHC in the literature. In this study, 
liquid media, such as the selected oil example, dibenzyl toluene (DBT), 
which are transported back and forth by ship between ports with 
repeated H2 charge/discharge cycles, are referred to as LOHC. Subsec
tion 4.2 provides a more detailed overview of the selected H2 derivatives 
(see also Table 3).

High conversion losses occur along the H2 supply chain with H2 
electrolysis and the synthesis and reconversion of H2 derivatives 
[17,18]. A common feature and major disadvantage of the selected H2 
derivatives (NH3, MeOH, LOHC, and LNG) is that their reconversion 
from the H2 derivatives to H2 is an endothermic process in the importing 
country. Depending on the H2 derivative, the theoretical reaction heat, 
along with the feed (and water) evaporation heat, ranges from 18 to 
27 % of the lower heating value (LHV) of the produced H2 (Table 3). This 
heat is typically provided by the combustion of the H2 derivatives, 
process off-gases, or the produced H2. There is generally only limited 
scientific work on the integration of external heat sources to increase the 
efficiency of the reconversion of H2 derivatives. Possible external sour
ces include concentrating solar, environmental, and waste heat (e.g., 
from process industry and fuel cell) [16,19,20]. Environmental heat can 
be used to vaporise the liquid H2-carriers. If the H2 derivatives are 
converted to generate electricity in power cycle processes, there are also 
opportunities to increase efficiency through process integration [19] 
and the incorporation of waste and solar heat [21,22]. The integration of 
an alternative external heat source for the reconversion of chemical 
energy carriers to H2 will likely lead to a lower amount of H2 derivate 
import and hence allow downsizing with capital cost savings along the 
entire H2 chain. That is, the installed size of wind and/or PV power, 
electrolysers, synthesis and shipping should be reduced by utilising 
external heat sources (Fig. 1).

Research has strongly focused on the development of reconversion 
processes (e.g., catalyst development and reactor design). The benefits 
of heat integration for increasing the efficiency of the process chain for 
H2 production are less apparent in current research. Only a few studies 
have considered the integration of thermal energy storage (TES) systems 
for the endothermic reconversion of chemical energy carriers [9,23]. As 
the external heat sources under consideration (e.g., solar heat and waste 
heat) are not constantly available, the use of TES is of fundamental 
importance. Previous publications have focused on the transfer of 
thermal energy between the LOHC-charge and -discharge process via 
TES [9] and the temporal stabilisation of industrial waste heat with TES 
for LOHC discharge [23].

The novel concept proposed in this study − sector coupling with 
volatile renewable electricity, power-to-heat (P2H) and high- 
temperature (HT) TES technologies, collectively defined as the HT- 
TES-P2H concept − is only currently known in other fields, such as 
the chemical industry [24,25] (Fig. 1). The theoretical, technical, and 
economic potential of ambient low-temperature (LT) and HT external 
heat integration for endothermic reconversion processes of different 
chemical energy carriers (e.g., LOHC, NH3, MeOH, and LNG) in 
importing countries, such as JP and Germany (DE), has not yet been 
assessed and is the subject of this study. In addition to the integration of 
ambient heat, this study focuses on sector coupling with local volatile 
renewable electricity, which is continuously supplied to the process as 
heat via the HT-TES-P2H system. Among the four H2 derivatives 
considered, the focus is on NH3.

The aim of this study was to minimise the internal heat supply via 
combustion, instead supplying heat externally, to achieve a high H2 
yield and reduce the quantity of H2 carrier imports.

2. Overall methodology

The remainder of this paper is organised into three sections. For the 
proposed HT-TES-P2H concept, Section 3 summarises relevant energy 
information related to the current status, future policies, renewable 
energy implementation, and H2 import of JP and DE. The differences 
and similarities between the JP and DE energy systems are analysed, and 
the theoretical potential of the proposed HT-TES-P2H concept, shown in 
Fig. 1, is determined.

Section 4 provides an assessment of the four H2 carriers, the H2 
reconversion process and the related subcomponents (P2H and TES). 
Subsection 4.1 first provides background information on HT-P2H and 
HT-TES technologies, such as their temperature operating range and 
market status. Subsection 4.2 provides a comparative overview of the 
four H2 carriers – LOHC, NH3, MeOH and LNG – highlighting their ad
vantages, disadvantages, and key figures. Subsection 4.3 presents an 
analysis of the endothermic reconversion process for each H2 carrier and 
develops an overall heat integration concept with P2H and TES. NH3 
crackers are then selected and analysed in more detail.

In Section 5, the proposed HT-TES-P2H concept (Fig. 1) for NH3 is 
thermodynamically implemented in the EBSILON®Professional Release 
15.02 (Ebsilon) software and analysed in different configurations [26]. 
Initially, efficiencies and different specific consumptions are defined. 
First, in Subsection 5.1, a literature model is validated using Ebsilon. 
Subsection 5.2 defines a reference ‘best guess’ case based on large-scale 
industrial NH3 cracker developments. The analysed cases, with external 
heat integration, are described in Subsection 5.3 and compared with the 
‘best guess’ case in terms of their technical potential. In addition to the 
proposed HT-TES-P2H concept with NH3, the integration of ambient 
heat is analysed. Subsection 5.4 estimates the economic potential of the 

Fig. 1. Schematic of the proposed and analysed HT-TES-P2H concept for heat integration to reduce the H2 supply chain in size with the selected countries of Japan 
and Germany. PEM, proton exchange membrane.
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HT-TES-P2H concept for NH3.
Section 6 summarises the results and draws conclusions regarding 

the theoretical, technical, and economic potential of the proposed HT- 
TES-P2H concept with NH3 for JP and DE.

As Sections 3, 4, and 5 cover different topics, the detailed method
ology was described at the beginning of each section to ensure a logical 
flow of reading.

3. Results and discussion of country assessment and theoretical 
potential

3.1. Japan

Fig. 2 shows the current total energy flow in terms of supply and 
consumption in JP for 2022 [27]. The current strong focus on fossil fuels 
is clearly visible. The transition from fossil fuel resources to renewable 
energy has progressed, particularly in terms of electricity generation. In 
JP, all commercial nuclear power plants were shut down after the Great 
East JP Earthquake in 2011 for safety inspections and upgrades [28]. 
Since then, nuclear reactors have been gradually restarted. The (pri
marily grey) H2 supply was approximately 240 PJ/year (2 million 
tonnes/year) in 2021 [29]. The NH3 demand is currently approximately 
20 PJ/year (1 million tonnes/year) [30]. The MeOH market is currently 
approximately 40 PJ/year (approximately 2 million tonnes/year). JP 
imports a significant proportion of its energy as LNG with a value of 
3350 PJ/year (67 million tonnes/year) in 2023 [27,31].

The Japanese government has set interim energy policy targets as 
outlined in the 6th Strategic Energy Plan, announced in 2021 [29]. GHG 
emissions are planned to be reduced by 46 % by 2030 compared with 
2013 levels. The goal is to further increase the share of electricity gen
eration by 2030 as follows: nuclear energy to 20–22 %, renewable en
ergy to 36–38 % and NH3/H2-based power generation to 1 %. Another 
aim is to increase the (mostly grey) H2 supply to 360 PJ/year (3 million 
tonnes/year) by 2030. The domestic demand for NH3 as fuel is estimated 
to be approximately 56 PJ/year (3 million tonnes/year) by 2030. 
Another aim is to inject 1 % synthetic methane into the existing natural 
gas infrastructure. Shipbuilding and the shipping of LNG, LH2, and NH3 
are set to be strengthened. A commercial demonstration of a zero-carbon 
ship is planned for 2028 [29,32]. Additionally, a draft of the 7th Stra
tegic Energy Plan was published in December 2024 [33]. Compared with 

the 6th Strategic Energy Plan, the 7th Strategic Energy Plan mentions 
the introduction of TES as a demand-response measure to improve the 
flexibility of the electricity system. Demand-response in the electricity 
grid can be achieved by coupling the TES via a P2H system, whereby the 
P2H system is operated flexibly for the electricity grid.

The Japanese government aims to achieve carbon neutrality by 
2050. The domestic demand for NH3 as fuel is presumed to be approx
imately 560 PJ/year (30 million tonnes/year) by 2050. The goal is to 
replace 90 % of natural gas with synthetic methane by 2050. It is ex
pected that the H2 supply will increase to 2400 PJ/year (20 million 
tonnes/year) by 2050 [29]. JP’s Green Growth Strategy Towards Carbon 
Neutrality 2050′ estimated an increase in electricity demand of 30–50 % 
and established a scenario of 50–60 % renewables in the electricity mix 
by 2050 [34].

Due to its geography, JP faces distinct challenges with respect to the 
expansion of renewables, with mountainous terrain limiting its po
tential for onshore renewables. JP already has the highest installed solar 
energy capacity per square metre of flat land worldwide. Additionally, 
due to the steeply sloping coastline, non-floating offshore wind turbines 
are almost exclusively feasible in low-lying marine areas. JP is 
increasingly focusing on floating offshore wind energy. Bogdanov et al. 
[35] concluded that the renewable capacity could be relatively evenly 
distributed across JP. Solar PV dominates the western, central, and 
southern regions, and is located closer to major cities. The northern and 
western regions, which have relatively low population densities, have 
high onshore wind potential with limited consumers in the area. It is 
projected that the electricity grid will transmit wind power generated in 
the north and west to major cities during winter [35]. Currently, the 
Japanese islands have different grid infrastructures, some with very 
limited transmission capacity, which limits electricity exchange. Hence, 
grid extensions are required [34,35].

The regions considered for H2 imports are Australia, North America, 
the Middle East, and South-East Asia [32,34,36]. LNG terminals (both 
operational and planned) are available in all major urban centres along 
the coast of JP [37]. The large-scale utilisation of imported H2 or its 
derivatives via international supply chains is expected to occur pri
marily in these coastal areas [29].

Fig. 2. Sankey diagram illustrating the simplified Japanese energy supply and demand in 2022, created in this study using data from the International Energy Agency 
(IEA) [27].
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3.2. Germany

Fig. 3 shows the current total energy flows in terms of supply and 
consumption for DE in 2022 [27]. All nuclear power plants in DE were 
shut down in spring 2024 (politically decided phase-out). Compared to 
the total consumption, H2 consumption (mostly grey) is currently low in 
DE at 150 PJ/year (not shown, only approximately 1.7 % of the total 
demand). H2 is used in the sectors of basic chemicals (e.g., NH3 and 
MeOH) and petrochemicals (production of conventional fuels) [38]. DE 
produced approximately 2.4 million tonnes of NH3 in 2021, which 
corresponds to 45 PJ/year [39]. The total net NH3 and MeOH imports in 
DE amounted to approximately 26 PJ/year in 2022 (approximately 0.3 
% of the total energy demand) [40]. Historically, DE has not had any 
LNG terminals, but they have gradually expanded since 2022 due to the 
Ukraine crisis [39].

The German government has set interim targets for the period 
2030–2035. GHG emissions are planned to be reduced by 65 % by 2030 
compared to 1990 levels (in 2023, they were reduced by approximately 
45 % compared to 1990 levels). The government’s target is to generate 
at least 80 % of electricity from renewable energy by 2030. Another goal 
is to phase coal out by 2038 at the latest. DE aims for an H2 core network 
approximately 9700 km in length by 2032. A further objective is to in
crease the amount of imported H2 and its derivatives by approximately 
one order of magnitude to 160–320 PJ/year by 2030 [7,40].

The German government aims to achieve climate neutrality by 2045. 
It is estimated that the final energy consumption for a climate-neutral 
supply in 2045/2050 will decrease by approximately 2000 PJ/year to 
approximately 7000 PJ/year in the industry, transport, and building 
sectors, compared to 2022 levels [41,42,43]. Strong electrification is 
expected with an increase in electricity demand from approximately 
2200 PJ/year in 2022 to 4000–4600 PJ/year in 2045 [40,41,43]. The 
German government expects the total H2 demand to be approximately 
1300–1800 PJ/year by 2045, with an import fraction of >70 % [7,40]. 
This range is subject to considerable uncertainty, with a total range of 
200–2900 PJ/year across different studies in the literature [7,12,18]. In 
the medium-term, the German government assumes that a large part of 
the demand for H2 will be covered by pipelines. An H2 derivative de
mand of approximately 700 PJ/year is expected for climate neutrality 
(e.g., NH3, LOHC, MeOH, naphtha, and E-fuels).

This demand is expected to be largely met by imports from ships. 
German LNG terminals are expected to be used for this purpose [7]. At 

the time of writing, German LNG terminals had a maximum capacity of 
470 PJ/year and were located at North Sea ports (Brunsbüttel, Stade, 
and Wilhelmshaven). The utilisation of these three ports (along with 
further activities in Hamburg and Rostock) is also planned for the import 
of H2 derivatives. Several NH3 projects are currently planned for DE and 
are expected to be completed before 2030. The German government is 
also considering the use of MeOH and LOHC; it is currently unclear 
whether LH2 is being considered [7]. Within the European network, the 
ports of Rotterdam and Antwerp also play a major role in H2 ship im
ports for DE. Potential countries for the production and export of green 
H2 by ship are spreading worldwide. At the time of writing, the 
following countries were particularly relevant to DE: Australia, South 
and North America (Argentina, Chile, and Canada), Africa (Namibia and 
South Africa), India, and the Middle East (Saudi Arabia and the United 
Arab Emirates) [7,12,18,44,45].

