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A B S T R A C T

The EU’s transition to net-zero greenhouse gas emissions (GHG) likely necessitates renewable energy imports. 
This paper assesses various import pathways for energy-rich “green” molecules into the EU, focusing on carbon- 
based molecules like “green” methanol and synthetic natural gas (SNG). These energy carriers, produced using 
hydrogen derived from renewable electricity and non-fossil CO2, are compared with alternative import path
ways, including liquid hydrogen, ammonia, and liquid organic hydrogen carriers (LOHCs). Different forms of 
final energy supply are analyzed, including pure hydrogen and hydrogen derivatives. Results show, that among 
the examined pathways relying on carbon-based molecules, energy imports via methanol with largely closed 
carbon cycles are particularly promising. A closed carbon cycle reduces the cost of energy supply with methanol 
by around 15 % compared to CO2 provision via Direct Air Capture (DAC). For methanol, SNG and ammonia, 
direct use is more economical than reconversion into hydrogen. For pure hydrogen supply, importing gaseous 
hydrogen by pipeline or liquid hydrogen by ship results in the lowest hydrogen supply cost (~0.15 €/kWhH2, 

LHV). If hydrogen is imported via carriers, methanol or ammonia should be preferred, while SNG and LOHCs are 
less competitive.

1. Introduction

The European Union’s (EU) energy supply is highly reliant on im
ports, with a significant share of the consumed fossil fuel energy coming 
from non-EU countries. Over the last 15 years, imports of fossil fuel 
energy have consistently accounted for 50–60 % of the EU’s overall 
energy consumption [1,2]. Even the steadily increasing use of domestic 
sources of renewable energy in recent years has not yet significantly 
reduced this dependency. Currently, almost all of these energy imports 
into the EU are in the form of fossil, carbon-based carriers – and here 
mainly natural gas and crude oil (products) [3].

To achieve the EU’s target of net-zero greenhouse gas (GHG) emis
sions by 2050, these fossil fuel imports must be phased out within the 
next 25 years [4]. However, the potential for low-cost energy generation 
from renewable sources within the EU is limited. One option to over
come this challenge is to import renewable energy (carrier) from non-EU 
regions throughout the world characterized by promising potential, 
especially for electricity generation from wind power (e.g., Patagonia) 
and solar energy (e.g., the Sahara Desert). Thus, imports of renewable 
energy carrier are likely to become a key component of a diversified and 

resilient energy supply within a GHG-neutral energy system in the EU 
[5,6].

For the intercontinental long-distance transportation of this basically 
GHG-neutral energy, chemical compounds, so-called “green” molecules, 
can be produced as secondary energy carriers using electricity from 
renewable sources. Such “green” molecules are better suited for an en
ergy import, as they can be transported and stored on a large scale much 
easier and more flexible compared to electricity. Additionally, appro
priate energy-rich “green” molecules can be used, e.g., to defossilize 
hard-to-abate sectors difficult or impossible to electrify [7].

In recent years, various options for the import of “green” molecules 
into the EU have been discussed. Many of the proposed pathways 
involve a shift away from carbon-based energy carriers, leading to a 
transition from established markets and existing transportation and 
storage infrastructures to new regimes. The import of “green” hydrogen 
(H2) – either in gaseous form via pipelines or as liquefied hydrogen by 
ship – and ammonia (NH3) derived from “green” hydrogen are generally 
regarded as particularly promising. However, an alternative strategy for 
importing “green” energy could emphasize carbon-based molecules 
produced from “green” hydrogen and carbon/carbon containing 
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molecules of non-fossil origin. This approach could leverage existing 
infrastructures and established markets, facilitating a smoother transi
tion towards defossilized energy systems needed to fulfill the EU’s target 
for net-zero GHG emissions.

Synthetic natural gas (SNG) and methanol are two possible options 
for such carbon-based energy carriers to be produced from “green” 
hydrogen and carbon dioxide (CO2). The processes required for the 
production of these molecules (catalytic methanation, methanol syn
thesis) are considered well-researched and, based on current knowledge, 
could be, from a technical perspective, implemented in the near future at 
a scale sufficient for energy import volumes relevant to the existing EU- 
energy system. Consequently, possible import pathways for renewable 
energy relying on such carbon-based molecules are characterized by 
short implementation horizons and all over lower technical barriers 
compared to other options [8,9]. Furthermore, in contrast to ammonia, 
for example, SNG and methanol offer high flexibility in (existing) 
end-use applications, enabling direct substitution of fossil fuels in 
various sectors.

A major challenge for scaling up “green” SNG and methanol supply 
lies in the favorable availability of sufficient quantities of CO2 of non- 
fossil origin. Within the envisaged climate-neutral energy system, CO2 
from fossil fuels is not allowed to be emitted into the atmosphere any 
longer and is therefore only available within a short transition phase, if 
at all. Therefore, Direct Air Capture (DAC) technology is often empha
sized as the primary approach for CO2 provision in the context of pro
ducing “green” carbon-based energy carriers. However, DAC systems are 
not yet fully technically mature; additionally, these systems have so far 
been characterized by high energy and land requirements, alongside 
with significant investment costs. Even with a successful further tech
nological development and a progressing plant scaling, DAC-based CO2 
supply is likely to remain expensive due to the high thermodynamically 
capture effort resulting from the low CO2 concentration within ambient 
air [10,11]. These high expenses associated with CO2 provision signifi
cantly raise the production costs of “green” methanol and SNG. As a 
result, their supply is often considered economically unfeasible or too 
expensive compared to energy import pathways based on carbon-free 
“green” molecules, such as ammonia produced from renewable elec
tricity [12–15].

To avoid costly DAC-based provision, the utilization of CO2 from 
biomass/organic waste streams and the implementation of technically 
largely closed carbon cycles can be alternatives for the supply of non- 
fossil CO2. Within a closed-cycle approach, CO2 released during the 
use of the carbon-based energy carrier is captured and returned to the 
energy-exporting country to be reused within the respective fuel syn
thesis [16,17]. Achieving high CO2 recycling rates would likely require 
to use the “green” SNG or methanol in central, large-scale applications, 
such as power plants, industrial processes, or centralized hydrogen 
reforming facilities, where efficient CO2 capture is most likely feasible.

Within recent years, a lot of different publications assessed various 
pathways for the import of renewable electricity-based energy in the 
form of “green” molecules. However, significant differences exist in the 
scope, level of detail, and evaluation criteria (e.g., energy supply cost, 
energy efficiency, GHG emissions). Furthermore, the range of analyzed 
import options varies widely regarding the transported molecule, 
transportation mode (e.g., ship or pipeline) and the form of energy 
supplied within the importing country (e.g., elemental hydrogen or 
hydrogen derivatives). Despite the breadth of the existing studies, en
ergy import pathways using “green” carbon-based molecules remain 
insufficiently explored, particularly concerning the diversity of possible 
CO2 supply options. For example, several studies exclude carbon-based 
energy carriers entirely from their assessments [12,18–20]. Others in
vestigations consider carbon-based molecules for the intercontinental 
transportation of “green” energy but leave the approach for CO2 provi
sion unspecific [21–23] or assume CO2 provision exclusively through 
DAC [14,15,24–27]. Further research assesses the import of 
carbon-based energy carriers in detail, but does not carry out a 

comprehensive comparison of these options with other “green” energy 
import pathways [28,29].

Against this background, this paper aims to expand on the existing 
literature by providing a holistic, comparative techno-economic 
assessment of renewable electricity-based energy imports into the EU 
using “green” carbon-based molecules – specifically methanol, and SNG 
– produced in regions with favorable wind and solar energy supply. To 
this end, the cost of energy supply with these import pathways and their 
contribution to meet the energy demands of import-dependent countries 
are quantified, based on a detailed technical supply chain modeling. To 
provide a comprehensive assessment, “green” methanol and SNG are 
then compared with other options for importing “green” energy in form 
of energy-rich molecules, including liquid hydrogen, ammonia, 
hydrogen bound to a liquid organic hydrogen carrier (LOHC), and 
pipeline-based gaseous hydrogen transportation. Diverse supply chain 
designs that deliver either elemental hydrogen or derivatives (SNG, 
methanol, ammonia) are considered. For carbon-based import mole
cules, a key focus is placed on the examination of various CO2 supply 
concepts, including the innovative and hitherto little-regarded approach 
of a closed carbon cycle. In addition, for supply chains delivering 
hydrogen, different reconditioning methods for recovering pure 
hydrogen from the respective carrier are evaluated.

2. Technical background

For the conversion of renewable electricity into energy-rich import 
molecules suitable for an intercontinental long-distance transport, water 
electrolysis is always an inevitable first step. In this electrolysis process, 
electricity is used to split water into “green” hydrogen and oxygen. The 
hydrogen can then be further converted into “green” carbon-based 
molecules, additionally requiring a continuous CO2 supply. For this 
reason, Section 2.1 first discusses suitable options for such a CO2 supply, 
before Section 2.2 describes the technical fundamentals of producing, 
transporting, storing, and utilizing “green” carbon-based energy 
carriers.

Additional explanations on the technical background of alternative 
renewable energy supply options – later compared to carbon-based 
molecules – can be found in the Supplementary Information (Section 
I); i.e., importing “green” energy using liquid hydrogen, ammonia, 
LOHC, and hydrogen pipelines.