The potential for renewable electricity generation from wind and PV 
is unevenly distributed in DE. Due to the higher annual full load hours, 
wind energy contributes a considerably larger amount of renewable 
energy than that of PV. The potential for PV is marginally higher in the 
south and south-east while the north is more favourable for wind energy. 
Overall, the greatest potential per unit area for renewable electricity 
generation from wind and PV is in the north-west, whereas offshore 
wind potential is greatest in the North Sea [46].

3.3. Country comparison, discussion, and theoretical potential

JP and DE share several similarities in their energy landscape. These 
include similar total energy demands and end-sector use, low energy 
self-sufficiency, a significant increase in PV capacity to similar levels, 
and similar interim and final GHG targets. Both countries focus on closed 
material cycles and improved energy efficiency. JP and DE also have 
similar domestic production capacities for grey MeOH, NH3 and H2. 
Additionally, both have similar decarbonisation strategies and targets 
that rely on H2 and NH3 imports [32,47]. Table 1 mainly lists the dif
ferences between DE and JP.

A comparative assessment of the differences listed in Table 1 yielded 
the following observations: JP’s energy dependence on imports is 
greater. Wind power is currently limited in JP and can or cannot be 
expanded by floating offshore wind energy in the future. The installed 
PV power is similar, although JP has better conditions. Nuclear energy 
contributes significantly to the energy mix in JP, but not at all in DE. DE 

Fig. 3. Sankey diagram illustrating the simplified energy supply and demand for Germany in 2022, created in this study using data from the International Energy 
Agency (IEA) [27].
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is integrated into the European electricity and gas grid, whereas JP’s 
supply is isolated. The roles of natural gas and H2 networks are less 
important in JP. JP has numerous ports, which serve as international 
logistics hubs managing 99.6 % of the country’s imports and exports. 
Many power generation plants, as well as steel and chemical industries, 
are located at the ports. These plants in the port surroundings emit 
approximately 60 % of JP’s CO2 emissions [29]. As with DE, the Japa
nese government aims to explicitly expand port infrastructure to intro
duce large quantities of H2 and NH3 [29]. Compared to DE, JP tends to 
partially view NH3 and (e)-LNG as fuels rather than as H2 carriers. 
Carbon capture and storage (CCS), and consequently the use of C-con
taining gases, plays a greater role in JP. The development of LH2 has 
progressed further in JP. Nevertheless, JP will also likely develop the 
potential to convert NH3 into H2 in port areas (e.g., for steel production, 
the chemical industry, and power generation).

Generally, when comparing H2 carriers (LNG, MeOH, LH2, NH3, and 
others), the momentum for the utilisation of NH3 as a future interna
tional navigable H2 carrier appears to be high in DE, JP, and worldwide 
[53]. As explained, DE and JP expect a significant increase in imports 
[54]. Over 120 ports already have NH3 infrastructure and 10 % of global 
NH3 production is already traded [11]. Hence, there is already a deep- 
sea supply chain for NH3.

Liquid NH3 is imported to deep-sea ports by ships. A distinction can 
be made between large-scale centralised direct use in the port envi
ronment or decentralised use with available NH3 distribution routes 
(e.g., via trains, trucks, inland waterways for filling stations, or indus
trial sites) [8,55,56,57,58]. Centralised plants are larger in comparison 
and are expected to operate continuously. Ships with capacities of 
several tens of thousands of tonnes of NH3 [6], as currently available, 
could then supply NH3 crackers with a capacity of several thousand 
tonnes of NH3 per day. The analysed HT-TES-P2H concept for converting 
NH3 into H2 (Fig. 1) revealed a certain complexity; thus, it is assumed to 
be more suitable for larger central plants. The required renewable 
resources for the proposed HT-TES-P2H concept could be available in DE 
in the north and in JP in the north and west. Another argument in favour 
of centralised conversion near ports with a high supply of renewable 
electricity is that lower transport costs can be expected for a steady flow 
of H2 via pipelines compared to the transport of volatile wind and PV 
electricity via power lines [59]. Thus, the direct central reconversion of 

NH3 into H2 using renewable energy and the HT-TES-P2H system near 
import ports presents significant potential. The H2 produced can then be 
used, for example, for gas grid injection, electricity generation, or large- 
scale industrial processes (e.g., direct iron ore reduction).

The following estimate illustrates the theoretical potential for DE as 
an example. A heat supply is required to operate the NH3 crackers (an 
endothermic process). State-of-the-art (SoA) technology utilises NH3 
directly or indirectly as a fuel. The quantity of NH3 fuel is determined by 
the H2 yield from the NH3 conversion process. For an effective NH3 
process, approximately 80 % of the NH3 is converted into H2, and 
approximately 20 % is used as fuel (see Subsection 4.3.4 and Section 5). 
It is expected that approximately 700 PJ/year of the DE total energy 
consumption of approximately 7000 PJ/year will be imported as H2 
derivatives by 2045 [7]. The maximum theoretical reduction potential 
for imported NH3 through the HT-TES-P2H concept is therefore 
approximately 140 PJ/year (20 % of 700 PJ/year) for DE by 2045. 
Additionally, a reduction in size of up to 20 % is expected across the 
entire supply chain. This impact extends to the port infrastructure, 
shipping capacity, synthesis plants with electrolysis and the installed 
renewable capacity in the exporting country. Consequently, an NH3 
cracker should be equipped with an HT-TES-P2H system. Additional 
wind and PV systems would have to be installed in DE; however, these 
installations would be significantly smaller than the savings from wind 
and PV installations in the exporting country. A detailed analysis of the 
economic potential is presented in Subsection 5.4.

4. Results and discussion of technology assessment

4.1. High-temperature thermal energy storage with power-to-heat 
technologies

Table 2 presents a brief overview of TES systems operating in the HT 
range. Sensible heat storage systems based on solids (ceramics) and 
liquids (nitrate salt and pressurised water to a certain degree) have been 
implemented commercially and on larger scales. The solid media 
ceramic regenerator TES has been used for decades in the iron and steel, 
as well as glass, industries, with a wide operational temperature range. 
Molten salt storage TES systems are used in concentrating solar thermal 
power plants and are currently limited to a maximum temperature of 

Table 1 
Differences between the Japanese and German energy systems in relation to the proposed HT-TES-P2H concept. CCS, carbon capture and storage; EU, European Union, 
LH2, Liquefied hydrogen; LNG, liquefied natural gas; PV, photovoltaics.

Aspect Japan (JP) Germany (DE)

Energy demand [27] 10,800 PJ/year (2022) > 8800 PJ/year (2022)
Primary energy self-sufficiency ratio [47] 12 % (2019) < 35 % (2019)
Electricity supply ​ ​ ​
Wind installed power [48] 5 GW (2022) < 66 GW (2022)
Wind Resources Limited potential in northern and western regions; 

significant floating offshore potential [34]
< High potential in north west regions 

and North Sea [46]
PV installed power [49] 91 GW (2023) > 82 GW (2023)
PV average practical solar potential [50] 3.45 kWh/kWp > 2.96 kWh/kWp

PV seasonality index [50] 2.05 (smaller seasonality) < 4.37 (larger seasonality)
Share of nuclear power 20–22 % (2030) [29] 

~20 % (2040) [33]
> Phase out in 2023

International electricity interconnection Non < EU max. export 18 GW, total export 270 PJ/year; import was 
smaller (2022) [51]

H2 & H2 derivative import ​ ​ ​
Gas network/distribution & storage [47] No international gas network; 

replacement of natural gas by synthetic methane
​ Planned H2 core network in the EU and DE; 

DE plans considerable H2 import via pipelines; 
large H2 storage projected (seasonality in DE)

LNG Established, more than 50 years ago [47]; 
e-LNG replaces natural gas in the future

​ Rapid expansion from 2022 since Ukraine crisis; future port 
use for H2 derivative import

NH3 Also targets for fuel use [30] ​ Likely H2 carrier for ports [52]
LH2 Focus as energy carrier, e.g., 

Kawasaki Heavy Industries LH2 ship [14]
​ Some interest, but limited focus

CCS Integral part of energy strategy ​ Historically no focus, 
recent interest for CO2 network 
with neighbouring countries [7]
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565 ◦C. The minimum temperature depends on the solidification tem
perature of the salt mixture and can be as low as 170 ◦C. The disad
vantages of pressurised water/steam storage tanks (called ‘Ruths’) are 
the costly pressure vessel, the limited temperature range, as well as the 
decreasing pressure and temperature during discharge, limiting their 
use cases. Other TES principles utilise a solid–liquid phase change ma
terial (PCM) and reversible gas–solid reactions. PCM and thermochem
ical storage (TCS) could be favoured to supply heat closer to the 
isothermal process demand (e.g., for MeOH and LOHC); however, these 
two HT-TES technologies are still under development or pre- 
commercial. Sensible heat storage systems based on molten salt and 
ceramic regenerators are currently the only HT-TES technologies that 
have been commercially realised on a large scale. For cost-effective 
realisation, sensible HT-TES require a greater temperature difference 
(e.g., > 100 ◦C). The working temperature range and heat transfer fluids 
(HTFs) are essential for system integration. Further details on HT-TES 
can be found in the literature [60–62].

Currently, several technologies are available for electric heating. 
Examples include resistance, dielectrics, induction, radiation, and arc 
electric heating [64]. Resistance heating bundles are widely used in flow 
heaters for HTFs, such as gases and molten salt, based on the current 
SoA. A heating element typically consists of mineral-insulated heating 
rods. For this mineral-insulated heater type, the maximum HTF tem
perature is typically limited to approximately 600 ◦C for long-term 
continuous operation and based on the typical surface heat flow of the 
heating elements. Regenerators that use air as HTF typically exhibit a 
drop in outlet temperature during discharge. However, this technology 
can also provide a constant process outlet temperature, which can be 
achieved with a bypass flow and a TES temperature higher than the 
discharge temperature. Assuming a usable discharge temperature of 
approximately 50 ◦C lower than the maximum regenerator TES tem
perature, along with the P2H 600 ◦C limitation, results in a similar limit 
of approximately 550 ◦C for both solid media and molten salt TES sys
tems, which can currently be realised with SoA technology. However, in 
principle, this temperature could be increased in the future through 
research and technology development (R&D) in the fields of P2H and 
molten salts.

4.2. Overview of chemical energy carriers

Table 3 lists the sea transport options for the four liquid H2 de
rivatives and their advantages and disadvantages. A distinction can be 
made between the two groups: one without carbon (NH3, LOHC) and 

one with carbon handling (MeOH, LNG/e-LNG) [3,44]. All climate- 
neutral options for H2 carriers with carbon require additional effort 
for CO2 handling including the following: 

• Carbon capture and utilisation (CCU) with recycling in a closed cycle
(e.g., liquid cold CO2 transport by ship and reutilisation)

• CCS
• Biomass utilisation
• Direct air capture (DAC) technologies
• (Unavoidable CO2 from industrial processes is typically not consid

ered CO2-neutral)

One advantage of derivatives with carbon is that they provide an 
increased amount of H2 through a reaction with H2O during reconver
sion (CH3OH: 4 H2 → 6 H2; CH4: 4 H2 → 8 H2, see Table 3 with and 
without this reaction and the increased volumetric energy density). 
However, additional energy must be used to heat and evaporate the 
water. The energy utilisation rate presented in Table 3 (defined from H2 
via carrier to H2) includes both energy losses and conversion effi
ciencies, as determined by Staudt et al. [18]. The low utilisation rates of 
MeOH and e-LNG are attributed to the DAC assumption. Thus, higher 
numbers are feasible for other CO2 approaches.

In terms of market maturity, NH3, MeOH, and LNG appear more 
suitable than LH2 and LOHC [15]. For LNG, MeOH, and NH3, the order 
of magnitude of the market price is generally a few 100 $/tonne, with 
differences due to market price fluctuations, regional price differences, 
delivery form (liquid or gaseous), and different taxation (e.g., CO2). 
Niermann et al. [16] examined seven different substances as H2 carriers 
and concluded that MeOH, toluene, and DBT have the highest potential 
[16]. Tsogt et al. [65] also concluded that DBT has the highest suitability 
after analysing four different LOHCs. Hence, DBT was selected as the 
representative LOHC for this study. The price of DBT, as a representative 
of LOHC, is approximately 4400 $/tonne, with minimal consumption of 
the carrier (literature indicates a loss of 0.01–0.1 % per full cycle) 
[11,66].

4.3. Endothermic reconversion process

Niermann et al. [16] pointed out that the provision of the necessary 
heat for H2 reconversion is crucial for the efficiency of the overall value 
chain of chemical carriers. In terms of the cost structure, reconversion 
also contributes significantly to the overall H2 costs [53]. Therefore, the 
efficient reconversion of H2 derivatives is an important aspect. Fig. 4

Table 2 
Brief summary of major high temperature (HT) thermal energy storage (TES) technologies [60,61,62,63]. HX, heat exchanger; HTF, heat transfer fluid; R&D, research 
and technology development.

Typ. storage material Heat transfer concept Typical HTF Typ. temperatures Market status

Solids
Shaped ceramic bricks Direct contract regenerator Gases (e.g., air, flue gas) 400–1600 ◦C Commercial, > 100 MWh
Stones packed bed Direct contract regenerator Gases 200–800 ◦C Pre-commercial
Ceramic bauxite particles Two tank concept with HX Ceramic bauxite particles 400–800 ◦C Pre-commercial
Other solids+ ​ ​ ​ R&D and pre-commercial
Liquids
Pressurised water Sliding pressure/temperature Press. water, satur. steam 150–230 ◦C Commercial up to 30 MWh
Molten nitrate salt Two tank concept with HX Superheated steam 170–560 ◦C Commercial, > 1000 MWh
Others liquids* ​ ​ ​ R&D and pre-commercial
Phase change
Solid-liquid nitrate salt Indirect contact regenerator Water, steam 130–330 ◦C R&D
Solid-liquid metals Indirect contact regenerator Gases > 500 ◦C R&D
Thermochemical
CaO/Ca(OH)2 solid–gas Indirect contact reactor Steam 400–600 ◦C R&D
Other solid–gas reactions# ​ ​ ​ R&D

+ Examples include concrete, graphite, steel and sand.
* Examples include thermal oil, liquid metal, chloride molten salt, single tank with mixed nitrate salt and solids.
# Examples include salt hydrates, hydroxides, hydrides, carbonates and metal oxides.
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shows the typical process and heat integration with heat sources and 
sinks for the reconversion of an H2 carrier to H2. The H2 carrier is stored 
unpressurised (at ambient temperature or below ambient temperature in 
cold conditions), preheated, and converted to H2 in an endothermic 
reactor. The minimum process temperature is determined by the ther
mochemical equilibrium and kinetic reaction limitations. The maximum 
process temperature is constrained by factors such as catalyst stability, 
vapour pressure, structural material/reactor cost, and corrosion.

The heat required for the endothermic reconversion of LOHC, NH3, 
LNG, and MeOH is often supplied internally via combustion, utilising the 
following technical solutions: 

1. Combustion of part of the feed gas (NH3, methane, and MeOH)
2. Combustion of part of the product gas (H2)
3. Combustion of the off-gas from gas purification
4. Exothermic partial oxidation (POX) of feed gas (NH3, methane, and 

MeOH) with O2

The exothermic POX process can be combined with the 

decomposition or steam reforming (SR) reactions to form an auto
thermal (AT) process. AT processes have been considered for three H2 
carriers: NH3 [73,74], methane [75,76], and MeOH [77]. During the 
endothermic conversion, an additional (not easily avoidable) off-gas 
flow with a calorific value is often available (e.g., from pressure swing 
adsorption (PSA) gas purification), which can also be utilised for com
bustion. Often, this off-gas flow may not be sufficiently large to supply 
all the required heat for the endothermic process. All four methods for 
internal heat supply (combustion of feed, H2 and off-gas, as well as POX) 
have the disadvantage of reducing the H2 yield, which consequently 
requires a larger amount of H2 carrier to be imported. The aim of the 
work presented is to minimise the internal heat supply via combustion 
and to supply heat externally to achieve a high H2 yield and low quantity 
of H2 carrier import.

The required endothermic heat can also be supplied by an external 
source, such as electrical power, waste heat from industrial processes, or 
a climate-neutral gas [73,78]. However, the latter two methods are often 
unavailable. Direct utilisation of electricity is disadvantageous because 
renewable electricity is not always available. Hence, this work pursued 

Table 3 
H2 carrier options for sea transport, along with their pros and cons. The table was compiled from several sources [3,5,6,7,11,16,17,18,44,45,67,68,69,70,71,72]. TRL, 
Technology readiness level.

$= Back-calculated value for additional supplied H2 due to H2O reactions.
+ = Hazardous properties due to pressure and cryogenic liquefaction not included; GHS/CLP labelling (EC1272/2008), https://gestis.dguv.de/.
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the approach of converting volatile renewable electricity into HT heat 
via P2H, storing the heat through a TES, and making it continuously 
available for the endothermic process.

One technology already being used for smaller applications is the 
membrane reactor that separates H2 directly in the reactor using an H2- 
permeable membrane (e.g., LOHC [79], MeOH [55,80], methane [81], 
and NH3 [74,82,83,84]) [85]. Membrane reactors are promising 
because they avoid off-gas generation and allow for an increase in 
external heat integration. Nevertheless, this study focuses on large-scale 
SoA implementation. Hence, membrane reactors were not considered 
further in this study.

Some H2 reconversion systems also incorporate additional steam 
systems for heat integration and electricity generation from waste heat. 
The focus of the following detailed discussion of the four H2 carriers 
(LOHC, MeOH, methane, and NH3) is on efficient heat integration, with 
steam utilisation considered only in selected cases.

4.3.1. LOHC and the reconversion process
The selected LOHC was the conversion between dibenzyl toluene, 

C21H20 (H0-DBT), and the hydrogenated form perhydrodibenzyl 
toluene, C21H38 (H18-DBT): 

H(18)DBT(l) +9⋅65 kJ/mol ↔ H(0)DBT(l) +9H2(g) (1) 

DBT is known for its application as an HTF up to 350 ◦C [79]. Advan
tages include the simple storage and transport of H0-DBT and H18-DBT 
in liquid form, using conventional means of transport at ambient tem
perature and ambient pressure. Furthermore, charging and discharging 
occur at moderate temperatures (see Table 3), and the flammability and 
toxicity are relatively low. Although carbon is contained in the carrier 
medium itself, no CO2 handling is required during H2 charging or dis
charging [65]. A major disadvantage is the limited market maturity 
and penetration. Further disadvantages include the relatively high price 
(although it is not consumed, it must be kept in stock for H2 storage over 
a longer duration), low H2 volumetric energy density, which is relevant 
for ship transport, environmental toxicity, the typically employed 
expensive Pt catalysts, and a large amount of heat required for endo
thermic reconversion (Table 3).

Approximately 25 % of the energy content of the H2 produced must 
be provided for the dehydrogenation heat [16]. The typical tempera
ture and pressure range for DBT dehydrogenation is 270–320 ◦C and 
1–2 bar(abs), respectively [16,66,86]. Dehydrogenation occurs within a 
narrow temperature window and is limited at LTs by thermodynamic 
equilibrium and at HTs by the DBT vapour pressure [87]. The literature 
reports specific heat consumption values in a range of 11–12 kWh/kg-H2 

while the theoretical value calculated in this study is 9.1 kWh/kg-H2 
(Table 3) [18,88].

Heat integration in the H2 reconversion of DBT has been investi
gated in several studies. An overview by Li et al. [89] highlights research 
on integration in the areas of fuel cells, cement plants, methanisation, 
power generation, combined heat and power generation, and road ve
hicles. Tsogt et al. [65] conducted a multi-criteria analysis of four LOHCs 
and concluded that DBT has high potential. Heat integration with pinch 
analysis was also performed for both hydrogenation and dehydrogena
tion. Runge et al. [66] mentioned the use of P2H and molten salt TES 
without providing further details as options for the heat supply. Only 
limited literature is available on the process and heat integration of DBT 
dehydrogenation.

Based on the information from Li et al. [89] and Niermann et al. [16], 
the process and heat integration concept shown in Fig. 5 was developed 
as part of this study.

The TES systems described in Section 4.1 could be integrated to 
supply the nearly isothermal process heat. It is concluded here that these 
two basic variants can be distinguished: 

1) For sensible TES, heat from the air or molten salt flow (e.g., between 
300 and 500 ◦C) would be introduced into the LOHC reactor via 
indirect contact (e.g., tube register to separate LOHC and HTF). Air 
or molten salt would be supplied from the TES-P2H system. Air 
integration is similar to the utilisation of combustion flue gas, which 
has already been considered [65]. In the case of molten salts, it is 
necessary to determine whether unwanted DBT overheating occurs.

2) For PCM or TCS storage systems, which often operate isothermally, 
the discharge temperature would be adjusted to the LOHC reactor 
temperature with an additional temperature gradient for heat 
transfer (e.g., 310 ◦C). The DBT itself could serve as an HTF (with a 
high mass flow and small inlet-to-outlet temperature differences, for 
example, in cross-flow) while the PCM or TCS system could be 
positioned externally to the LOHC reactor. Alternatively, the PCM or 
TCS system could be integrated directly into the LOHC reactor. 
However, in this case, the TES size cannot be scaled independently of 
the LOHC reactor and may be limited in terms of size and storage 
duration.

The choice of the TES heat integration concept also depends on the 
maturity of TES-P2H technology, LOHC reactor size, and TES storage 
duration. For example, external sensible TES is suitable for large sys
tems, whereas integrated TCS or PCM systems are suitable for small 
systems with short storage durations.

Fig. 4. Simplified scheme illustrating the endothermic conversion of H2 carrier to H2. The illustration was abstracted and summarised from the four individual 
technologies − LOHC, NH3, LNG, and MeOH − as part of this work.
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4.3.2. Methanol and the reconversion process
The advantages of MeOH as an H2 carrier include simple storage 

and transport in liquid form using conventional means of transport at 
ambient temperature and ambient pressure. Additionally, it benefits 
from existing global trade with known infrastructure, biodegradability, 
and market potential both as a chemical product and fuel. This enables 
LT reconversion and has a low reaction heat for H2 reconversion. 
However, the low reaction heat cannot be considered in isolation, 
because a significant amount of additional energy is required for the 
evaporation of water and MeOH. A major disadvantage is the addi
tional effort needed for CO2 handling, which requires the provision of 
CO2 for synthesis and the release of CO2 during H2 reconversion (see 
discussion in Subsection 4.2). There is limited research and industrial 

activity on the endothermic H2 reconversion of MeOH compared to 
other H2 carriers, as the focus of MeOH is more on direct utilisation as a 
chemical or fuel [90].

Industrially, H2 is obtained from MeOH via thermochemical re
actions using heterogeneous catalysts [75,77,80,91]. Other concepts 
exist, but are not considered in this study: homogenous catalysts [92], 
photocatalysis, aqueous phase reforming [80], electrochemical pro
cesses [91], membranes as replacements for traditional reformer-type 
reactors [80,93], and AT reforming combining POX and SR [77].

Three major reactions are involved in the large-scale reformer-type 
thermochemical conversion of MeOH into H2. They are the endothermic 
MeOH SR (Eq. (2)), and the endothermic MeOH decomposition (Eq. (3)) 
combined with the exothermic water gas shift (WGS) reaction and (Eq. 

Fig. 5. Simplified scheme illustrating heat and process integration with P2H and TES for DBT as an H2 carrier. The illustration was created from literature sources 
[16,89] as part of this study. DBT, dibenzyl toluene; PSA, pressure swing adsorption; P2H, Power-to-heat; TES, thermal energy storage.

Fig. 6. Simplified scheme of the heat and process integration with P2H and TES for MeOH reconversion. The illustration was adapted from literature sources 
[75,77,94] as part of this work. LT, low-temperature; P2H, power-to-heat; PSA, pressure swing adsorption; TES, thermal energy storage.

T. Bauer et al.                                                                                                                                                                                                                                   Energy Conversion and Management 342 (2025) 120070 

10 



(4)) 

CH3OH(g) + H2O(g) +51 kJ/mol ↔ CO2(g) +3H2(g) (2) 

CH3OH(g) +92 kJ/mol ↔ CO(g) +2H2(g) (3) 

CO(g) + H2O(g) ↔ CO2(g) +H2(g) +41 kJ/mol (4) 

Eqs. (3) and (4) lead to the same overall MeOH SR reaction (Eq. (2)). In 
the MeOH to H2 conversion, there is no clear separation between SR and 
decomposition with WGS and all three reactions occur [68,75,77,81]. 
Different reaction mechanisms have been proposed by multiple re
searchers [58,77,80]. Literature values for the specific heat consump
tion are in the 10–15 kWh/kg-H2 range [18,88], which can be compared 
to the theoretical heat demand of 6 kWh/kg-H2 for the reactions and 
evaporation of MeOH and H2O.

Fig. 6 shows the scheme of the typical heat and process integration 
of a large-scale endothermic MeOH SR unit with an additional LT 
exothermic WGS reactor [75,77,94]. H2O and MeOH are miscible and 
are preheated, evaporated, and superheated together. Hot H2O-MeOH 
gas enters the MeOH SR reactor. The MeOH SR reactor is heated by 
combustion heat (off-gas and possibly additional fuel) and, of interest 
here, by HT heat from a TES-P2H system. A wide operating parameter 
range of the MeOH SR reactors can be found in the literature: 150–450 
◦C and 1–30 bar. Among the two typical catalysts, Pd- and Cu-based, Cu 
is favoured for large-scale implementation [18,58,75,77,80]. In princi
ple, there are various options for integrating heat from the hot flue gas 
and hot product gas. The heat integration, as well as the operating 
temperatures and pressures, were obtained from Papadias et al. [58] in 
Fig. 6, and the TES-P2H system was added. Remaining CO after the 
MeOH SR reactor is converted by the exothermic LT WGS reactor into 
CO2 and improves the H2 yield. In the subsequent PSA gas purification, 
off-gas is produced and combusted. Additional CO2 separation may also 
be included (not shown in Fig. 6).