2.1. CO2 supply

In an energy system aligned with the overarching objectives of the 
Paris Agreement (i.e., no emissions of additional GHG), the CO2 used for 
the production of “green” carbon-based molecules must be necessarily of 
non-fossil origin. This is particularly true if the CO2 is not captured but 
released into the atmosphere during the later use of the respective 
molecules. In the following, suitable CO2 supply options are discussed.

Biogenic CO2. Particularly suitable for obtaining biogenic CO2 are 
processes in which some or all of the carbon bound within the organic 
matter is released while the biomass is energetically utilized or con
verted. Examples of such processes are bioethanol production (pure CO2 
is produced as a by-product and typically released unused into the at
mosphere), upgrading biogas to biomethane (usually 40 to 50 vol-% CO2 
in the biogas) and combustion of solid biofuels (8–15 vol-% CO2 in the 
emitted exhaust gas) [30–32]. The (energetic and economic) efforts of 
making such biogenic CO2 sources available for the production of 
carbon-based “green” import molecules is typically relatively low, 
especially when biomass conversion processes are accessible where CO2 
is already available in a highly concentrated stream [33]. Next to 
capturing, any necessary transportation, intermediate storage and 
compression may add to the energy expenses, the costs and GHG emis
sions associated with the CO2 provision. Despite the existing and, so far, 
largely untapped potential for low-effort exploitation of biogenic CO2, 
the availability of sufficient quantities in the future is highly uncertain. 
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The potential of sustainably useable biomass – and thus also of the 
resulting biogenic CO2 – is limited by the natural production capacities 
of the biosphere, the given market competition especially with the food 
and fodder markets as well as other constraints such as land use limi
tations or existing infrastructure deficits.

CO2 from ambient air. If biogenic CO2 is not available in sufficient 
quantities, the DAC process allowing atmospheric CO2 to be extracted as 
a pure stream, may be an alternative. Various DAC technologies, mainly 
based on different adsorption and absorption processes, are currently 
under investigation; some of them are already implemented as small- 
scale demonstration plants [34,35]. For the time being, the most 
promising DAC technology for CO2 supply in the production of “green” 
carbon-based molecules is the low-temperature DAC processes, where 
usually amine-based sorbents are used for removing the CO2 from the air 
and the subsequent release of the CO2 from the sorbent takes place at 
around 100 ◦C [36]. This temperature level allows for the integration of 
waste heat, e.g., from exothermal synthesis reactions to (partially) cover 
this thermal energy demand [37]. Additionally, high temperature heat 
pumps might be used to meet the remaining heat demand efficiently and 
solely through renewable electricity [10,11,38]. Table 1 shows exem
plarily the energy demand of CO2 supply with low-temperature DAC 
after the integration of synthesis waste heat and heat pumps, whereby 
the thermal energy demand after heat integration differs as a signifi
cantly larger amount of reactor heat is available in from methanation 
(SNG pathway) than from methanol synthesis (Methanol pathway). 
Accordingly, the total electricity demand for CO2 supply via DAC, which 
includes covering the remaining thermal energy demand with high 
temperature heat pumps, is also lower in the SNG pathway.

Closed carbon cycles. An alternative to the complete supply of CO2 
from a biogenic source or from the ambient air is the implementation of 
a system for the technical recirculation of CO2. In such a largely closed 
carbon cycle approach, the CO2 released during the use of carbon-based 
molecules would be captured and transported back to the energy- 
exporting country, where it could be reused for molecule synthesis 
[17,39]. Only small amounts of CO2 would need to be sourced from 
biomass or ambient air to compensate for inevitable carbon losses 
occurring within this cycle. From today’s perspective, minimizing car
bon losses to such low levels is only feasible at acceptable technical and 
economic cost if the carbon-based import molecule is used in large-scale 
facilities, for example in industry or in large power plants.

The intercontinental, transnational transportation of large quantities 
of CO2 is not yet state-of-the-art. Nevertheless, small-scale CO2 carriers 
with maximum capacities of around 1,800 tCO2 per ship are already 
under operation, primarily for the food and beverage industry [40]. To 
enable closed CO2 cycles on a relevant scale, significantly larger ships 
would be required. These carriers will most likely transport CO2 in a 
liquid form near its triple point (5.18 bar, − 56.6 ◦C) to achieve a 
maximum storage density on the transport vessel [41,42]. For this 
purpose, semi-refrigerated tanks, which combine moderate cooling with 
pressurization, would be used. This technology is already successfully 

employed for transporting gases like liquefied petroleum gas (LPG) or 
ethylene. Recently, two liquid CO2 tankers with a capacity of around 8, 
500 tCO2 each were constructed to transport captured CO2 for under
ground storage (CCS) in Norwegian offshore reservoirs [43]. Beyond 
that, even larger CO2 carriers (~25,000 tCO2/vessel) are announced to 
be delivered by 2026 latest [44]. The largest proposed concept for CO2 
carriers to date envisions a capacity of approximately 105,000 tCO2 [45].

2.2. “Green” carbon-based energy carriers

For the conversion of “green” hydrogen into carbon-based “green” 
energy carriers (here: considered as import molecules), SNG and 
methanol are the primary options due to their relatively simple synthesis 
and their versatile applications within the existing overall economy. 

• SNG is chemically almost identical to conventional natural gas, 
consisting of methane, the simplest alkane [46,47]. By 
liquefying SNG, a very high volumetric energy density of over 
6,000 kWhLHV/m3 can be realized [48].

• Methanol, the simplest/shortest alcohol, has a volumetric energy 
density of approximately 4,500 kWhLHV/m3. While its energy density 
is lower than that of liquified SNG (LSNG), methanol offers practical 
advantages in terms of storage and handling, as it is liquid under 
ambient conditions and does not require high-pressure or cryogenic 
storage [49,50].

2.2.1. Synthetic natural gas (SNG)
Catalytic methanation is a fully industrially established synthesis 

process. While existing plants primarily methanize fossil fuel-based 
synthesis gases rich in carbon monoxide (CO) – for example, from coal 
gasification – it will most likely be necessary to shift this synthesis 
process from CO to CO2 for the prospective production of SNG based on 
renewable electricity [51]. The methanation reaction, also known as the 
Sabatier process (Equation (1)), takes place at temperatures between 
250 and 550 ◦C and is highly exothermic [52,53]. At full stochiometric 
conversion of the reactants, the (thermodynamic) maximum achievable 
energy conversion efficiency is 83.2 %LHV (without taking into account 
the auxiliary electricity demand) [25,54]. According to the enthalpy of 
reaction, the released heat is around 2.85 kWh per kg of methane pro
duced. This heat can be (partially) made available for heating other 
processes (if there is a heat demand at the respective location; otherwise 
this heat needs to be assessed as a loss) [37,52]. 

CO2 + 4 H2⇌CH4 + 2 H2O ΔHR(298 K)

= − 165.0 kJ
/
mol (1) 

SNG can be transported and stored using the existing natural gas 
infrastructure without any technical restrictions. Intercontinental 
overseas transportation can be realized using liquefied natural gas 
tankers (LNG tankers). The methane liquefaction necessary for the 
corresponding conditioning requires between 0.25 and 1.4 kWhel/kgCH4 
[12,55,56]. The methane slip during liquefaction can be relevant for the 
GHG balance of an SNG-based energy supply; these losses can make up 
to 1.5 % of the liquefied methane [56], but they are usually significantly 
lower [57,58]. Modern LNG tankers typically use insulated membrane 
tanks for the cryogenic ship-based storage of LNG, with capacities 
reaching up to 266,000 m3 [12,25]. However, the average size of the 
global fleet is significantly lower (~180,000 m3), e.g., due to constraints 
resulting from the limitations of certain waterways (e.g., Panama Canal) 
[12].

Despite advanced and costly insulation systems installed on board 
these SNG tankers, some heat input into the storage tank is unavoidable, 
causing a portion of the LNG to evaporate during the transport. To 
protect the tank systems from any damage, the evaporated gas, also 
known as boil-off gas, must be vented. For modern tankers, these boil-off 

Table 1 
Energy demand of CO2 supply with low-temperature DAC.

Parameter Unit SNG 
pathway

Methanol 
pathway

Electricity demand (without heat pumps) kWhel/ 
kgCO2

0.48 
[25,35,37,38]

Thermal energy demand (before heat 
integration)

kWhth/ 
kgCO2

1.66 
[25,35,37,38]

Thermal energy demand (after heat 
integration)

kWhth/ 
kgCO2

0.82 a 1.59 a

Total electricity demand (after heat 
integration and with heat pumps)

kWhel/ 
kgCO2

0.89 b 1.28 b

a Own calculation, based on the available waste heat from synthesis (see 
Supplementary Information (Section III)).

b Coefficient of performance of the heat pumps: 2.0 [10,11].
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losses summing up to typically around 0.1 % per day and might be used 
to power the respective ship [12,59].

SNG can be utilized within the existing natural gas markets without 
the need for technical adjustments by the respective end users. Assuming 
sufficient availability of “green” SNG, this provides the opportunity to 
gradually phase out fossil natural gas and replace it with “green” SNG in 
application fields such as power generation, industrial processes, and 
heating of buildings. Furthermore, defossilization of sectors such as 
mobility or steel production currently using other fossil fuels (e.g., hard 
coal or crude oil products) is also technically possible with the help of 
SNG [48,55]. Besides such a direct utilization, the use of SNG as a 
hydrogen carrier can be an option. To do so, methane is split into pure 
hydrogen and CO2 at a temperature level of over 800 ◦C within an 
endothermic catalytic reforming reaction. Several technologies can be 
considered for this reforming process. Nowadays, steam methane 
reforming (SMR) is the most common option, primarily used (so far) to 
produce hydrogen from fossil natural gas. In conventional SMR, the 
required heat is supplied by external reactor firing, typically involving 
the burning of a share of the overall used natural gas. Accordingly, CO2 
is released both within the reforming reactor and during external firing 
(diluted within the flue gas), making the efficient capture of large pro
portions of CO2 challenging [60,61]. An alternative process in which 
CO2 is produced exclusively in the reactor is autothermal reforming 
(ATR). Here, endothermic SMR is combined with exothermic partial 
oxidation (POX) so that the overall reaction is adiabatic and no external 
heat is required. For the POX to take place pure oxygen (O2), e.g., 
supplied by an air separation unit, is needed. The CO generated during 
SMR and POX can be converted into CO2 together with steam in a 
water-gas shift reactor, thereby increasing the hydrogen yield [62,63].

Downstream process steps are required to capture the CO2 as well as 
to purify the produced hydrogen. This can be realized by, for example, 
amine wash and pressure swing adsorption (PSA) units [60]. The 
methane demand of the ATR is between 3.0 and 3.2 kgCH4/kgH2, 
resulting in a chemical conversion efficiency of 75–80 %LHV [60,64–66]. 
ATR is currently used on an industrial scale to produce synthesis gases 
rich in CO and hydrogen [63]. However, new plants are being planned to 
supply pure hydrogen while capturing the CO2 produced in the process 
[64,67]. A potential alternative to ATR, which also allows for high CO2 
capture rates, is the modification of the conventional SMR and here 
especially the external heat supply to the reactor. One promising 
concept envisages supplying the required heat by electrical resistance 
heating instead of fuel gas combustion (electrified steam reforming – 
eSR) [68,69]. The eSR of methane is not commercially used today. 
However, large-scale reactor concepts are currently under development 
and related reforming concepts have already been successfully demon
strated with electric heating [70,71]. The electricity demand of such a 
reactor is expected to be in the range between 8.6 and 9.2 kWhel/kgH2. 
This extensive use of external energy allows for a particularly high 
hydrogen yield relative to the amount of methane consumed (2.4–2.6 
kgCH4/kgH2) [61,65].

2.2.2. Methanol
Catalytic methanol synthesis is an exothermic process usually oper

ated in a temperature range of 200–300 ◦C. CO2-based methanol for
mation is described by Equation (2) [50,72]. In the practical 
implementation, hydrogen and CO2 are almost completely converted 
into the desired product, enabled by the recycling of unconverted syn
thesis gas within the overall process [25,73]. Consequently, the chem
ical conversion efficiency is 87.9 %LHV, while, according to the 
reaction’s enthalpy, 0.43 kWhth/kgCH3OH are released as (waste) heat 
[12]. To obtain pure methanol, a subsequent separation from the 
released methanol-water mixture via distillation is required, resulting in 

a respective heat demand. Depending on the realized heat integration 
approach, the resulting demand for thermal energy can be met by the 
heat released during the exothermal methanol generation. If at all, only 
a small part of the reactor (waste) heat can be decoupled and used for 
other processes (if available at the specific location) [37,74].

A respective plant located in Iceland with a capacity of 4,000 t/a of 
methanol demonstrates renewable methanol production from hydrogen 
and CO2 on a (semi) commercial scale since 2011 [49,75]. Recently, two 
much larger plants for CO2-based methanol synthesis have been realized 
in China, although the hydrogen and CO2 are not obtained from 
renewable sources, but from exhaust gases from fossil fuel-based pro
cesses [76]. 

CO2 + 3 H2⇌CH3OH + H2O ΔHR(298 K)

= − 49.2 kJ
/
mol

(2) 

Given its liquid state under standard conditions, methanol is rela
tively straightforward to transport and store [49]. Already today, 
methanol is transported intercontinentally by ship. Dedicated methanol 
tankers achieve cargo capacities of up to 120,000 m3 [77]. If the 
importance of (“green”) methanol continues to grow, it is conceivable 
that methanol tankers with larger capacities, as are common in crude oil 
transportation today, could be realized in the future on the basis of 
existing know-how and the given experiences.

In the recent past, the global demand for methanol has surged 
significantly, nearly doubling over the last 15 years. Methanol produced 
from fossil fuels, primarily coal and natural gas, is widely used as a 
feedstock/important component for the production of various chemical 
products such as paints, solvents, and plastics. Additionally, methanol is 
increasingly employed as a fuel-blending component within the mobility 
sector, particularly in China. In the future, “green” methanol is antici
pated to play a key role, particularly in the defossilization of the 
chemical industry, where it can serve as a feedstock for a wide range of 
downstream products [49,78]. Current developments also suggest that 
international shipping will increasingly adopt “green” methanol as a 
potentially CO2-neutral fuel [79,80].

Furthermore, methanol may be employed as a hydrogen carrier. 
Similar to methane, the molecule can be split into hydrogen and CO2 
through an endothermic reforming process. The necessary temperatures 
required for the methanol reforming reaction to take place are in the 
range between 200 and 400 ◦C [72,81]. However, methanol reforming 
has not yet been implemented on an industrial scale, nor have any plants 
for methanol-based hydrogen production been announced. Therefore, 
existing (literature) data on conversion efficiencies and energy re
quirements are uncertain. For autothermal reforming (heat is provided 
internally by utilizing part of the supplied methanol), the methanol 
demand is expected to be in the range of 6.7–7.1 kgCH3OH/kgH2, corre
sponding to a chemical conversion efficiency of 85–90 %LHV [82,83]. 
Hydrogen purification losses may result in a higher methanol demand 
but are not expected to be significant due to the technological less 
demanding separation of hydrogen and CO2. To combine 
methanol-based pure hydrogen provision with a high CO2 capture rate, 
electrically heated methanol steam reforming is also conceivable. If 
implemented at scale, this process could potentially achieve a methanol 
consumption of less than 6 kgCH3OH/kgH2 [84–86]. Considering the 
thermal energy demand of methanol steam reforming, including the 
energy required to evaporate both, methanol and water, the total 
electricity demand of such a reactor is estimated to range between 7 and 
10 kWhel/kgH2 [81,83,86].

Table 2 summarizes the most important characteristics of the use of 
green SNG and green methanol as energy carriers and outlines key 
differences.
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3. Assessment approach

Following the overall objective of this paper – to evaluate renewable 
energy imports based on “green” SNG and methanol and compare them 
with alternative import molecules – the general assessment approach 
illustrated in Fig. 1 is employed.

3.1. Framework definition

Method. As a first step, a suitable and consistent framework is set up 
allowing a systematic and fair assessment of energy import options 
based on different import molecules. This framework serves as the basis 
for the subsequent system definition and modeling, as it defines the 
scope, central assumptions and boundaries.

Data. The most important framework assumptions set for this study 
are listed below. 

• Scope and type of energy supply: Large-scale, point-to-point energy 
import with full technological maturity of all supply chain 
components

• Reference year for all technology-specific parameters: 2035
• Transportation distance for “green” molecule import: 5,000 km
• Requirements of energy supply at the point-of-import: H2 derivative 

or pure H2 (≥99.95 %) at a pressure of 100 bar
• Financial and economic framework: Depreciation of the investment 

costs of all system components over their technical lifetime at a 
weighted average cost of capital (WACC) of 6 %

• Plant availability: 8,000 h/a
• Energy availability and cost 

- Continuous provision of “green” H2 within the export country (as 
energy to be exported): 0.1 €2024/kWhH2,LHV (based on [87,88])

- Baseload electricity supply in the export country (as auxiliary en
ergy for conditioning): 0.07 €2024/kWhel (based on [89,90])

- Baseload electricity supply in the import country (as auxiliary en
ergy for reconditioning): 0.1 €2024/kWhel (based on [89,90])

- Baseload heat supply in the import country (>300 ◦C, as auxiliary 
energy for reconditioning): 0.1 €2024/kWhH2,LHV (based on [89,
90])

- Renewable marine fuel (for the propulsion of ships that cannot be 
powered by the molecule they transport): 0.11 €2024/kWhfuel,LHV 
(based on [13])

3.2. System definition

Method. The definition of the system to be assessed involves, in 
particular, the specification of the import molecules and resulting en
ergy supply chains, as well as the selection of the technical components 
of the respective supply chains. Furthermore, the interfaces between the 
supply chain components are defined.

Data. Renewable energy imports via electricity-based “green” SNG 
and methanol can be realized with a wide range of possible supply chain 
configurations. These specific configurations are determined by the 
available technological options (as described in Chapter 2) applied for 
the key components, and their combination. Fig. 2 illustrates the energy 
supply chains assessed in this paper utilizing SNG and methanol as 
carbon-based import molecules.

Initially, the “green” hydrogen provided in the exporting country is 
converted into methane or methanol through the respective catalytic 
synthesis process. These carbon-based molecules are then shipped from 
the export country to the import country. In the case of SNG, liquefac
tion is required after the synthesis process to enable an efficient shipping 
with conventional LNG tankers.