Compared to LOHC, the overall heat integration of MeOH is more 
complex (e.g., additional H2O and MeOH evaporators and two reactors 
instead of one). A relatively large amount of heat is required for the 
evaporation of water and MeOH (4.6 kWh/kg-H2). If sufficient heat is 
not available via the hot product gas flow and hot flue gas, heat for the 
evaporation of water and MeOH can also be provided by the TES-P2H 
system. The endothermic reactor temperatures are similar to those of 
LOHCs; therefore, the TES-P2H technology options do not differ be
tween LOHC and MeOH. Hence, the reader is referred to Subsection 
4.3.1.

4.3.3. Methane and the reconversion process
LNG offers advantages in terms of high volumetric energy density, 

already widespread installed infrastructure, and existing technologies 
for the transport, storage and conversion of LNG and natural gas. 
Additionally, LNG has favourable properties as both a fuel and a 
chemical precursor. One of the primary disadvantages is the presence 
of carbon, which requires additional handling of CO2 during synthesis 
and H2 reconversion. A closed CO2 cycle, involving the shipment of LNG 
in one direction and liquid CO2 in the other by ship has been proposed 
[18,95]. Other disadvantages include liquefaction at LTs (high energy 
requirements and boil-off), high reconversion process temperatures, and 
a high amount of energy for H2 reconversion.

Reformer-type natural gas SR is currently the most widely used 
method for H2 production from natural gas. Three major reactions occur. 
These are the endothermic direct methane SR (Eq. (5)) and the endo
thermic methane SR with CO production (Eq. (6)): 

CH4(g) + 2H2O(g) +165 kJ/mol ↔ CO2(g) +4H2(g) (5) 

CH4(g) + H2O(g) +206 kJ/mol ↔ CO(g) +3H2(g) (6) 

Eq. (6), combined with the exothermic WGS reaction (Eq. (4)), leads to 

the same overall direct methane SR reaction (Eq. (5)). In the methane to 
H2 conversion, there is no clear separation between the direct SR and SR 
with the WGS, and all three reactions occur. Other methane-to-H2 
conversion developments exist, but are not considered here, e.g., LT 
(400–550 ◦C) SR technology, direct thermal decomposition of methane 
to carbon, and membrane reactors [75,76,96]. A typical literature value 
for the specific heat consumption is 17 kWh/kg-H2, which can be 
compared to theoretical values of 5.7 kWh/kg-H2 without water evap
oration and 8.8 kWh/kg-H2 with water evaporation [18,97].

Fig. 7 shows the scheme of the typical heat and process integration of 
a large-scale methane SR unit with a LT WGS reactor [75,94]. The 
proposed TES-P2H system is additionally presented. LNG and H2O are 
evaporated and preheated separately using heat from the ambient 
environment, hot product gas, and hot flue gas. LNG and H2O are mixed 
and enter the endothermic methane SR reactor. The methane SR reactor 
is heated via combustion heat (off-gas and additional fuel) and, of in
terest here, by HT heat from a TES-P2H system. A wide operating 
parameter range for the methane SR reactor can be found in the litera
ture, with values of 500–1100 ◦C and 3–25 bar. Ni-based catalysts have 
been mainly used in large-scale SR. The remaining CO in the product gas 
stream after methane SR is converted in the exothermic WGS reactor. In 
subsequent PSA gas purification, off-gas is produced and combusted. 
Additional CO2 separation may also be integrated (not shown) [75,94].

The electrification of methane SR has been the subject of several 
scientific studies [98] and industrial developments [99]. However, this 
electrification is related to direct electrification and does not include the 
proposed HT-TES-P2H concept, which uses a continuous heat supply to 
the process from a TES. Several studies have been conducted on methane 
SR with TES. This refers to SoA nitrate molten salt storage tanks, which 
can operate at up to 560 ◦C for the heat supply to membrane reactors for 
methane SR [100,101]. Traditional methane SR plants operate at higher 
temperatures (e.g., 520–850 ◦C; see Fig. 7). This makes the integration of 
large amounts of heat from the TES-P2H system difficult. Although a 
solid media regenerator-type TES system is commercially available up to 
temperatures exceeding 1000 ◦C, SoA P2H technology is currently 
limited in temperature to approximately 600 ◦C (see Subsection 4.1). 
Hence, R&D efforts for P2H and molten salt systems at elevated tem
peratures are required to couple larger heat fractions into the reformer. 
Alternatively, membrane reactors can be used at lower temperatures if 
scaled up at attractive costs. Another potential application for a TES- 
P2H system to increase the H2 yield could be water preheating and 
evaporation, when there is insufficient heat available from the hot 
product gas or hot flue gas streams (Fig. 7).

4.3.4. Ammonia and the cracking process
As for the other H2 carriers (LOHC, MeOH, and LNG), the SoA in 

science and technology regarding the process and heat integration of 
endothermic NH3 to H2 reconversion was analysed. As NH3 was selected 
for further consideration, an in-depth assessment is presented in this 
subsection. The integration of the TES-P2H system is discussed in Sec
tion 5, along with the Ebsilon modelling.

Several reviews and overview articles have been published on NH3 
crackers [55,56,73,74,78,102–108], with a focus on catalyst develop
ment [74,82,102,104,105,107,109,110] and some work on numerical 
simulations [111]. The following discussion summarises the status of the 
technological development. The synthesis of NH3 using the Haber-Bosch 
process from N2 and H2 is the world’s standard process for NH3 pro
duction (approximately 400–600◦C and 100–400 bar). The reverse 
process of NH3 cracking has thus far less been commercially used 
(restricted to a few niche applications). These processes are not opti
mised for pure H2 supply and include industrial processes, alkaline fuel 
cell supplies (only at a smaller scale, maximum ~1 t-H2/day), and 
deuterated NH3 crackers for heavy water production [67,73,74,104].

The following NH3 cracking reaction is thermodynamically favoured 
at HT and low pressure: 
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NH3(g) +46 kJ/mol ↔ 0.5N2(g) +1.5H2(g) (7) 

Theoretically, reactors operating at ambient pressure are advantageous 
[105]. However, it is becoming apparent from technological develop
ment that higher operating pressures are more favourable (e.g., avoid
ance of gas compression after NH3 crackers and more compact design) 
[56,104,105]. The typical operating pressure should match that of the 
downstream processes (e.g., PSA 10–40 bar). At higher operating pres
sures, the thermochemical equilibrium shifts to a lower NH3 conversion 
rate. The thermochemical equilibrium data are generally well-known. 
The conversion rate of the developed catalysts is often determined at 
atmospheric pressure [67,105]. Busse et al. [112] presented lab-scale 
measurements of a Ni-based catalyst in the range 450–680 ◦C and 
1–50 bar, demonstrating high conversion rates. To achieve the same 
conversion (e.g., 95 %) with a pressure increase from 1 to 50 bar, the 
measurements show that the temperature must be increased by 
approximately 100 ◦C. [112]. The reaction enthalpy of 46 kJ/mol ap
plies under standard conditions (25 ◦C, atmospheric pressure) and in
creases to 53 kJ/mol at 500 ◦C (the pressure dependency up to 100 bar is 
low at 500 ◦C) [67].

The total operating temperature range of the cracking process, as 
reported in the literature, is 400–1000 ◦C. The reaction is also kinetically 
limited (particularly in the lower temperature range). Catalysts can be 
used to improve the kinetics of the reaction, lower the reaction tem
peratures, and enhance the conversion rates of the NH3 cracking process 
[56,102]. Historically, there have been two temperature windows with 
long-term experience for NH3 cracking: 400–500 ◦C (Ru-based catalysts) 
and 700–1000 ◦C (Ni-based catalysts) [78,110,113]. Recently, Ni-based 
catalysts have also achieved good conversion at moderate temperatures 
in the range of 500–700 ◦C [110,112,113]. Additionally, Haldor Topsøe 
uses a Co-Fe-based catalyst for the intermediate temperature range of 
400–800 ◦C [114,115]. There are arguments for both lower and higher 
operating temperatures: 

• Benefits and arguments for lower temperatures include: opti
mised cracking (pre-cracking and simpler NH3 post-purification of 
the hot product gas stream), the use of inexpensive structural ma
terials, such as tubes (e.g., typical steel alloys lose considerable 
strength above 550 ◦C), lower heat losses, reduced thermal degra
dation of the catalyst, and simpler integration of an external heat 
source.

• Benefits and arguments for higher temperatures include: higher 
conversion rates (with fewer kinetic limitations), higher feasible 
operation pressures, higher heat transfer rates, and a more compact 
design.

NH3 crackers are currently being developed specifically for H2 pro
duction, and are already commercially available, although the tech
nology is still in its pilot phase. Development focuses on catalyst 
development (e.g., Johnson Matthey, Clariant Catalysts, Haldor Topsøe, 
and Evonik Catalysts), optimisation of operating parameters (especially 
pressure and temperature), reactor development, gas separation, and H2 
purification, as well as process integration to improve H2 yield, energy 
efficiency, and scalability. In addition to other predominantly non- 
commercial NH3-to-H2 conversion methods with a low technology 
readiness level (TRL) [73,74,102], several major lines of thermocata
lytic reactors are currently undergoing commercial development 
[56,73,78,84,104,105,114]: 

• Reactor designs similar to those used in conventional fired steam 
methane reforming – large-scale reformer-type NH3 cracker: 
Companies include Haldor Topsøe, KBR, Thyssenkrupp Uhde, Air 
Liquide, and Casale. These typically use nickel-based and, to some 
extent, iron-cobalt-based catalysts, with maximum temperatures of 
600–1000◦C. These reactors are intended for centralised cracker 
solutions and have a higher TRL, with some smaller-scale commer
cial installations [73,104,114,116].

• Small-scale reformer-type NH3 cracker: Often uses (expensive) 
ruthenium-based catalysts at temperatures of 400–500 ◦C. These are 
intended for decentralised NH3 crackers, with some commercial in
stallations [78,102,103,104]

• Thermocatalytic membrane reactors: Companies include H2SITE, 
Engie, Siemens Energy, and the Australian research institute CSIRO. 
They often use ruthenium-based (expensive) catalysts at 400–550 ◦C 
in combination with an H2-permeable membrane (based on palla
dium), offering the advantage of direct N2 separation. These reactors 
are small-scale for decentralised NH3 crackers and have a lower TRL 
[73,102,104,117].

The separation of mixed gases to obtain purified H2 fuel can present a 
challenge. Removal of N2 from H2 and purification of H2 can be 
achieved though methods such as adsorption, especially PSA, membrane 

Fig. 7. Simplified scheme illustrating the heat and process integration with power-to-heat (P2H) and thermal energy storage (TES) for LNG-to-H2 reconversion, 
incorporating a large-scale methane steam reforming (SR) unit with a low-temperature (LT) water gas shift (WGS) reactor. The illustration was adapted from 
literature sources [75,94] as part of this research. PSA, pressure swing adsorption.
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separation, LT separation (e.g., cryogenic distillation), and metal hy
dride separation. PSA is established for larger-scale industrial applica
tions (typically 10–40 bar, with H2 recovery rates of 65–90 %) [81]. 
Studies on cryogenic distillation for higher H2 purities and higher re
covery rates have also been reported [105]. Membrane technology has 
emerged as an alternative [81,118]. There are several techniques for 
removing the remaining NH3 from syngas, including thermal incin
eration (which produces nitrogen oxides (NOx)), scrubbing (which 
produces wastewater), the catalytic method (which uses an additional 
catalyst at temperatures exceeding 650 ◦C with lower energy efficiency), 
and thermally regenerated adsorbers [102,105]. Due to differences in 
the H2 characteristics and conditions, a combination of technologies 
(PSA and cryogenic distillation) or a steam-washing scrubber may be 
required.

In thermocatalytic reactors, the H2 derivative is preheated and fed 
through a reactor loaded with a catalyst. Various aspects must be 
considered during process integration. These include the evaporation 
and preheating of NH3, the design of the cracker for H2 production, H2 
separation and purification of the process gas (e.g., N2, CO2, and the 
remaining NH3), gas expansion and compression, if necessary, and the 
provision and integration of heat [58,78,84,114,116,119,120]. Heating 
often occurs via combustion (e.g., NH3 itself, in combination with N2-H2 
off-gas from the PSA, or with the injection of O2 and using POX for NH3 

AT operation). Electrically heated crackers are also being developed and 
are commonly used on smaller scales. The required H2 purity depends on 
the application. For example, lower purity requirements must be met 
when feeding H2 into the gas grid or for industrial supply (e.g., 99.9 %) 
compared to H2 supply for refuelling stations (99.97 % ISO 14687:2019) 
or proton exchange membrane (PEM) fuel cells (maximum 0.1 ppm 
NH3) [105,121].

Table 4 summarises the concepts of heat and process integration for 
large-scale reformer type NH3 crackers (large-scale membrane reactors 
[84] and small-scale units, such as those listed in Cha et al. [103], are 
not included here). Several large-scale NH3 crackers have been simu
lated as complete systems in scientific studies, with the Aspen software 
commonly used. Jackson et al. [8] and Makhloufi and Kezibri [117] 
modelled an NH3 cracker system for centralised H2 supply to filling 
stations and industry. Restelli et al. [121] modelled the long distance 
NH3 value chain from synthesis to cracking and a centralised cracker 
with a Gibbs reactor. Papadias et al. [58] compared different H2 carriers 
in terms of production, transmission, decomposition, and storage. For 
the NH3 cracking unit, a flow diagram and performance model were 
developed. Cesaro et al. [122] examined NH3 cracking for large-scale 
power plants. Pashchenko and Mustafin [123] modelled and examined 
the heat integration of the NH3 cracker in detail. The NEDO-WE-NET 
study utilised ambient heat for NH3 evaporation and contains details 

Table 4 
Concepts for process and heat integration in large-scale reformer-type NH3 cracker.