For the utilization of carbon-based molecules in the importing 
country, two principal routes are being considered: either (i) directly as 
derivatives or (ii) as carriers for the supply of pure hydrogen. When used 
as hydrogen carrier, SNG and methanol undergo reforming via ATR, 
which utilizes a portion of the carrier for supplying the heat internally, 
or eSR, where external electrical heating is employed. After reforming, 
the produced hydrogen is compressed to meet the requirements of en
ergy supply specified in the framework conditions (Fig. 1).

Table 2 
Comparison of green SNG and green methanol.

Aspect SNG Methanol

Volumetric energy density ~6,000 kWhLHV/m3 (liquefied) ~4,500 kWhLHV/m3

Storage requirements Pressurized (when gaseous) or cryogenic (when liquid) At ambient temperature and atmospheric pressure
Infrastructure compatibility Fully compatible with (liquified) natural gas infrastructure Partly compatible with liquid fuel and chemical infrastructure
Boil-off losses ~0.1 %/day (modern tanks/tankers) Negligible
Market adaptability Power and heat generation, industry Feedstock for chemical industry, (marine) fuel
Climate risk (leakage) High (methane = potent GHG) Low (methanol degrades fast in air/water)

Fig. 1. General approach for system definition, modeling, and assessment.
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Further differentiation within the supply chain configurations is 
made concerning the concept of CO2 provision. Configurations with and 
without a CO2 cycle are analyzed. For supply chains incorporating a CO2 
cycle including capture at the reforming plant, liquefaction and shipping 
of CO2 as core components, the CO2 obtained from an onsite source at 
the point-of-export is used exclusively to offset carbon losses. In 
contrast, supply chains without a CO2 cycle rely entirely on such an 
onsite source for the provision of the required CO2. Regarding this onsite 
source, two options are considered: (i) a biogenic CO2 source and (ii) the 
DAC process, which extracts CO2 from ambient air.

In addition to the components outlined in Fig. 2, intermediate stor
age of SNG, methanol, and CO2 is included both before and after ship
ping to align continuous synthesis/reforming processes with the 
intermittent character of shipping.

Based on the outlined differentiation, a total of 16 distinct supply 
chain configurations for energy supply using carbon-based import 
molecules are considered. To provide a comprehensive analysis, these 
supply chains are compared among each other and with the following 
alternative energy import pathways: 

• Liquid hydrogen (LH2): Import of liquified H2 by ship, with sub
sequent regasification for supply of gaseous hydrogen.

• Hydrogen bound to a liquid organic hydrogen carriers (LOHC): 
Import by ship, with subsequent H2 recovery via LOHC dehydroge
nation. As with carbon-based import molecules, both internal heat 
supply (using a portion of the dehydrogenated H2 for gas-fired 
reactor heating) and external heat supply (electrical reactor heat
ing) are considered.

• Ammonia (NH3): Import of “green” ammonia by ship, for either 
direct ammonia utilization or pure H2 supply. For ammonia-based H2 
supply, ammonia cracking is evaluated, considering both internal 
and external heat supply, similar to the approach used for H2 supply 
with carbon-based molecules and LOHCs.

• Gaseous hydrogen (GH2): Import of gaseous H2 via pipeline for 
direct supply.

All energy supply chains assessed are modeled according to the 
approach outlined in Section 3.4 on the same level of detail and within 
the same system framework. The definitions of all analyzed supply 
chains are listed in detail in the Supplementary Information (Section II).

3.3. Description of system components

Method. The system definition is accompanied by a description of 
the various required system components, aiming to select suitable 
technologies for all components and to specify them with techno- 
economic parameters. In accordance with the specification of the 
framework definition, this has to be realized according to the defined 
time horizon (here: 2035).

Data. The technology-specific parameters were determined based on 
a comprehensive meta-study (for all techno-economic data see Supple
mentary Information (Section III)).

3.4. Modeling and assessment

Modeling method. The modeling of the predefined energy supply 
chains aims to assess mass balances and energy flows, first at the level of 
the individual components and subsequently across the various energy 
supply chains. While a black-box approach is used to describe the input 
and output streams of the individual components, the modeling of the 
entire supply chain takes into account the interfaces between the com
ponents. This modeling enables the conclusive assessment and com
parison of the energy supply chains defined in terms of their techno- 
economic performance. The mathematical principles of this assess
ment are described below.

Assessment method. The primary parameter for the techno- 
economic assessment of the various supply chains is the total cost of 
the final energy supply at the point-of-import (cFES). Thus, cFES includes 
all costs associated with the energy supply and is calculated according to 
Equation (3). The sum of the annual costs associated with each indi
vidual supply chain component is divided by the total amount of energy 
supplied via the system at the point-of-import over one year (EFES). 

cFES =
CH2 + Cconv + Ccarrier + Cimport + Cstore + Creconv

EFES
(3) 

The various costs of the supply chain components are defined as 
follows. 

• CH2: Annual cost of H2 provision at the point-of-export (includes, 
besides H2 production cost, also storage cost to enable continuous 
supply to conversion unit).

Fig. 2. Assessed energy supply chains and their components for energy imports using “green” carbon-based molecules 
(ATR = Autothermal reforming; Biog. = Biogenic; CO2 = Carbon dioxide; DAC = Direct air capture; eSR = electrified steam reforming; LHV = Lower heating value; 
LSNG = Liquefied synthetic natural gas).
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• Cconv: Annual cost of converting H2 into the respective import 
molecule.

• Ccarrier: Annual cost of carrier provision ccarrier (e.g., CO2, N2, LOHC 
molecule).

• Cimport : Annual cost of transporting the import molecule from the 
point-of-export to the point-of-import.

• Cstore: Annual cost of storing the import molecule.
• Creconv: Annual cost of reconverting the import molecule into pure H2 

and compress the H2 to the desired supply pressure.

Not all of the listed costs are relevant for every supply chain under 
investigation. For example, when hydrogen is transported in elemental 
form, either as compressed gas or liquid hydrogen, there is no need for a 
carrier (Ccarrier = 0). Similarly, if SNG, methanol, or ammonia are sup
plied directly, reconversion into pure hydrogen is not required (Creconv =

0).
CH2 is calculated as the product of the specific cost of hydrogen 

supply at the point-of-export (cH2,specific) and the total amount of 
hydrogen required annually (Equation (4)). The total hydrogen energy 
required at the point-of-export can be divided into the energy effectively 
delivered at the point-of-import (EFES) and the energy lost along the 
supply chain (Eloss). Eloss accounts for all processes resulting in a reduc
tion of the energy contained in the molecule, such as conversion and 
reconversion losses or boil-off during transportation and storage. How
ever, additional energy inputs provided externally, such as electricity or 
heat supplied for re-/conversion processes, are not included in Eloss. 

CH2 = cH2,specific(EFES +Eloss) (4) 

The energy required to generate the tankers’ propulsion can either be 
provided by a dedicated marine fuel, or, if technically possible, by using 
part of the transported “green” molecule (i.e., in SNG, methanol, liquid 
hydrogen, and ammonia shipping). If the transported molecule is used, 
the energy demand of ship transportation (Eshipping) has to be covered by 
additional hydrogen production and is therefore part of Eloss; if a dedi
cated marine fuel is used, the costs incurred for its provision are part of 
ctransport (Equation (6)).

In the case of energy supply using “green” carbon-based molecules, 
Ccarrier includes all costs associated with the provision of CO2 (Equation 
(5)). Here, supply chains with and without a closed carbon cycle for CO2 
provision are analyzed. When calculating the costs of the carbon cycle, 
liquefaction (CCO2,liq), ship transportation (CCO2,transport) and intermediate 
storage (CCO2,store) are taken into account. Furthermore, the costs asso
ciated with the provision of CO2 directly at the site of synthesis 
(CCO2,supply,onsite) are considered, either to compensate for carbon losses 
during the CO2 cycle or – in scenarios where no CO2 cycle is used – for 
CO2 provision exclusively from an onsite source. 

Ccarrier,CO2 =CCO2,liq + CCO2,transport + CCO2,store + CCO2,supply,onsite (5) 

The annual costs for the individual supply chain components except 
cH2 are calculated using Equation (6). Here, ACAPEXi represents the 
annualized, discounted investment costs, while OPEXi summarized 
energy-related operational costs (i.e., provision of electricity, thermal 
energy, marine fuel) as well as expenses for maintenance and repair and 
other operating costs (e.g., harbor fees). 

Ccomponent,i =ACAPEXi + OPEXi (6) 

ACAPEXi =CAPEXi
WACC(1 + WACC)DPi

(1 + WACC)DPi − 1
(7) 

The annualized investment costs ACAPEXi (of the component i) are 
determined using the annuity method. This involves multiplying the 
initial investment for the respective component (CAPEXi) – including 
costs for equipment, plant design, and installation (based on literature 
data) – by the annuity factor. The annuity factor is calculated based on 
the weighted average cost of capital (WACC) and the depreciation 

period (DPi).
The calculation of each cost component – and thus of the total cost of 

the final energy supply – is based on technology-specific capital and 
operating expenditures, energy demands, and system utilization factors 
as specified in the Supplementary Information (Section III). For each 
supply chain component, the respective costs are annualized and 
attributed to the final energy output according to Equations (3)–(7).

In addition to the cost of the final energy supply at the point-of- 
import cFES, the supply chains are assessed regarding their contribu
tion to meet the energy demands of import-dependent countries. To this 
end, the net energy import (NEI), realized by each supply chain, is 
evaluated. The NEI is defined as the share of the imported energy that is 
actually provided for the energy system of the importing country. It is 
calculated by subtracting the energy required within the importing 
country for processing the supply chain (EIn,PoI) from the total energy 
supplied at the point-of-import (EFES) (Equation (8)): 

NEI=
EFES − EIn,PoI

EFES
(8) 

Various components of the supply chain can cause energy demands 
in the importing country and thus contribute to EIn,PoI. These may include 
the external energy required for reconversion of the import molecule 
into hydrogen and subsequent hydrogen compression to the desired 
supply pressure (Ereconv), as well as the energy required for ship- or 
pipeline-based transport of the import molecule (Eimport). The energy 
demand of ship-based transport is only relevant to the NEI if not the 
import molecule itself but a dedicated marine fuel is used. In the case of 
supply chains relying on carbon-based import molecules and utilizing 
closed CO2 cycles, CO2 liquefaction (ECO2,liq) and the return transport of 
CO2 (ECO2,transport) from the importing country to the exporting country 
cause an additional energy demand in the import country. For the 
transport of both the import molecule and CO2, it is assumed that the 
energy demand is partially incurred in the exporting country and 
partially in the importing country (Equation (9)): 

EIn,PoI = Ereconv +
Eimport

2
+ ECO2,liq +

ECO2,transport

2
(9) 

The NEI allows the cost of final energy supply (cFES) to be related to 
the actual amount of additional energy provided in the importing 
country. Accordingly, the cost of net energy import (cNEI), calculated 
using Equation (10), reflect the true cost of fulfilling the supply objective 
– delivering additional energy to the importing country. 

cNEI =
cFES

NEI
(10) 

4. Results and discussion

This chapter discusses the results of the supply cost (Sections 4.1 to 
4.4) and net energy import (Section 4.5) assessment of the pathways for 
renewable electricity-based energy import. To present the results, the 
costs are allocated to distinct contributor categories along the supply 
chains, with detailed definitions of these categories provided in the 
Supplementary Information (Section 2).

In accordance with the framework definition (Section 3.1) the results 
presented in this chapter are based on techno-economic parameters 
projected for 2035 to represent a mid-term future in which all key 
technologies are expected to be commercially mature. The selected 
parameter values (see Supplementary Information (Section III)) were 
derived from a broad literature base reflecting industry roadmaps, ac
ademic scenario analyses, and expert forecasts. While the absolute 
values may change as markets and technologies evolve, the comparative 
nature of this study ensures that the relative assessment of the analyzed 
import pathways remains robust.
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4.1. Cost of hydrogen supply using carbon-based import molecules

The specific costs of supplying gaseous hydrogen at 100 bar in the 
import country are illustrated in Fig. 3. The production cost for one kWh 
of hydrogen at the point-of-export – representing the energy ultimately 
delivered at the point-of-import – is assumed to be 0.10 €/kWhH2,LHV 
according to Section 3.1 and, as being identical across all pathways, is 
not shown in Fig. 3 but included in the stated total supply cost.

Supply cost composition. The analyzed supply chains using “green” 
SNG or methanol as carriers to import hydrogen incur supply cost 
ranging between 0.165 and 0.252 €/kWhH2,LHV. For these supply chains, 
hydrogen production in the exporting country accounts for clearly more 
than half (in all cases >58 %) of the total hydrogen supply cost. This 
significant contribution of the hydrogen production in the export 
country to the total supply cost emphasizes the critical importance of a 
cost-effective hydrogen production and the identification of optimal 
production sites for economically viable hydrogen imports.

A further significant share of the hydrogen production costs results 
from additional hydrogen production required to compensate for energy 
losses caused by the respective conversion and reconversion processes 
(H2 Production - To cover conversion losses and H2 Production - To cover 
reconversion losses). Besides this, for the two hydrogen import options, 
SNG and methanol, transportation and terminal storage costs are minor, 
confirming the infrastructural advantages often attributed to carbon- 
based import molecules [9,25,37]. This is true for the costs associated 
with acquiring and operating vessels (Import Molecule Transportation) 
and storage tanks (Import Molecule Storage), as well as the indirect costs 
arising from losses, e.g., due to using part of the loaded import molecule 
as fuel for the ship’s propulsion (H2 Production - To cover transp. & storage 
losses). Additionally, the cost of compressing hydrogen to 100 bar after 
reconversion is negligible (Final H2 Compression).

Fig. 3 illustrates that the cost of hydrogen supply via carbon-based 
import molecules is strongly influenced by the respective configura
tion of the supply chain, including the reforming technology, the CO2 
supply concept, and the availability of onsite CO2 sources.

SNG vs. Methanol. There are clear differences between methanol 
and SNG-based hydrogen supply pathways; Fig. 3 shows cost advantages 
of methanol-based over SNG-based hydrogen supply. These advantages 
are largely attributable to the lower cost associated with compensating 
for re-/conversion losses through additional hydrogen production (H2 
Production – To cover re-/conversion losses) and providing external heat 
for reconversion (Reconversion – External heat supply). Overall, the cost 
advantage of methanol-based hydrogen supply compared to SNG-based 
supply ranges between 10 and 20 % in the scenario under consideration, 
assuming identical configurations of the supply chain with regard to 
reformer technology and CO2 supply concepts. This is mainly attribut
able to the lower reaction enthalpy of methanol synthesis and methanol 
decomposition. A higher share of the energy stored within the hydrogen 
is transferred to the methanol molecule during methanol synthesis, 
while methanation converts less of the hydrogen’s energy into methane 
to the expense of the production of more waste heat. Consequently, the 
thermal energy required to recover hydrogen from methanol during 
reforming is also lower than for SNG. Another clear advantage of 
methanol over SNG as a hydrogen carrier is the lower energy and 
equipment requirements for conditioning. Unlike SNG, which must 
undergo an energy-intensive liquefaction process, methanol is already in 
a liquid form when leaving the synthesis process. This results in lower 
costs for the conditioning of the transported hydrogen derivative within 
methanol-based supply chains (here assigned to the cost category Con
version - Excl. carrier supply). However, methanol-based hydrogen supply 
incurs higher specific costs for CO2 provision compared to SNG (Carrier 
Supply) (see below, paragraph carbon supply).

Fig. 3. Cost in 2035 for a supply of gaseous hydrogen at 100 bar 
(The cost of providing one kWh of hydrogen at the point-of-export is the same for all pathways (0.1 €2024/kWhH2,LHV) and is therefore not shown here but part of the 
overall supply cost.) (ATR = Autothermal reforming; CO2 = Carbon dioxide; DAC = Direct air capture; eSR = electrified steam reforming; GH2 = Gaseous hydrogen; 
LH2 = Liquid hydrogen; LHV = Lower heating value; LOHC = Liquid organic hydrogen carrier; MeOH = Methanol; NH3 = Ammonia; Ons. = onsite; SNG = Synthetic 
natural gas).
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Internal vs. external heat supply. According to Fig. 3, supply 
chains applying eSR and thus utilizing external energy to meet the heat 
demand of the reconversion process are generally more cost-efficient 
than those relying on ATR (internal heat supply). Under the given as
sumptions, the use of eSR leads to cost savings of ca. 13 % for SNG-based 
and ca. 12 % for methanol-based hydrogen supply. This cost advantage 
results mainly from the higher chemical reconversion efficiency of eSR 
compared to ATR reducing the need for additional hydrogen production 
to offset reconversion losses (H2 Production – To cover reconversion los
ses). Moreover, as less SNG or methanol needs to be transported along 
the supply chain to deliver the same hydrogen quantity in the import 
country, infrastructure components such as re-/conversion plants and 
tankers can be scaled down, leading to further cost savings in eSR-based 
supply chains. Although eSR requires additional electricity input for 
external reactor heating in the import country, this approach is signifi
cantly more efficient (electricity → heat) than the provision of heating 
energy along the supply chain in ATR-based concepts involving multiple 
energy conversions (electricity → hydrogen → methane/methanol → 
heat). In the case analyzed here, this increased energy efficiency trans
lates into lower costs for reconversion heat supply.

Carbon supply. In the context of the analyzed CO2 supply concepts, 
the assessment reveals that utilization of low-cost biogenic CO2 offers 
clear cost advantages over CO2 sourcing with DAC. Under the frame
work conditions considered here, the lowest hydrogen supply costs 
using carbon-based import molecules are achieved with a CO2 supply 
solely using a biogenic onsite source. If such a biogenic source is not 
available and CO2 needs to be supplied entirely via the DAC technology, 
the hydrogen supply cost increases significantly. The additional costs 
due to DAC usage are considerably higher for methanol (+25 % for 
reforming via ATR) than for SNG (+15 % for reforming via ATR). This 
disparity can be attributed to these two key factors. 

• Compared to methane, the methanol molecule requires a greater 
amount of CO2 per kWh of energy delivered, making methanol-based 
hydrogen supply more sensitive to the cost of CO2 supply.

• Due to methane’s higher reaction enthalpy (see above) methanation 
generates more waste heat compared to the methanol synthesis. 
Furthermore, the waste heat released during the methanol synthesis 
is largely required internally for the separation and purification 
purposes (i.e., distillation of methanol), whereas there are no such 
constraints during the methanation process. This methanation waste 
heat can be integrated into the DAC process, reducing the heat de
mand of DAC plants by ca. 50 % (Table 1) within a SNG-based 
hydrogen supply. This integration lowers the specific CO2 supply 
cost from 173 to 144 €/tCO2 (Table 3). In contrast, the heat inte
gration potential for methanol synthesis is significantly lower, 
resulting in only minimal reductions in the specific cost of CO2 
supply with DAC. However, effective utilization of waste heat for 
DAC always requires spatial proximity between the synthesis and 
DAC systems, as heat transport is limited by both technical and 
economic constraints.