Aspect Industrial development Scientific literature

NH3 cracker operating parameters and catalyst 30–50 bar, Co-Fe catalyst, 400–800 ◦C 
[114,119] 
30–40 bar with Ni-based catalyst [116] 
600–900 ◦C at 20–40 bar [127]; > 40 bar 
[128] 
approximately 600 ◦C and in a single pass 
[129]

800 ◦C at 20 bar, Ni catalyst [58] 
400–550 ◦C at 10–30 bar, Ru catalyst [117] 
900 ◦C, 30 bar, Ni catalyst [121] 
700 ◦C at 1 bar, Ni catalyst [122] 
500–850 ◦C, 2 bar [124]

Source of heat supply for NH3 evaporator Yes, unknown (flue gas or hot prod. gas) 
[116] 
Hot product gas [119] 
Hot product gas → Steam [120]

Comb. flue gas [8,117] 
Hot product gas [58,121] 
Ext. process (turbine flue gas) [122] 
Ambient heat [124]

Source of heat supply for NH3 preheater Yes, unknown (flue gas or hot prod. gas) 
[116] 
Flue gas [119] 
Product and flue gas [120]

Comb. flue gas [8,58,117,122] 
Hot product gas [121,124]

Source of heat supply for NH3 pre-cracker Yes, unknown (flue gas or hot prod. gas) 
[116] 
Flue gas [119,120]

No pre-cracker [8,58,117,121,124] 
possibly, with comb. flue gas [122]

Source of heat supply for NH3 cracker Comb. of PSA off-gas + opt. H2/N2 [116] 
Comb. PSA off-gas + H2,H2/N2 or ext. fuel 
[119] 
Comb. of PSA off-gas + NH3 or ext. fuel 
[120]

H2O/NH3 absorption / distillation [8,117] 
Comb. of PSA off-gas & natural gas [58] 
Comb. of PSA off-gas and NH3 [121] 
Comb. of N2 + H2 [122] 
Comb. of PSA off-gas and H2 [124]

Sources of heat supply and combustion air preheating Unknown [116,119,120] Comb. flue gas [8,117,121] 
Hot product gas [58] 
Ext. process (turbine flue gas) [122] 
Unknown [124]

Integration of steam cycle in combustion flue gas Yes, integration unknown [114] 
No or unknown [116,130] 
Yes, used for NH3 evaporator [120] 
Yes, steam export [128]

Steam turbine [8,117] 
No [121,122] 
No, but gas turbine in comb. flue gas [124]

NH3 separation Yes, but unnamed [114] 
H2O/NH3 absorption / distillation 
[116,128]

8 vol% NH3 in product gas, H2O/NH3 absorption / distillation 8 stages 
[8,117] 
Yes, but unnamed [121] 
No, direct 99 % N2-H2 usage [122] 
No [124]

N2 separation (efficiency) PSA (unknown) [114,116,128] Cryogenic cycle [8,117] 
PSA (unknown) [121] 
No, direct N2-H2 usage [122] 
PSA (75 %) [58,124]

NH3 delivery quantities 15–500 t-H2/day [114,115,119] 
10–1200 t-H2/day [116] 
5–1300 t-H2/day [128] 
70–700 t-H2/day [131]

200 t-H2/day [8,117] 
50–350 t-H2/day [58] 
34 t-H2/day [121] 
106 t-H2/day [122] 
420 t-H2/day [124]
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on the mass flow, flow composition, temperature, and pressure; there
fore, it was used for model validation in this study (see Subsection 5.1) 
[124,125]. In the literature, the energy consumption of NH3 crackers is 
reported over a wide range of 4.3–16 kWh/kg-H2, with most data in the 
range 8–12 kWh/kg-H2. The theoretical value for cracking is 4.3 kWh/ 
kg-H2, and cracking with evaporation results in 6.4 kWh/kg-H2 
(Table 3) [11,18,88,104].

The summary of industrial commercial development presented in 
Table 4 demonstrates that high pressures in NH3 crackers (20–50 bar) 
are favourable for large-scale implementation. It can be assumed that 
these pressures were selected to match the PSA pressure to avoid addi
tional gas compression stages. Limited information has been published 
on the maximum temperature level of the NH3 catalyst in the crackers 
under commercial development; therefore, a wider range of 400–900 ◦C 
is possible. The frequent use of NH3/H2O absorption/distillation sug
gests that the cracker is designed with a residual amount of NH3 in the 
hot product gas stream, which occurs at lower operating temperatures. 
PSA is widely used for further purification (compared to cryogenic pu
rification as the other commercial alternative). Heat integration is a 
widely used method. The heat sinks include the NH3 evaporator, NH3 
preheater, NH3 (pre)crackers, as well as combustion air and fuel pre
heating. The heat sources include the hot product gas and hot flue gas 
streams (from NH3, H2, H2 + N2 off-gas, and external gases). Industrial 
developments typically report energy efficiencies rather than specific 
heat consumption in kWh/kg-H2. Energy efficiencies can be difficult to 
interpret (see the efficiency discussion in Section 5). A typical value for 
H2 yield in industrial developments is 78 %, using heat supply from NH3 
[115,116,126].

5. Results and discussion of technical heat integration

Compared to other H2 derivatives, the NH3 pathway has no signifi
cant obstacles (Table 3). NH3 is supported by energy policies in DE and 
JP, and existing supply chains can be utilised for its distribution. The 
commercial-scale reconversion of NH3 into H2 has not yet been estab
lished. The energy required for the endothermic reconversion of NH3 to 
H2 is typically supplied via NH3 combustion. This leads to a larger 
(undesirable) fraction of valuable NH3 imports. For this reason, heat 
integration with an external heat supply for NH3 crackers is analysed in 
more detail through simulations in the following subsections.

First, efficiencies and specific energy consumptions were defined to 
evaluate the results. The H2 yield, ηH2, is generally defined for the four 
considered H2 carriers as the ratio of the molar flow of the H2 product to 
the molar flow, F, of the chemical carrier, multiplied by the stoichio
metric coefficient, X, of the equilibrium equations (see also Table 3): 

ηH2 =
Fproduct

H2

X⋅Ffeed
Carrier

(8) 

The H2 yield for NH3, ηH2,NH3, is defined in terms of the mass flow, ṁ, of 
H2 as the product gas and NH3 as the feed gas, where M represents the 
molar mass of H2 and NH3. According to this definition, ṁfeed

NH3 
includes 

both the NH3 used for H2 conversion and the NH3 used as fuel: 

ηH2,NH3 =
ṁproduct

H2
1.5⋅MH2
MNH3

ṁfeed
NH3

=
ṁproduct

H2

1.5⋅MH2
MNH3

(

ṁfeed
NH3→H2

+ ṁfeed
NH3 ,heat

) (9) 

Certain studies defined the NH3 energy efficiency, ηE,NH3, where HLHV 
are the LHVs of H2 and NH3 [115,116,129]: 

ηE,NH3 =
ṁproduct

H2
⋅HH2 ,LHV

ṁfeed
NH3

⋅HNH3 ,LHV
(10) 

The total NH3 energy efficiency, ηE,total, includes external TES heat and 
the electricity consumption of the key electrical components, such as 

pumps and compressors: 

ηE,total =
ṁproduct

H2
⋅HH2 ,LHV

ṁfeed
NH3

⋅HNH3 ,LHV + Pel + Q̇TES
(11) 

Notably, this definition of ηE,total does not include the additionally 
considered ambient heat flow, Q̇amb, used in some cases, as it is assumed 
to be freely available.

Inserting Eq. (9) into Eq. (10) leads to the following: 

ηE,NH3 = ηH2,NH3⋅
1.5⋅MH2

MNH3
⋅
HH2 ,LHV

HNH3 ,LHV
= ηH2,NH3⋅1.134 (12) 

When HLHV values are inserted into Eq. (12), it becomes evident that this 
definition leads to an impractical energy efficiency, yielding values of 
ηE,NH3 > 100 % for ηH2,NH3 = 1. Therefore, only the energy efficiency, 
ηE,total, as defined in Eq. (11) was used for the Sankey diagram (Fig. 12). 
To determine the differences between the following modelling cases, 
several specific energy consumptions were defined as the energy 
required per unit mass of produced H2 (kWh/kg-H2). Using mathemat
ical conversion of Eq. (9) and the LHV of NH3, the specific NH3 heat 
consumption, hNH3,heat, can be calculated: 

hNH3,heat =
MNH3

1.5⋅MH2

(
1

ηH2,NH3
− 1

)

HNH3 ,LHV (13) 

For example, an H2 yield of ηH2,NH3 = 80 % results in hNH3,heat = 7.3 
kWh/kg-H2. This value can be compared to the theoretical energy 
required for NH3 cracking, which is 4.2 kWh/kg-H2, and the theoretical 
energy required for NH3 evaporation and cracking, which is 6.4 kWh/ 
kg-H2 (Table 3). Eq. (13) shows that if all NH3 feed gas is converted into 
H2 (ηH2,NH3 = 1), the specific NH3 heat consumption, hNH3,heat, becomes 
0. This occurs when all the heat is supplied externally.

In this study, the two external heat sources – ambient heat and HT 
heat from an HT-TES-P2H system – were analysed. The specific heat 
from the HT-TES-P2H system is defined as the quotient of the heat flow 
from the HT-TES-P2H system to the product mass flow of H2 (kg/s): 

hQ̇,TES =
Q̇TES

ṁproduct
H2

(14) 

Similarly, the specific heat from the ambient environment is defined as: 

hQ̇,amb =
Q̇amb

ṁproduct
H2

(15) 

Analogous to the external heat, the specific electricity consumption, hPel, 
of the main electrical consumers is defined as follows: 

hPel =
Pel

ṁproduct
H2

(16) 

The thermodynamic modelling of the heat integration of the NH3 
cracker was performed in Ebsilon.

The remainder of this section is divided into four subsections: 

• Model validation of an NH3 cracker (Subsection 5.1)
• Definition of a reference case based on the current large-scale 

implementation of an NH3 cracker (referred to as the ‘best guess’ 
case in Subsection 5.2)

• Parameter variations and adaptions of the ‘best guess’ case for the 
integration of external ambient heat and heat from the HT-TES-P2H 
system (Subsection 5.3)

• A simplified economic analysis with and without the proposed HT- 
TES-P2H concept for an NH3 reconversion plant with a capacity of 
500 t-H2/day and a supply chain from Brazil/Australia to DE 
(Subsection 5.4)
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5.1. Modelling validation method

The design of a large-scale NH3 cracking unit from a subtask report of 
the WE-NET project was used for the validation of the Ebsilon model 
with the following method [124,125]. Fig. 8 presents the process flow 
diagram of the WE-NET project. Ebsilon is a commercial software for 

industry and research. Ebsilon uses the topology information and spec
ification values of the components to set up a matrix of nonlinear 
equations, which is first linearised and then solved iteratively using a 
Gauss-Seidel algorithm [26]. The governing equations for the individual 
components (e.g., Gibbs reactor) are presented directly in the Ebsilon 
documentation or previous studies [26]. The property values of the 

Fig. 8. Process flow diagram illustrating the heat integration of a large-scale reformer type NH3 cracker from the WE-NET project, used for Ebsilon model validation 
in this study. PSA, pressure swing adsorption.

Fig. 9. Process flow diagram illustrating NH3 cracker heat integration, approximating the current industrial large-scale reformer-type development, referred to as the 
‘best guess’ case. HX, heat exchanger; PSA, pressure swing adsorption.
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substances stored in Ebsilon were used. The Ebsilon NH3 thermochem
ical equilibrium data for decomposition showed close agreement with 
the literature values from Appl [67]. Liquid NH3 was first evaporated 
under ambient heat at a low NH3 pressure. The gaseous NH3 was then 
preheated to 500 ◦C with heat from the hot product gas stream. The NH3 
cracker was modelled in Ebsilon using two Gibbs reactors connected in 
series at 500 and 850 ◦C with heat integration. Heat was transferred 
from the hot product gas flow at 850 ◦C to the cold NH3 flow and a steam 
cycle. The residual heat of the hot product gas stream was water-cooled 
and compressed for the PSA. For all simulations, an idealised isothermal 
operation of the PSA was assumed. The PSA off-gas and part of the H2 
produced were used to provide combustion heat to the endothermic NH3 
cracker. Finally, the H2 was compressed to an absolute pressure of 61 
bar. Further details on the steam cycle for power generation could not be 
found in the original publications [124,125].

The results of the Ebsilon simulation were compared with the pa
rameters published in the WE-NET project. A direct comparison was not 
made, as the values between the Ebsilon simulation in this study and the 
published WE-NET values in the literature were virtually identical. No 
complete data set was published in the WE-NET project. All reported 
values [124,125], shown in Fig. 8, were successfully validated. The 
values for the steam cycle for power generation could not be validated as 
they were not published in the WE-NET project. In the Ebsilon simula
tion, approximately 28 MWel was generated by cooling the hot flue gas 
flow from 511 to 201 ◦C and cooling the hot product gas from 511 to 
200 ◦C in an intermediate pressure boiler.

5.2. Industrial large-scale ‘best guess’ reference case

To compare the heat integration approaches analysed in this study, a 
‘best guess’ case was defined as the reference. The ‘best guess’ case 
closely aligns with the large-scale industrial development of NH3 
crackers (Table 4). The following methodological assumptions and 
definitions were made for the heat integration process, as shown in 
Fig. 9: 

• As input boundary conditions, liquid NH3 was assumed to be im
ported (via ship) and stored in an intermediate tank at atmospheric 
pressure, with a constant NH3 supply of 36.67 kg-NH3/s (3168 t- 
NH3/day) at − 34 ◦C. This mass flow is consistent with the validation 
case (Subsection 5.1).

• With an H2 yield, ηH2,NH3, of 79.1 % (a modelling result), the H2 
product output flow was 482 t-H2/day according to Eq. (9). This 
value of 482 t-H2/day can be considered as a typical average for the 
specified large-scale industrial development portfolio (Table 4). It 
was assumed that H2 was fed at ambient temperature into an H2 
network in the future. In DE, a pressure level range of 70–100 bar is 
considered [132], and an average value of 85 bar was defined. It was 
assumed that the PSA satisfied the purity requirements.

• For the H2 system pressure, it was assumed that liquid NH3 was 
directly pressurised using a pump to a suitable pressure level for a 
PSA of 35 bar(abs) to omit the compression stages in the gas phase. 
This assumption matches the typical pressure data for the develop
ment of industrial NH3 crackers (Table 4). As pressure losses do not 
play a significant role in heat integration, they were neglected for 
simplification. Furthermore, for simplicity, only large electrical 
consumers (gas compressors and pumps) were considered.

• Industrial developments typically utilise partial NH3 conversion with 
downstream NH3 separation. The usual separation of NH3 (e.g., 
H2O/NH3 absorption/distillation) upstream of the PSA was not 
modelled separately due to the small separated NH3 mass flow, 
which has a minimal impact on heat integration. The off-gas com
bustion of the small amount of NH3 was assumed for simplification.

• In the LT range (400–500 ◦C), a more expensive Ru-based catalyst 
can be used. The traditional HT range (700–1000 ◦C) has disad
vantages, as explained in Subsection 4.3.4. There is a general trend in 

catalyst and cracker development aimed at achieving medium 
operating temperatures. NH3 cracking was assumed to start at 400 
◦C as a fixed parameter, which was adopted from Haldor Topsøe. The 
temperature of 700 ◦C was selected as the upper fixed limit (Table 4). 
This presents an average (rather low) value for industrial develop
ment and allows for simpler heat integration.

• The NH3 cracker furnace was modelled as a Gibbs reactor. With this 
approach, it can be expected that the conversion at LTs is over
estimated (kinetic limitations are not modelled), and lower NH3 
conversions are achieved overall. To account for this, care was taken 
when modelling the NH3 crackers to ensure that there was at least a 
20 ◦C temperature difference at the pinch point. A combustion 
temperature of up to 1400 ◦C was assumed, and the combustion air 
ratio was varied as a free parameter.

• Similar to industrial projects, heat sources (hot product gas and hot 
flue gas) and sinks (NH3 evaporator, − preheater, and − cracker) were 
used for heat integration. To avoid overly complex and component- 
intensive heat integration, and for consistency with industrial 
development, heat integration was limited to three options: 
1) NH3 preheating (− 34 ◦C to 400 ◦C) with the hot product gas
2) Heating of the NH3 cracker with PSA off-gas combustion
3) Off-gas and air preheating by the hot flue gas

NH3 evaporation with ambient heat has not yet been adopted by 
industry and was therefore not included in the ‘best guess’ case, 
but was investigated in Subsection 5.3.

• An additional steam cycle for the conversion of waste heat into 
electricity was analysed, but excluded for simplicity due to the low 
overall increase in energy efficiency for the assumed heat 
integration.

The results of the mass flows, gas compositions, temperatures, and 
efficiencies are presented in Fig. 9. For the subsequent comparison with 
other cases, primarily the H2 yield (Eq. (9)) and the specific NH3 heat 
consumption defined in Eq. (13) of the ‘best guess’ case were used. A 
typical H2 yield, ηH2,NH3, value for large-scale industrial NH3 crackers 
was 78 % (Table 4), when NH3 (or produced H2) was also used to pro
vide heat for the endothermic NH3 cracker. For the ‘best guess’ case, a 
slightly higher but similar value of 79.1 % was achieved. The PSA re
covery rate of 80.4 % was similar to the H2 yield of 79.1 %. The two 
efficiencies were not entirely identical because small amounts of the 
NH3 were not converted in the NH3 cracker and therefore remained in 
the off-gas (0.62 kg/s; Fig. 9). The specific NH3 heat consumption, hNH3, 

heat, was 7.70 kWh/kg-H2. The total electricity consumption was 
approximately 8.8 MWel, which results in a specific electricity con
sumption of hPel = 0.44 kWh/kg-H2.

5.3. Integration of P2H and TES with parameter variation

The primary objective of the following parameter variation was to 
thermodynamically model and investigate the technical feasibility of 
integrating external heat sources (ambient heat and heat from the HT- 
TES-P2H system) using the ‘best guess’ case as a reference (Fig. 1, 
Fig. 9; Subsection 5.2). Compared to the ‘best guess’ case, additional 
methodological assumptions were made for the following analysis of 
external heat integration: 

• For the NH3 cracker furnace, the H2 fraction in the off-gas was at 
least 5 vol% of the combustion educts to remain within the flam
mability limit range.

• In the ‘progressive’ case, no combustion occurred. It was assumed 
that small quantities of remaining NH3 in the product gas were 
recycled and added to the feed stream.

• Compared to the ‘best guess’ case, the following components were 
adapted in size or omitted for certain cases: NH3 pump, NH3 cracker 
furnace, product cooler, and PSA, as well as heat exchangers (HXs) 
for hot product gas, flue gas, and air.
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• Compared to the ‘best guess’ case, the following additional compo
nents were introduced: NH3 pre-cracker, NH3 compressor, NH3-TES 
combi-cracker, and the HT-TES-P2H system.

• The optimisation of the model cases with respect to these compo
nents and their size was adjusted manually. The heat and mass bal
ances were checked using a stationary Ebsilon simulation.

• The key design parameters of the HT-TES-P2H system are the P2H 
charging power (e.g., MW), the storage capacity (e.g., MWh), and the 
power (e.g., MW), as well as the outlet and return temperatures, of 
the discharge unit. A complete modelling of the HT-TES-P2H system 
was not carried out, as this would have required an annual simula
tion with a time-series, which is beyond the scope of this study. For 
the Ebsilon modelling, a constant discharge power and fixed tem
peratures adapted to the endothermic process were assumed for 
simplicity. The upper process temperature is the key parameter of the 
HT-TES-P2H system in this study. The sensitivity was compared for 
two cases: 565 ◦C (ambient and TES-P2H SoA case) and 720 ◦C 
(progressive case).

Table 5 lists the examined modelling cases (columns) along with 
their assumed input modelling parameters (rows of the upper part of the 
table). All variables in the table can be compared to those of the ‘best 
guess’ case.

The results of the modelled cases are discussed below. The lower 
part of Table 5 presents the results of the Ebsilon simulations. The dis
cussion focusses on improved H2 yield, ηH2,NH3, and different specific 
energy consumptions, as key evaluation criteria for the different heat 
integration cases. The results are illustrated in Fig. 10, which shows the 
specific energy consumptions with respect to the H2 yield. It was 
assumed that the ambient heat is free or available at a low cost; thus, it 
was plotted with negative values to distinguish it from other 
consumptions.

In the ‘optimised best guess’ case, the heat integration was 
improved. For the best ‘guess case’, thermal losses of 2.4 MWth occurred 
at the product cooler (Fig. 9). To avoid the cooler, better integration of 
the hot product gas heat was achieved via an additional NH3 pre-cracker 
heated by the hot product gas stream compared to the “best guess” case. 
The integration of the NH3 pre-cracker can be observed in a different 
case, as shown in Fig. 11.

As the avoided product cooler is relatively small compared to the 
heat consumption, this results in only a small improvement in the 
specific NH3 heat consumption, from 7.70 to 7.56 kWh/kg-H2 (2 % 
improvement).

The ‘ambient heat SoA case’ investigated the feasibility of inte
grating ambient heat for NH3 evaporation to improve the H2 yield. NH3 
evaporation was assumed to occur at 5 bar (absolute pressure) and 4 ◦C, 
with a seawater supply. This requires an additional evaporator and a 
relatively power-intensive compressor after evaporation to achieve the 
same pressure of 35 bar as in the ‘best guess’ case. For the heat inte
gration shown in the ‘best guess’ case (Fig. 9), the additional ambient 
heat introduces excess heat in the hot product gas. This excess heat 
would be discarded by the product cooler. Therefore, to minimise this 
effect, an additional NH3 pre-cracker was introduced. The heat inte
gration for this NH3 pre-cracker can be observed in a different case, as 
shown in Fig. 11.

The results showed that the specific NH3 heat consumption signifi
cantly improved, decreasing from 7.70 to 5.54 kWh/kg-H2. This also 
leads to an increase in the H2 yield, ηH2,NH3, from 79.1 to 84.1 % 
(approximately 6 % improvement). However, an additional 14.3 MWel 
of electricity is required for the NH3 gas compressor, which heats NH3 to 
177 ◦C during compression. Due to the integration of ambient heat, part 
of the hot product gas heat must be cooled (product cooler with a ca
pacity of approximately 29 MWth).

The ‘TES-P2H heat SoA’ case considered the integration of HT heat 

Table 5 
Definition of examined modelling cases (columns) along with their assumed input modelling parameters (rows in the upper part of the table) and the modelling results 
(rows in the lower part of the table). All variables in the table can be compared to those of the ‘best guess’ case.

Case: Best 
guess

Optimised best 
guess

Ambient heat 
SoA

TES-P2H heat 
SoA

Ambient &TES- 
P2H SoA

Progressive (Ambient +
TES-P2H)

Unit

Input/Varied parameter
NH3 compressor and evaporator No No Yes No Yes Yes ​
NH3 pre-cracker No Yes Yes Yes Yes Yes ​
NH3-TES cracker No No No Combi. Combi. Yes ​
Product cooler Yes No Yes No Yes Yes ​
PSA and off-gas combustion Yes Yes Yes Yes Yes No ​
Results of NH3 pre-heating and evaporation
Ambient heat for NH3 evaporation No No 56.3 No 56.3 56.3 MWth

Hot product gas heat for NH3 heating 88.7 88.7 22.6 88.7 22.6 23.2 MWth

Results of cracking heat supply
Flue gas heat for cracking 161.2 158.8 120.5 26.6 26.6 No MWth

Hot product gas heat for pre-cracking No 2.4 40.7 2.4 39.3 40.0 MWth

TES heat for cracking No No No 132.2 95.3 123.8 MWth

Share of pre-cracking 0 % 1 % 25 % 1 % 24 % 24 % ​
Results of electrical consumption
NH3 compressor No No 14.3 No 14.3 14.3 MWel

H2 compressor 8.6 8.7 9.2 10.5 10.5 10.9 MWel

Total electrical consumption 8.8 9.1 23.5 10.7 24.8 25.2 MWel

Results of heat losses
Product cooler 2.4 No 29.2 No 29.2 29.4 MWth

H2 cooler 10.2 10.2 10.8 12.3 12.3 12.8 MWth

Flue gas temperature 123 124 132 152 152 No ◦C
Results of efficiency, consumption & prod.
PSA recovery rate 80.4 % 80.7 % 85.4 % 97.5 % 97.5 % No ​
H2 yield ηH2,NH3 79.1 % 79.4 % 84.1 % 96.0 % 96.0 % 100 % ​
Energy eff. with electr. and heat power ηE,total 89.2 % 89.6 % 93.0 % 91.8 % 94.2 % 95.0 % ​
Specific NH3 heat consumption hNH3,heat 7.70 7.56 5.54 1.22 1.22 0 kWh/kg-H2

Specific ambient heat consumption hQ̇,amb No No 2.64 No 2.31 2.22 kWh/kg-H2

Specific TES heat consumption hQ̇,TES No No No 5.43 3.92 4.88 kWh/kg-H2

Specific electricity consumption hPel 0.44 0.44 1.10 0.44 1.02 1.00 kWh/kg-H2

Mass flow of H2 production ṁproduct
H2

5.574 5.595 5.921 6.760 6.760 7.043 kg/s
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from a TES-P2H system into the NH3 cracking process. The integration of 
the HT-TES-P2H system can be observed in a different case, as shown in 
Fig. 11. The minimum and maximum HTF temperatures were assumed 
to be 420 and 565 ◦C, respectively. The TES system can be realised using 
either a molten salt storage tank with molten salt as the heat transfer 
medium, or a solid media storage system with air as the heat transfer 

medium (see Subsection 4.1). Due to the temperature limitations of 
these SoA HT-TES-P2H systems and the required integration of the off- 
gas, a multi-stage NH3 cracker system was assumed. The hot part is 
heated by the combustion system while the colder part is supplied by the 
TES-P2H system. For the overall thermal optimisation of the system, an 
additional NH3 pre-cracker was assumed (as in the ‘ambient heat SoA’ 

Fig. 10. Comparison of Ebsilon results in terms of specific consumption vs. H2 yield of all NH3 cases.