An alternative CO2 supply concept analyzed here involves imple
menting a closed CO2 cycle. Within such a concept, CO2 released during 
the reforming process is captured, liquefied and transported back to the 

energy-exporting country. In the examined case, the specific costs of 
such an CO2 cycling are about 50 €/tCO2. These costs are distributed 
across shipping (~20 €/tCO2 for a 5,000 km transportation distance), 
liquefaction (~15 €/tCO), and intermediate storage at the terminals. The 
specific costs associated with the CO2 cycle are slightly lower in the case 
of methanol than for SNG-based hydrogen supply (Table 3) as a larger 
total amount of CO2 is transported here, and therefore the investment 
costs of the storage tanks, which are dimensioned according to the ca
pacity of the CO2 tankers, can be depreciated over a larger total amount 
of CO2.

Compared to relying solely on onsite CO2 supply via DAC, the 
implementation of a CO2 cycle leads to cost savings. In the case of 
methanol-based hydrogen supply, these savings are close to ca. 15 %, 
while for SNG-based hydrogen supply, the cost reductions are ca. 8 %. 
The higher cost reduction for methanol-based hydrogen supply results 
from the greater sensitivity to CO2 supply cost and the lower potential 
for heat integration to reduce DAC cost (see above). Considering the 
assumed CO2 capture rate at the reforming plants and additional carbon 
losses (e.g., losses during transportation of CO2 or methane/methanol), 
around 92 % of the CO2 needed for the synthesis can be supplied through 
the cycle. Consequently, the availability of a biogenic CO2 source has 
little influence on the overall hydrogen supply cost, as it is only used for 
compensating carbon losses.

4.2. Cost of hydrogen supply with carbon-based import molecules 
compared to hydrogen supply with other import molecules

Given the assumptions and framework conditions made here, the 
import of gaseous hydrogen via pipeline, at 0.147 €/kWhH2,LHV, exhibits 
the lowest energy supply cost among all assessed import pathways. 
While the pipeline’s high material and capital requirements lead to 
substantial transportation costs (Derivative Transportation), these are 
offset by the absence of any effort to supply a carrier, as well as the lack 
of energy-intensive conversion and reconversion steps. Additionally, 
compression and pipeline transportation only incur small hydrogen 
losses, allowing nearly the entire amount of the hydrogen produced in 
the energy-exporting country to be delivered to the importing country. 
Thus, the costs for the production of additional hydrogen to compensate 
for losses are low.

Similarly, the import of hydrogen in liquid form via specialized 
tankers results in lower supply cost (0.153 €/kWhH2) compared to all 
assessed supply chains using carbon-based import molecules as 
hydrogen carriers. For example, the cost difference between methanol- 
based hydrogen supply, using a CO2 cycle and eSR (as the most 
promising configuration), and liquid hydrogen import is about 10 %. 
Liquid hydrogen imports are particularly distinguished by their low 
hydrogen losses, which are lower than those of all other assessed 
ship-based supply pathways. This also includes boil-off losses during 
shipping, which, under large-scale implementation and expected boil-off 
rates (0.15 % per day; see Supplementary Information (Section III)), 
are unlikely to have a significant impact on the overall costs in 
import scenarios with short to medium transportation distances (here: 
5,000 km). Moreover, regasification of liquid hydrogen (Reconversion - 
Excl. heat supply) hardly causes notable costs and can also take place at 
higher pressures, eliminating the need for additional compression to 

Table 3 
Specific CO2 supply cost.

SNG-based hydrogen supply Methanol-based hydrogen supply

Values in €/tCO2

DAC Without heat integration 173 173
With heat integration – Onsite CO2 supply 144 171
With heat integration – CO2 cycle 115 147

CO2 cycle 53 51
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achieve the targeted pressure level of hydrogen supply. Hydrogen 
liquefaction, however, is a significant contributor to overall supply 
costs, adding about 0.35 €/kWhH2,LHV (Conversion - Excl. carrier supply). 
These liquefaction costs are roughly evenly split between electricity 
costs and plant investment, maintenance, and operational expenses. As 
shown in Fig. 3, transportation costs (Import Molecules Transportation) 
are considerably higher than for carbon-based hydrogen carriers, pri
marily due to the elevated capital investment required for novel liquid 
hydrogen tankers. Notably, neither hydrogen liquefaction nor liquid 
hydrogen tankers have been implemented on a large industrial scale, 
resulting in particularly high cost uncertainties for the supply pathway 
based on liquid hydrogen.

In the analyzed scenario, hydrogen imports using ammonia as a 
carrier have supply cost of around 0.18 €/kWhH2,LHV. Thus, it is in the 
same cost range as methanol-based hydrogen supply with autothermal 
reforming (ATR) when low-cost biogenic CO2 is available or a CO2 cycle 
is employed. Compared to a combination of methanol import and 
electrified steam reforming (eSR) for hydrogen supply, the ammonia- 
based hydrogen import causes slight additional costs. Unlike the 
carbon-based hydrogen supply chains analyzed, the type of heat supply 
for hydrogen recovery from ammonia does not have a major influence 
on the overall costs. This is because hydrogen purification losses asso
ciated with ammonia cracking are significant and assumed to be largely 
available to cover the heat demand of the ammonia cracking, mini
mizing the thermal energy to be supplied additionally to the cracking 
process (internally via the combustion of additional hydrogen/ammonia 
or via an external source). Fig. 3 also illustrates, that the ammonia-based 
hydrogen supply benefits from a low-cost provision of the required ni
trogen (Carrier Supply) compared to the provision of other carriers (i.e., 
CO2 and LOHC material). Air separation is an established process that 
has been used for decades and, in contrast to CO2 provision using DAC 
systems, can be easily realized at scale.

Under the framework conditions considered, hydrogen import using 
LOHCs is only cost-competitive with other carrier-based pathways 
(especially methanol and ammonia) if the required dehydrogenation 

heat can be covered by an external source at moderate cost (here: 
0.10 €2024/kWhth; see Section 3.1). With about 40 % of the energy 
contained in the released hydrogen, this external energy demand would 
be substantial, clearly exceeding the external energy required for eSR of 
carbon-based hydrogen carriers. This raises concerns about the feasi
bility and sustainability of deploying such large energy quantities in 
countries actually aiming to import “green” energy. If the required 
thermal energy is provided internally by burning part of the released 
hydrogen, the total costs add up to more than 0.23 €/kWhH2,LHV and are 
thus well above the costs of ammonia-based and most promising 
configurations of methanol-based pathways. The high costs of recon
version are compounded by the significant expenses associated with 
providing the LOHC molecule (here: benzyl-toluene). This is primarily 
due to the system ties up a large amount of LOHC material and the 
corresponding capital required to purchase it.

Overall, the economic analysis of all hydrogen supply chains in
dicates that, if pure hydrogen is required within the importing country, 
it should, when technically feasible, also be transported in its pure form 
– either as gaseous hydrogen via pipeline (preferable option, if possible) 
or as liquid hydrogen via ship. If direct hydrogen import is not techni
cally or logistically viable, methanol emerges as the most cost-effective 
carrier, provided that a low-cost, non-fossil CO2 source is available. 
Alternatively, ammonia-based imports may also be considered. In 
contrast, hydrogen imports via LOHCs and SNG, as well as methanol- 
based supply chains relying solely on DAC for CO2 provision, appear 
economically unviable under the assessed conditions.

4.3. Cost of hydrogen derivative supply

Today’s global energy supply relies heavily on carbon-based energy 
carriers. Consequently, an alternative to using “green” SNG and meth
anol as hydrogen carriers is their direct utilization in various end ap
plications. Although ammonia is less versatile as an energy carrier than 
methanol and SNG, the existing ammonia markets in fertilizer produc
tion and chemical industry offer opportunities for the direct use of 

Fig. 4. Cost in 2035 for a supply of hydrogen derivatives compared to cost of hydrogen supply 
(The cost of providing one kWh of hydrogen at the point-of-export is the same for all pathways and is therefore not shown here but part of the overall supply cost.) 
(CO2 = Carbon dioxide; DAC = Direct air capture; H2 = Hydrogen; LHV = Lower heating value; MeOH = Methanol; NH3 = Ammonia; SNG = Synthetic natural gas).
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“green” ammonia.
According to Fig. 4, the direct use of these derivatives consistently 

results in lower specific energy supply cost compared to supplying 
hydrogen derived from the respective derivatives. This cost reduction is 
caused by several factors. Firstly, costs can be saved as there is no need 
to build and operate reconversion plants. Secondly, less hydrogen has to 
be produced in the exporting country to supply the same amount of 
energy in the import country, as there are no reconversion losses to be 
compensated for. Thirdly, the improved efficiency of energy utilization 
in the import country reduces the required capacity of key supply chain 
components, such as conversion units, storage and transportation 
infrastructure, thereby further lowering the overall costs.