Fig. 11. Process flow diagram illustrating the ‘ambient & TES-P2H SoA’ case, with external heat supplied from the ambient environment at LT and a TES-P2H system 
at HT. HX, heat exchanger; P2H, power-to-heat; PSA, pressure swing adsorption; TES thermal energy storage.
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case).
The results showed that a majority of the energy for the cracking 

process can be provided by the HT-TES-P2H system. The specific NH3 
heat consumption decreased from 7.70 kWh/kg-H2 to only 1.22 kWh/ 
kg-H2. This also led to a significant improvement in H2 yield, from 79.1 
to 96.0 %. The high H2 yield, ηH2,NH3, was accompanied by a high PSA 
recovery rate of 97.5 %, which is technically unusual and requires high- 
level equipment for the separation process. For example, Kumar et al. 
[81] reported a typical technical PSA range of 65–95 %. A small amount 
of H2 in the off-gas can also restrict combustion. The flammability range 
of H2 was still fulfilled; however, it did not allow for further gas dilution. 
The heat in the hot product gas can be fully integrated such that no 
product cooler is required. Due to the larger quantity of produced H2, 
the electricity consumption of the H2 compressor increases slightly, from 
8.6 MWel in the ‘best guess’ case to 10.5 MWel in the ‘TES-P2H heat SoA’ 
case.

In the ‘ambient & TES-P2H SoA’ case, the combination of ambient 
heat and the TES-P2H system was analysed. Fig. 11 depicts the process 
flow diagram with the following additional components compared to the 
‘best guess’ case: NH3 evaporator, NH3 compressor, NH3 pre-cracker, 
NH3-TES combi-cracker, and TES-P2H system.

The results showed that the H2 yield cannot be further increased 
through a combination of ambient and HT heat, resulting in a high and 
identical value of 96 %, which is the same as in the ‘TES-P2H heat SoA’ 
case. Similar to the ‘ambient heat SoA’ case, the ‘ambient & TES-P2H 
SoA’ case also had the disadvantages of a high power requirement for 
the NH3 compressor, along with the same losses at the product cooler of 
29 MWth. Both the ‘ambient heat SoA’ and ‘ambient & TES-P2H SoA’ 
cases required the same absolute quantity of ambient heat, approxi
mately 56 MWth. In the ‘ambient & TES-P2H SoA’ case, however, the 
amount of produced H2 was higher, resulting in a decrease in specific 
ambient heat consumption from 2.64 to 2.31 kWh/kg-H2. The heat 
provided by the HT-TES-P2H system dropped significantly from the 
‘TES-P2H heat SoA’ case to the ‘ambient & TES-P2H SoA’ case. The 
value decreased from approximately 132 MWth to approximately 95 
MWth, or in terms of specific TES heat consumption from 5.43 to 3.92 
kWh/kg-H2. It can therefore be concluded that the ‘ambient & TES- 
P2H SoA’ case is the most favourable, as it achieved the highest H2 
yield while minimising the amount of external HT heat required, thus 
reducing the electricity consumption of the TES-P2H system for 
charging.

The final ‘progressive’ case refers to the ‘ambient & TES-P2H SoA’ 
case, but deviates from the SoA by assuming technological progress. It 
was assumed that gas separation could be optimised (e.g., membrane 
technology) such that no off-gas was produced and combustion could be 
omitted. It was also assumed that the temperature limitations in the P2H 
and TES systems can be overcome and that the storage system can 
provide heat across the overall range of 420–720 ◦C. This could be 
achieved, for example, through the development of P2H systems oper
ating above 600 ◦C and improved salt systems. It is also conceivable that 
the operating temperature of the NH3 cracker could be reduced with 
improved catalysts, though this was not modelled to maintain case 
comparability.

Compared to the ‘ambient & TES-P2H SoA’ case, the results showed 
that NH3 preheating, evaporation, and superheating were nearly iden
tical. The heat from the hot flue gas was replaced by heat from the TES- 
P2H system, and the H2 yield could be increased from 96 to 100 % 
(Table 5). With technical progress, the theoretical potential for 100 % 
external heat provision for NH3 evaporation and cracking could be fully 
exploited. Consequently, the H2 yield, or the amount of H2 produced, 
improved by 20.9 % compared to the ‘best guess’ case.

Further improvements to the ‘progressive’ case are possible. In 
principle, the product cooler can be avoided if NH3 evaporation is partly 
performed by the hot product gas heat and partly by ambient heat. This 
should reduce the ambient heat amount and lower the power con
sumption of the NH3 gas compressor. It is also feasible to incorporate LT 

waste heat (> 85 ◦C) from surrounding industrial processes in the port 
area (instead of ambient heat) or LT solar heat for direct NH3 evapora
tion at 35 bar and 72 ◦C. Thus, the electrical energy of the NH3 gas 
compressor can be avoided. For both improvements (avoidance of the 
product cooler and integration of LT waste heat), no significant influ
ence on the relevant H2 yield was expected. Therefore, modelling was 
not performed due to the complexity and limited impact on the overall 
results. It would also be possible to replace all or part of the P2H system, 
which is fed by PV and wind systems, with a concentrating solar heating 
system. The investigation of these approaches goes beyond the scope of 
the work presented here.

5.4. Potential savings of the ‘progressive’ case

The following discussion provides a simplified estimate of the eco
nomic viability of a 500 t-H2/day NH3 conversion plant with and 
without the HT-TES-P2H system. The aim was to determine the capital 
expenditure (CAPEX) savings for the ‘progressive’ case compared to the 
‘best guess’ case. For the ‘progressive’ case, there are significant savings 
in the exporting country along the process chain, but also smaller 
additional investments in the importing country for an HT-TES-P2H 
system, as well as wind and PV systems.

The averaged values were assumed for a green NH3 supply chain 
from Brazil/Australia to DE for the year 2030. These two export coun
tries were selected as particularly favourable for DE by Hank. Several 
major methodological assumptions were made based on the studies 
conducted by Hank et al. [17,44] (also outlined in Table 6): 

• Averaged values from three Brazilian and three Australian locations
• Specific PV and wind CAPEX
• Full load hours of wind and PV
• Renewable curtailment share of 16 % (84 % utilisation of renewable 

power)
• Fixed cost share of 55 % CAPEX for renewables out of the total 

CAPEX
• Fixed cost share of 14 % for other costs out of the total CAPEX
• Fixed average share of wind generation at 59 % of the total renew

able generation
• The conversion efficiencies from renewables to delivered NH3, based 

on the annual energy demand and LHV of H2 and NH3, are shown in 
Fig. 12

Separate assumptions were made for the NH3 reconversion, the HT- 
TES-P2H system, and the DE renewable electricity supply. The energy 
efficiencies of NH3-to-H2 conversion, based on the LHV, were taken from 
Table 5 (also shown in Fig. 12). The ‘best guess’ case served as a refer
ence, with a slightly increased H2 production capacity from 482 to 500 t- 
H2/day (16.7 GWhLHV,H2/day) as a round value (Subsection 5.2). A 
second case, labelled ‘progressive + ambient heat’, was defined with the 
same production rate of 500 t-H2/day for comparison.

It was assumed that the HT-TES discharge unit provides heat for 
6000 h/year (68.5 % operation during the year). In the remaining time, 
the ‘ambient heat SoA’ case was assumed, which involves operation with 
both NH3 combustion and ambient heat provision for the NH3 cracker. 
Hence, the ‘progressive + ambient heat’ case represents a mixed oper
ation of the ‘progressive’ case, with 6000 h/year using the HT-TES-P2H 
system, and the remaining 2760 h/year using the ‘ambient heat SoA’ 
case without the HT-TES-P2H system (Fig. 12). The following equation 
defines the mixed energy efficiency of NH3-to-H2 conversion based on 
LHV for the ‘progressive + ambient heat’ case: 

ηE,total* =
2760 h
8760 h

ηambient heat
E,total +

6000 h
8760 h

ηprogressive
E,total (17) 

where ηE,total is defined in Eq. (11), which includes electrical power and 
heat flow from the HT-TES-P2H system. A long, but already realised, 
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TES duration of 15 h was assumed from concentrating solar thermal 
power plants [61]. For the 500 t-H2/day ‘progressive + ambient heat’ 
case, the heat flow from the HT-TES-P2H system, Q̇TES, to the NH3 
cracker was calculated to be 102 MWth. The electrical charging power of 
the P2H unit was assumed to be twice as high as Q̇TES. The exact values 
for the charging power size and full load hours depend on several factors 
in future scenarios and can be determined through annual simulations 

[24,25]. Typical efficiencies of large-scale TES and P2H units are high 
(~99 %); therefore, losses were neglected, which is a good approxima
tion. The product of Q̇TES and a storage duration of 15 h resulted in a TES 
capacity of 1530 MWhth. This capacity, with a temperature spread of 
145 ◦C, can be realised with one cold flat-bottom tank at 420 ◦C and two 
hot flat-bottom tanks at 565 ◦C, using molten salt SoA technology as an 
example [61]. Several further simplifying assumptions were made for 
the CAPEX comparison of the ‘best guess’ and ‘progressive + ambient 

Fig. 12. Sankey diagrams illustrating the ‘best guess’ case (left) and the ‘progressive + ambient heat’ case (right), showing the averaged endothermic heat supply 
from the TES-P2H system (6000 h/year) and conventional NH3 and ambient heat supply (2760 h/year).

Table 6 
Simplified CAPEX analysis for the ‘best guess’ and ‘progressive + ambient heat’ cases for DE. The assumptions are referenced, and the remaining values are calculated.

Best guess Progressive + ambient heat Overall savings with installations in Germany 
(%)

Export country Germany

1) Renewable CAPEX
Renewable electricity demand 15,249 GWh/year 12,707 GWh/year 612 GWh/year 1931 GWh/year (12.7 %)
Renewable curtailment 16 % [44] 16 % [44] 16 %* ​
Renewable electricity with curtailment 18,154 GWh/year 15,127 GWh/year 729 GWh/year 2298 GWh/year (12.7 %)
Wind share of total renewable generation 59 % [44] 59 % [44] 75 %* ​
Wind full load hours 3300 h/year [44] 3300 h/year [44] 3300 h/year* ​
Wind installed power 3246 MWel 2705 MWel 130 MWel 411 MWel (12.7 %)
Wind specific costs 1300 €/kW [44] 1300 €/kW [44] 1300 €/kW* ​
PV full load hours 1800 h/year [44] 1800 h/year [44] 950 h/year* ​
PV installed power 4135 MWel 3446 MWel 314 MWel 375 MWel (9.1 %)
PV specific costs 575 €/kW [44] 575 €/kW [44] 575 €/kW* ​
2) TES-P2H CAPEX
P2H unit Non Non 204 MW at 150 €/kW* − 31 Mio€ (spend)
TES-unit Non Non 1530 MWh at 50 

€/kWh*
− 77 Mio€ (spend)

3) Total CAPEX
Renewable installation 6579 Mio€ (55 % 

[44])
5497 Mio€ (55 % 
[44])

350 Mio€ 750 Mio€ (11.4 %)

Electrolysis, H2 storage, air separ., synthesis 3718 Mio€ (31 %) 3098 Mio€ Non 620 Mio€ (16.7 %)
TES-P2H system Non Non 107 Mio€ − 107 Mio€ (spend)
Other costs (14 % of total for three columns [44]) 1679 Mio€ (14 %) 1399 Mio€ 74 Mio€ 206 Mio€ (12.2 %)
Total CAPEX 11,995 Mio€ (100 %) 9995 Mio€ 532 Mio€ 1468 Mio€ (12.2 %)

* Assumptions of this study.
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heat’ cases (see Table 6 for values): 

• 100 % availability for both cases throughout the year. It was assumed 
that the availability of the NH3 cracker and the HT-TES-P2H system 
are the same and that they are operated continuously 24/7 (main
tenance intervals were neglected for simplicity).

• Reduced full load PV hours in DE
• Offshore wind with the same full load hours and a higher wind-to-PV 

share for DE
• Additional savings from reduced port and transport costs were 

neglected (conservative assumption)
• The same cracker CAPEX was assumed for both cases and thus not 

included

The annual renewable electricity demand in the exporting country 
was directly calculated from the H2 energy LHV for 500 t-H2/day and 
the Sankey diagram efficiencies (Fig. 12, Table 5). Table 6 lists the 
electricity demand values for both cases in the first row. Using electricity 
demand as a starting point, the values in Table 6 were calculated from 
top to bottom using the assumptions listed in Table 6. The total CAPEX 
values for the PV, wind, and HT-TES-P2H systems were calculated. The 
CAPEX for electrolysis, H2 storage, air separation, synthesis, and other 
costs was determined using fixed percentage shares.

Compared to the example for DE, there were minor changes in the 
assumptions for JP. These include the distance to the export country 
and associated losses, the full load hours of the HT-TES-P2H discharge 
unit, as well as the full load hours, curtailment, and the ratio of wind and 
PV in JP. The following deviating assumptions were made for JP 
compared to DE: JP renewable curtailment of 12 % [133] (instead of 16 
% for DE), JP wind share of total renewable generation of 25 % (instead 
of 59 % for DE), JP full load hour on-shore wind of 2200 h/year (instead 
of 3300 h/year off-shore for DE), JP full load hour PV of 1000 h/year 
(instead of 950 h/year for DE).

Overall, the CAPEX study with several simplifying assumptions aims 
for the examination of basic savings effects. A more detailed analysis and 
investigation of the sensitivities of the many influencing parameters 
goes beyond the scope of this study and should be carried out in future 
studies.

Fig. 12 illustrates the results for DE in the form of two Sankey dia
grams depicting the annual energy demand using the LHV of H2 and 
NH3. The left-hand diagram shows the ‘best guess’ case without the HT- 
TES-P2H system while the right-hand diagram shows the ‘progressive +
ambient heat’ case. The ‘progressive + ambient heat’ case represents a 
mixed operation of the ‘progressive’ case with the HT-TES-P2H system 
and the ‘ambient heat’ case without such system. For better readability, 
the LHV energy quantities were normalised to 100 H2 units produced. 
For the ‘progressive + ambient heat’ case, a considerable energy and 
equipment reduction of 16.7 % could be observed along the con
version chain (Fig. 12). This reduction affects the import country’s port 
infrastructure and shipping capacity, as well as the port infrastructure, 
NH3 synthesis plants, water electrolysis, cryogenic air separation, and 
the installed renewable capacity in the exporting country. These savings 
of 16.7 % can be verified for plausibility using the H2 yield, ηH2,NH3. The 
use of the HT-TES-P2H system reduces the NH3 quantity by the H2 yield 
difference (100 % − 79.1 %) for 6000 h/year (20.9 % ⋅ 6000 h/8760 h =
14.3 %). This value of 20.9 % is also approximately consistent with the 
estimated theoretical potential of 20 % (Subsection 3.3). The difference 
between 16.7 % and 14.3 % was due to the varying electricity con
sumption and additional ambient heat utilisation. A further increase in 
the potential from 16.7 % towards 20 % would be possible with an in
crease in the annual full load hours (>6000 h) of the HT-TES-P2H sys
tem. The exact value of operating hours is part of a techno-economic 
optimisation, where the CAPEX of the TES plays a significant role. The 
value of 16.7 % may be increased through the R&D of more cost- 
effective TES systems (e.g., using natural stone [134]) with longer 
storage durations, which would allow for higher full load hours.

To compensate for the 16.7 % savings, an additional HT-TES-P2H 
system and smaller renewable plants are required in the importing 
country. The next paragraph compares the 16.7 % savings in the supply 
chain with the additional expenditure for the TES-P2H system and the 
additional renewable installations in DE (Fig. 12).

Table 6 summarises the simplified CAPEX analysis results for the 
‘best guess’ (second column) and ‘progressive + ambient heat’ (third 
and fourth columns) cases. The differences between the two cases are 
also shown as savings (fifth column; negative values refer to additional 
expenditures). Table 6 is divided into three parts from top to bottom: 1) 
renewable generation, 2) the TES-P2H system, and 3) total cost over
view. The saving values, given in percentages, refer to the ‘best guess’ 
case.

In the following discussion, savings from the ‘progressive + ambient 
heat‘ case are compared to those from the ‘best guess’ case. The absolute 
values in Table 6 result in CAPEX savings of 12.7 % for wind and 9.1 % 
for PV installations, including the renewable installations in DE. As a 
rough estimate, for every four wind plants saved in the exporting 
country, one must be built in DE. In the case of PV systems, two PV 
systems are saved in the exporting country for every PV system installed 
in DE. Further significant cost savings of 16.7 % were achieved by 
downsizing the water electrolysis, cryogenic air separation, H2 storage, 
and NH3 synthesis plants. The capital costs of the additional HT-TES- 
P2H system were estimated to be 125 million euros, including other 
additional costs. Overall, despite the additional TES-P2H costs and the 
extra PV and wind plants in DE, the 16.7 % reduction in the complete 
conversion chain results in a significant cost saving of 12.2 % or 1468 
million euros.

The exemplary analysis for DE in Table 6 was also carried out for JP 
(not shown in Table 6). This resulted in a similar total cost saving of 
11.7 % for JP (compared to 12.2 % for DE). Significant cost savings of 
approximately 12 % across the entire value chain from production 
in the exporting country to H2 utilisation in JP or DE were thus 
calculated.

6. Conclusions

The aim of this study was to introduce and analyse a new concept to 
increase the efficiency of importing H2 carriers. The concept aims to 
reduce the import volume of the H2 carrier. Further, the aim of this study 
was to provide heat for the endothermic reconversion from H2 carrier to 
H2 via a novel HT-TES-P2H system utilising local PV and wind plants. 
Four H2 carriers (NH3, LOHC, MeOH, and LNG) were analysed, with NH3 
considered in detail. The study consisted of three main parts (Sections 3, 
4 and 5), where results and conclusions are summarised below.

In this study, similarities and differences in future H2 imports 
were identified for JP and DE as representative examples of resource- 
poor industrialised countries (Section 3). This study presents a novel HT- 
TES-P2H concept for the endothermic reconversion process of imported 
H2 derivatives. PV and wind power generated locally in resource-poor 
importing countries are converted into HT heat using P2H, buffered 
via a TES system, and fed into an endothermic reconversion process. The 
key conclusions regarding the import of H2 derivatives and the proposed 
HT-TES-P2H concept for reducing H2 imports are as follows: 

• H2 derivatives – NH3, LOHC, MeOH, and LNG – are key energy policy 
options for H2 import (alongside H2, either liquefied for ships or 
compressed for pipelines).

• The proposed HT-TES-P2H concept is applicable to NH3, LOHC, 
MeOH, and LNG because all four H2 carriers have an endothermic 
reconversion process.

• DE plans to import part of the H2 via pipelines, whereas JP relies on 
ship imports; therefore the market potential of the proposed HT-TES- 
P2H concept could be greater for JP.

• It is proposed to install the HT-TES-P2H system and the endothermic 
reconversion unit (for H2 carrier to H2 conversion) near the port. 
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Transporting a larger steady flow of H2 is more economical than 
transporting volatile wind and PV electricity.

• Suitable regions include the sparsely populated western and north- 
western regions of JP and the North Sea region of DE.

• In JP, PV plays a greater role than wind in charging the proposed HT- 
TES-P2H system than it does in DE.

In Section 4, the advantages, disadvantages, and key features of the 
four H2 derivatives (LOHC, MeOH, LNG, and NH3) were reviewed and 
summarised. Additionally, the thermal and process-related integration 
of TES-P2H systems into the four endothermic conversion processes was 
analysed systematically and comparatively. This led to the following 
conclusions: 

• The four H2 carriers – NH3, LOHC, MeOH, and LNG – have similar 
theoretical heat demands, in a range of 18–27 % of the produced H2 
LHV. These values include the evaporation energies of the de
rivatives and water, where applicable. Therefore, the proposed HT- 
TES-P2H concept could have similar potential for all four H2 carriers.

• Among other drawbacks, the low market penetration and limited 
prior experience with LOHC as an H2 carrier can pose significant 
hurdles, particularly for its rapid, large-scale market introduction.

• The primary disadvantages of LNG and MeOH reconversion are the 
effort involved in CO2 handling and the significant energy required 
for water evaporation.

• The integration of ambient heat for H2 derivative evaporation is 
common for LNG, but has rarely been considered for increasing the 
efficiency of large-scale industrial NH3 crackers.

• Suitable technical heat integration concepts for the proposed HT- 
TES-P2H system were identified for all four H2 derivatives in this 
study.

• Four different HT-TES technologies were identified for the proposed 
HT-TES-P2H concept and the four different H2 derivatives. The se
lection of HT-TES technology depends, in particular, on the required 
lower- and upper-temperature levels, as well as TES market maturity. 
Thermochemical and latent storage systems are advantageous for 
processes with narrow temperature windows, whereas sensible TES 
systems enable rapid large-scale market introduction due to prior 
experience.

• R&D efforts are necessary to develop endothermic reactors for HTFs, 
such as molten salts or gases, that are not yet used in this application. 
Additionally, further R&D is required to advance P2H and molten 
salt technologies for temperatures exceeding 600 ◦C to enlarge their 
application potential (>600 ◦C is necessary for LNG and NH3).

• Several scaling steps are required, from R&D work in technical 
centres, to pilot plants in the application environment, and finally 
commercialisation. To ensure a timely market launch for the ramp- 
up of the hydrogen economy, R&D work in the technical centre 
should begin immediately.

• NH3 is a key focus of energy policies in JP and DE, has no significant 
obstacles, and has an existing supply chain. Hence, NH3 was selected 
as the most promising H2 carrier for detailed investigations. Through 
an in-depth analysis of the large-scale development of NH3 crackers, 
a representative ‘best guess’ cracker heat integration concept was 
defined.

In Section 5, the heat and process integration for the reconver
sion of NH3 to H2 using external heat sources was thermodynamically 
modelled and analysed in detail using the Ebsilon software, leading to 
the following conclusions: 

• A representative large-scale industrial ‘best guess’ NH3 cracker with 
optimised heat integration achieves an H2 yield of approximately 80 
% and consumes 20 % of the NH3 for heat supply (including endo
thermic cracking, NH3 evaporation, and losses).

• The H2 yield could be increased from 80 to 100 % by integrating 
external heat.

• Combining ambient heat for NH3 evaporation with HT heat from the 
HT-TES-P2H system for the NH3 cracking process is considered 
beneficial. The integration of ambient heat allows partial pre- 
cracking using the hot product gas stream. This enables the HT- 
TES-P2H system, including the local renewable energy supply, to 
be reduced in size.

• Based on current SoA, an H2 yield of 96 % could be achieved using a 
ceramic regenerator or molten salt TES. An H2 yield of 100 % also 
appears feasible with advancements in R&D (e.g., improved gas 
separation, TES-P2H components for higher operating temperatures, 
or catalysts for lower operating temperatures).

The potential was analysed as an example of NH3 imports from 
Brazil/Australia to DE, along with a 500 t H2/day NH3 cracker heated 
via an HT-TES-P2H system. The following conclusions were drawn: 

• The maximum theoretical and technical savings potential is 
reduced from approximately 20 % to an economical potential of 
16.7 % due to the limited annual full load hours of the HT-TES-P2H 
system required for economic operation. The significant savings of 
16.7 % are related to the energy amount and plant capacity for the 
entire conversion chain (port infrastructure, shipping, NH3 synthesis 
plants, water electrolysis, cryogenic air separation, and installed 
renewable capacity).

• A simplified CAPEX analysis compared the 16.7 % savings across the 
entire conversion chain with the additional investments for the HT- 
TES-P2H system and the added renewables in DE. The savings of 
2000 million euros along the conversion chain are considerably 
greater than the additional investment of 532 million euros for the 
HT-TES-P2H system and renewables in DE. This resulted in an 
overall CAPEX reduction potential of 12.2 %.

• A similar CAPEX reduction potential of 11.7 % was obtained for JP 
(compared to 12.2 % in DE). It can therefore be expected that the 
potential for CAPEX savings for other importing countries for H2 
derivatives is of a similar order of magnitude.

• In addition to potential CAPEX savings, the proposed HT-TES-P2H 
concept would also increase self-sufficiency in resource-poor indus
trialised countries (e.g., a 16.7 % reduction in NH3 imports).

• The 16.7 % reduction in components along the value chain would 
also have a positive impact on the sustainable development of a 
future H2 supply chain. For example, resources for energy-intensive 
raw materials, such as concrete, steel, and glass, which are required 
for harbours, ships, and chemical plants, as well as PV and wind 
plants, could be saved. These and other resource savings could be 
quantified in future studies.

Overall, the study shows that significant cost savings are possible 
along the entire value chain when importing H2 carriers. This can be 
achieved through local provision of HT heat for the endothermic 
reconversion process of the H2 carrier to H2. The HT heat can be supplied 
via a novel HT-TES-P2H system that uses local volatile wind and PV 
electricity. An immediate start to R&D in technical centres and pilot- 
scale plants for both HT-TES-P2H systems and adapted endothermic 
reactors are required for timely commercial market launch.
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Kurzstudie (Future maritime fuels and their possible import concepts - short 
study); German Aerospace Center (DLR), Institute of Maritime [accessed 7 
January 2025] Energy Syst 2022. https://elib.dlr.de/186857/2/kurzstudie-marit 
ime-treibstoffe.pdf.

[4] Said SAM, Waseeuddin M, Simakov DSA. A review on solar reforming systems. 
Renew Sustain Energy Rev 2016;59:149–59. https://doi.org/10.1016/j. 
rser.2015.12.072.

[5] Hydrogen Insights - A perspective on hydrogen investment, market development 
and cost competitiveness; Hydrogen Council, 2021. https://hydrogencouncil. 
com/wp-content/uploads/2021/02/Hydrogen-Insights-2021.pdf [accessed 7 
January 2025].
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