The cost for direct supply of carbon-based “green” import molecules is 
in the range calculated for importing hydrogen in its elemental form 
(gaseous hydrogen via pipelines or liquid hydrogen via ship) – provided 
that the required CO2 does not have to be sourced entirely through DAC 
systems. Similar to the assessment as hydrogen carriers, methanol has a 
cost advantage over SNG, mainly due to lower energy losses during con
version (H2 Production - To cover conversion losses), simpler intermediate 
storage (Import Molecule Storage) and the absence of a liquefaction 
requirement (part of Conversion – Excl. carrier supply). As Fig. 4 shows, 
methanol and SNG supply only have similar cost if the CO2 is provided 
exclusively through DAC. This further highlights the greater sensitivity of 
methanol’s competitiveness to CO2 provision costs (Section 4.1). If a low- 
cost biogenic CO2 source is available, the direct supply of methanol could 
even achieve slightly lower specific costs than hydrogen import via pipe
line for the transportation distance considered here (5,000 km). The 
import of “green” ammonia for direct use is also promising from an eco
nomic point of view, as the energy supply cost of around 0.14 €/kWhH2,LHV 
is slightly below the cost of importing gaseous hydrogen via pipeline.

4.4. Impact of transportation distance on energy supply cost

A parameter variation is conducted for all defined import pathways 
to assess the impact of transportation distance on the overall energy 
supply cost. For clarity of presentation, only the cost trends for selected 
pathways are shown in Fig. 5.

Compared to other options considered, the costs of importing SNG 
and methanol are only slightly dependent on the transportation dis
tance. This is mainly due to two reasons. 

(1) The infrastructure for storing and shipping these molecules is 
well-established and cost-efficient, because it has been in place 
for decades.

(2) The high volumetric energy density of methanol and methane, 
compared to other import molecules, lowers the number of ships 
and storage facilities required.

However, the cost sensitivity on transportation distance is much 
higher for methanol and SNG when using closed CO2 cycles instead of 
onsite CO2 supply; e.g., in the case of methanol-based hydrogen supply, 
an increase of the transportation distance from 5,000 to 20,000 km 
raises energy supply cost only by around 6 % with onsite CO2 provision 
but by 15 % with a closed CO2 cycle. This is mainly due to additional 
distance-related costs arising when a CO2 cycle is implemented (pur
chase and operation of CO2 tankers). Furthermore, the share of recycled 
CO2 also decreases with increasing transportation distances. At greater 
distances, more SNG or methanol is consumed as fuel during trans
portation of the derivative, reducing the amount of CO2 available for 
capture during reforming and thus necessitating a higher share of 
expensive DAC-based CO2 provision. Nevertheless, under the framework 

Fig. 5. Impact of transportation distance on cost for a supply of gaseous hydrogen at 100 bar in 2035 
(CO2 = Carbon dioxide; DAC = Direct air capture; eSR = electrified steam reforming; LH2 = Liquid hydrogen; LHV = Lower heating value; LOHC = Liquid organic 
hydrogen carrier; MeOH = Methanol; NH3 = Ammonia; SNG = Synthetic natural gas).
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assumptions and technology parameters considered, implementing a 
CO2 cycle remains more cost-efficient than a sole onsite CO2 supply via 
DAC, even for very long transportation distances (Fig. 5).

Hydrogen imports via pipeline demonstrate the highest sensitivity to 
transportation distance among all options analyzed. The high contri
bution of transportation costs to the overall cost (Fig. 3), along with the 
proportional scaling of the pipeline’s material and capital requirements 
with distance, explains this strong dependency. However, within 
transportation distances that are realistic under the given topographical 
(e.g., mountain ranges, shelf edge) and political limitations, hydrogen 
imports via pipelines are still the most cost-efficient option for a “green” 
energy supply. Hydrogen imports using LOHCs also show a strong cor
relation between energy supply cost and transportation distance. This is 
primarily because the amount of LOHC material required in the system 
scales directly with transportation duration. However, even at very short 
distances, LOHC-based imports are more costly than particularly 
promising options, such as pipeline transportation, liquid hydrogen, or 
methanol-based imports (Fig. 3). Energy imports based on ammonia and 
liquid hydrogen, in contrast, display a weak correlation between costs 
and transportation distance, similar to methanol and SNG. While the 
boil-off of liquid hydrogen is inherently time-dependent and could 
potentially increase cost sensitivity to transportation distance, this effect 
is minimal under the assumptions made here. The low boil-off rate of 
0.18 % assumed here (as indicated by the literature, e.g., [12,66,91]) 
ensures that nearly all vaporized hydrogen can be utilized for ship 
propulsion, preventing excessive losses. Therefore, the boil-off does not 
result in any significant disadvantages for liquid hydrogen imports 
compared to the other ship-based options.

4.5. Net energy import

The primary purpose of importing renewable electricity-based en
ergy carriers is to provide additional energy when domestic production 
in the importing country is insufficient or too expensive. However, the 

previous supply chain analysis reveals that some import pathways 
require considerable energy inputs within the importing country. As a 
result, the net energy import (NEI) (see Equation (8)) may be signifi
cantly reduced, meaning that a larger overall energy volume must be 
imported to provide the same additional energy to the importing 
country.

As Fig. 6 shows, the NEI, like the energy supply cost, is influenced by 
various factors of supply chain design, including whether the import 
molecule is used as a hydrogen carrier or directly, the approach of CO2 
provision, and – if used as hydrogen carrier – the choice of the reforming 
technology.

Within the system boundaries considered here (supply of energy 
directly at the point-of-import without consideration of any inland 
transport) and under the given assumptions (e.g., neglecting energy 
required to pump the derivative from ship to land, and to re-gasify in the 
case of SNG and ammonia), no energy is required in the importing 
country when SNG, methanol, and ammonia are used directly. Accord
ingly, the imported energy is entirely available to the energy system of 
the importing country without requiring domestic energy (NEI = 1). 
Only if a closed CO2 cycle is implemented, the NEI for carbon-based 
import molecules decreases slightly to 0.97 % for SNG and 0.96 % for 
methanol due to the energy required for CO2 liquefaction and transport.

If carbon-based import molecules are used as a hydrogen carrier, the 
net energy import decreases due to additional domestic energy re
quirements related to the reconversion. The NEI of supply chains using 
“green” SNG and methanol as hydrogen carriers ranges from 0.66–0.90 
%. Here, supply chains that use ATR for hydrogen recovery (0.79–0.90 
%) achieve better results in the energy effectively provided in the 
importing country than supply chains using eSR (0.66–0.74 %), since 
most of the reforming energy is generated in the exporting country. 
Using eSR, the electricity required for reactor heating reduces the net 
energy import by around a quarter (29 % in the case of SNG and 23 % in 
the case of methanol). The implementation of a CO2 cycle further re
duces the amount of energy available in the importing country, albeit by 

Fig. 6. Net energy import of different energy import pathways in 2035 
(ATR = Autothermal reforming; CO2 = Carbon dioxide; eSR = electrified steam reforming; H2 = Hydrogen; LH2 = Liquid hydrogen; LHV = Lower heating value; 
LOHC = Liquid organic hydrogen carrier; MeOH = Methanol; NH3 = Ammonia; Ons. = onsite; SNG = Synthetic natural gas).
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only 3–5 %.
Similar correlations as for SNG- and methanol-based hydrogen 

import apply to imports based on other carriers. In the case of LOHCs, 
the origin of the dehydrogenation heat is a key factor the for net energy 
import. If an external heat source (domestic energy) is used, only around 
50 % of the energy contained in the hydrogen provided is actually added 
to the importing country’s energy system. If, in contrast, part of the 
hydrogen bound to the LOHC is used for internal heat supply, the NEI 
increases to over 85 %. However, the internal supply of dehydrogena
tion heat is generally a much less cost-effective option (Section 4.2). In 
the case of hydrogen import with ammonia, more than 80 % of the 
energy supplied is available for the energy system of the importing 
country, even if an external heat source is used for ammonia cracking. 
One reason for this is that the thermal energy demand for ammonia 
cracking is already largely covered by occurring hydrogen losses, and 
thus, the additional thermal energy to be provided is comparatively low 
(Section 4.2).

The import of liquid hydrogen via ship and gaseous hydrogen via 
pipelines have a higher NEI than importing hydrogen using carrier 
molecules. In this respect, liquid hydrogen imports in particular show 
energy system related advantages over other ship-based hydrogen 
import options. The regasification of liquid hydrogen requires hardly 
any energy, while simultaneously allowing for the direct production of 
gaseous hydrogen at high pressure. Furthermore, it is potentially 
possible to utilize the high temperature difference between the liquid 
hydrogen and the environment during regasification to provide addi
tional energy (e.g., through a cryogenic power generation cycle). It is 
therefore conceivable that, with an optimal design of the regasification 
terminal and through efficient utilization of cold energy, a NEI above 1 
could be achieved for liquid hydrogen supply chains (not shown in 
Fig. 6).

As Fig. 6 shows, considering the amount of additional energy pro
vided in the importing country as a cost reference value can significantly 
influence the economic assessment of the examined energy supply 
pathways. Generally, relating the costs to the amount of energy actually 
provided favors supply pathways where the transported molecule is 
used directly (i.e., does not have to be converted using energy in the 
importing country), further expanding their already existing advantage 
(see Section 4.1 to Section 4.3). This is true for hydrogen supply, where 
the cost of net energy import the cNEI illustrates the systemic advantages 
of importing hydrogen by pipeline and as liquid hydrogen – almost all of 
the imported energy is provided to the importing country – compared to 
all carrier-based options. And this is also true for the direct application 
of “green” SNG, methanol and ammonia compared to their use as 
hydrogen carrier. For hydrogen supply using carbon-based import 
molecules the analysis of the cost of final energy supply (cFES) has 
revealed an economic advantage of supply pathways with external heat 
supply for methanol/SNG reforming (see Section 4.1). This advantage is 
put into perspective when considering the cost of net energy import 
(cNEI). For hydrogen supply using SNG as a carrier, the cNEI is even higher 
with external heat supply for reforming (eSR) than with internal heat 
supply (ATR). For hydrogen supply based on methanol, the cNEI are 
almost the same for reforming via ATR and eSR. Furthermore, the eco
nomic viability of different reforming approaches also depends on the 
energy cost difference between the importing and exporting country. 
Scenarios where this cost difference is very high (cheap hydrogen in the 
export country and expensive baseload energy in the import country), 
generally work in favor of hydrogen supply pathways with internal heat 
provision.

5. Summary and conclusion

This section concludes by summarizing the most important results of 
the assessment carried out and drawing conclusions for the use of 
carbon-based import molecules.

5.1. Summary

This paper provides a comprehensive assessment of supply cost and 
the net energy import (NEI) of renewable electricity-based energy im
ports using carbon-based molecules, specifically “green” methanol and 
synthetic natural gas (SNG). The primary objective is to evaluate various 
supply chain configurations that deliver either hydrogen or hydrogen 
derivatives, including an examination of different CO2 supply concepts. 
Additionally, if hydrogen is to be supplied in the importing country, 
different technical approaches for methanol resp. SNG reforming are 
assessed. These carbon-based molecules are compared concerning 
hydrogen/energy supply cost and NEI to other options for the import of 
“green” electricity-based energy, including shipborne transportation of 
liquid hydrogen, ammonia (as carrier for supply of hydrogen or for 
direct use as a derivative) or liquid organic hydrogen carrier (LOHC) and 
pipeline transportation of gaseous hydrogen. The comparison of all 
considered supply pathways leads to the following overall conclusions. 

• Under the assumptions of this assessment hydrogen supply cost using 
“green” methanol and SNG as carriers ranges between 0.16 and 0.25 
€/kWhH2,LHV, depending on the specific supply chain design. The 
choice of the respective reforming technology significantly impacts 
these hydrogen supply cost. Reconversion to hydrogen by means of 
electrified steam reforming (eSR) offers a more efficient utilization of 
the carrier than autothermal reforming (ATR); this means that less 
SNG or methanol needs to be imported to provide the same amount 
of hydrogen. This more energy efficient use of the molecule also 
results in a cost advantage for eSR. However, eSR requires consid
erable energy inputs within the importing country, resulting in less 
additional energy effectively being provided in the importing coun
try. Furthermore, scenarios with high energy cost differences be
tween export and import countries – i.e., cheap hydrogen production 
in the export country and/or expensive electricity in the import 
country – can favor reconversion via ATR, as it minimizes energy 
consumption within the import country.

• The direct use of imported “green” SNG and methanol leads to lower 
specific energy supply costs compared to the provision of elemental 
hydrogen via reconversion of these carbon-based molecules. The cost 
reductions are in the order of 20–30 % for SNG and 15–25 % for 
methanol, primarily due to the elimination of the reconversion to 
hydrogen and the associated losses.

• Among the examined “green” carbon-based import molecules, 
methanol generally offers advantages over SNG. These benefits are 
largely attributed to the lower chemical binding enthalpy of the 
methanol molecule, resulting in more energy-efficient synthesis (i.e., 
less heat losses) and, if used as hydrogen carriers, reconversion. As a 
result, methanol-based “green” energy supply is featured by lower 
energy losses that have to be compensated for by costly production of 
additional hydrogen in the energy-exporting country. Further ad
vantages over SNG stem from methanol being available as a liquid 
directly after synthesis, thus eliminating the need for energy- 
intensive liquefaction and enabling an easy storage at ambient con
ditions. The cost advantages of “green” methanol over SNG deter
mined are between 10 % and 20 % for hydrogen supply and between 
2 and 10 % for direct utilization.

• The cost of providing non-fossil CO2 significantly impacts the 
competitiveness of energy supply using SNG and “green” methanol, 
with biogenic sources likely to be the most cost-effective option in 
the near future. For export countries in which such biogenic CO2 
sources are not or not sufficiently available, sourcing CO2 from 
ambient air with Direct Air Capture (DAC) systems is an (more 
expensive) alternative. CO2 provision with DAC increases the cost of 
SNG-based hydrogen supply by about 15 % and methanol-based 
hydrogen supply by about 25 % compared to the use of low-cost 
biogenic CO2. The additional costs incurred by DAC are lower for 
SNG than for “green” methanol, as (i) the potential for reducing DAC 
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costs through the integration of synthesis waste heat is greater in the 
case of SNG, and (ii) methanol requires more CO2 per kWh of energy 
provided.

• The implementation of closed CO2 cycles is an option to overcome 
the potentially limited availability of biogenic CO2 and/or the high 
cost of supply via DAC. Capturing the CO2 released during the use of 
SNG or methanol at a high percentage appears to be feasible in both 
the eSR as well as the ATR, and would most likely enable the supply 
of over 90 % of the CO2 required for synthesis via such a largely 
closed cycle. The specific cost of CO2 cycling calculated here is ca. 50 
€/tCO2, including expenses for liquefaction, intermediate storage, 
and shipping over a 5,000 km distance. Compared to relying solely 
on onsite DAC-based CO2 supply, closed CO2 cycles reduce hydrogen 
supply cost using carbon-based carriers by about 15 % for methanol 
and 8 % for SNG, under the assumptions made here.

• For a supply of pure hydrogen, import by pipeline over short to 
medium transportation distances has the lowest cost among all 
pathways, but it also exhibits the highest dependency on trans
portation distance. The import of liquid hydrogen by ship is also very 
promising and likely to be less expensive than hydrogen import 
based on the various carriers; provided the necessary technologies (e. 
g., liquefaction and liquid hydrogen tankers) are successfully scaled 
up. Taking into account current estimates of boil-off rates for large- 
scale liquid hydrogen tankers, it is likely that hydrogen losses dur
ing ship transportation and storage will not have a decisive influence 
on the supply costs – this is true even for long transportation dis
tances. The cost of the ammonia-based hydrogen supply falls within 
the range calculated for a methanol-based import using a low-cost 
option for CO2 provision (CO2 cycle or biogenic CO2 source). 
Similar to SNG and methanol, the direct use of “green” ammonia 
enables significantly lower specific energy supply cost – in the 
analyzed scenario even below the cost of pipeline-based hydrogen 
import. Importing hydrogen with LOHCs, in contrast, does not 
appear to be particularly promising. Thus, the high energy demand 
for hydrogen recovery from LOHC molecules currently under dis
cussion, such as benzyl-toluene, is significantly higher than that of 
the other carrier-based options, causing correspondingly high costs.

5.2. Conclusion

The following recommendations for a renewable energy supply using 
import molecules can be derived from the results of this paper: 

• If SNG, methanol or ammonia is required by the final energy con
sumer in the importing country, the energy should always be im
ported in the corresponding form (i.e., as the respective derivative). 
Importing elemental hydrogen in order to produce the required de
rivatives in the importing country is economically unviable. In 
addition, the import of derivatives offers greater flexibility with re
gard to the selection of suitable export countries due to the low in
fluence of transportation distance on costs.

• If the final energy consumer is flexible in choosing a “green” mo
lecular energy carrier, hydrogen imported in elemental form 
(gaseous via pipeline or liquid by ship), methanol, or ammonia 
should be used. Supplying a flexible end energy consumer with pure 
hydrogen recovered from an imported hydrogen derivative does not 
make economic sense.

• The reconversion of hydrogen derivatives (SNG, methanol, 
ammonia) into elemental hydrogen is, from an economic point of 
view, only justified if (i) substantial amounts of pure hydrogen are 
genuinely needed by end consumers in the importing country (which 
must be carefully assessed) and (ii) hydrogen transport via pipelines 
or liquid hydrogen tankers is not viable due to technical or political 
constraints. If carrier-based hydrogen import is necessary, methanol 
(with electrically heated reforming and low-cost CO2 provision) or 

ammonia should be prioritized. Energy imports based on SNG or 
LOHCs do not appear to be competitive from today’s perspective.

• For the import of “green” energy via carbon-based molecules, 
methanol is preferable to SNG, regardless of whether for direct use as 
a derivative or as a hydrogen carrier. Methanol can be synthesized 
more energy-efficiently than SNG, can be transported and stored 
safely under ambient conditions and moreover does not pose any risk 
of climate impacts due to leakages. Thereby, the cost of importing 
“green” methanol is highly sensitive to the CO2 provision costs; a 
competitive “green” methanol supply can be ensured by means of 
biogenic carbon source or a closed cycle.

Future research may explore the impact of technological advance
ments on energy supply cost, particularly in technologies not yet 
deployed at large scale, such as DAC or reconversion processes. 
Expanding the economic modeling to include aspects like the potential 
utilization of existing infrastructures or risk-adjusted investment 
frameworks could enhance the robustness of such energy supply chain 
assessments. Furthermore, embedding the performed modeling into 
broader energy system models could, e.g., enable comparisons between 
renewable energy import options and local supply solutions and a 
linking of the supply options with the demand side.
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