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Abstract 
Electricity-based fuels from renewable energies are regarded as a key instrument for climate protection. 

These Power-to-X (PtX) products are to replace fossil fuels in sectors where direct use of electricity from 

renewable energies is not possible. We investigate the production potential of electricity-based fuels from 

onshore wind energy and ground-mounted photovoltaic energy for all countries outside the European 

Economic Area along 14 PtX production pathways. These include hydrogen (gaseous and liquid), methane 

(gaseous and liquid), methanol, Fischer-Tropsch fuels and ammonia each with two different electrolysis 

technologies. The technical and economic potential assessment is based on data with hourly temporal and 

high spatial resolution. The analysis considers various criteria, including prevailing weather conditions, 

sustainability as well as nature conservation concerns and land use. The results show the production 

quantities and costs of climate-friendly fuel production under strict sustainability criteria and locate them 

spatially. It is shown that many regions of the world are well suited to produce PtX products. The production 

quantity outside Europe is up to 120,000 TWhLHV/yr of hydrogen or 87,000 TWhLHV/yr of electricity-based 

liquid fuels in the long term. We identify 97 countries with potentials, of which 38 countries possess relevant 

potentials of more than 100 TWhLHV/yr. The largest suitable areas are in the United States, Australia and 

Argentina. The production costs vary a lot across the different regions. The lowest production costs for PtX 

generation are in Latin America (Chile, Argentina and Venezuela) and Mauritania with a lower limit of 

42.3 €/MWhLHV to 46.5 €/MWhLHV for gaseous hydrogen and 84 €/MWhLHV to 89.1 €/MWhLHV for Fischer-

Tropsch fuels. All best sites are pure wind or combined wind and photovoltaic sites. Moreover, we show 

import options of these PtX products to Europe considering socioeconomic factors and different transport 

options. All investigation results are freely accessible via the Global PtX Atlas on 

https://maps.iee.fraunhofer.de/ptx-atlas/. 
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1. Role of PtX fuels in the energy transition 
In response to the Paris Agreement of 2015 [1], the European Commission’s ambition is to make Europe 

the first climate-neutral continent by 2050 [2]. This requires a comprehensive conversion of the energy 

supply system to replace the use of fossil fuels. Today, fossil fuels are imported in large quantities. In the 

future, these energy quantities should no longer come from fossil fuels, but a supply without imports from 

non-European regions nevertheless seems unavoidable, as [3] already expects for the year 2030. 

Electricity-based fuels2 from renewable energies are to replace fossil fuels where the direct use of electricity 

from renewable energies is not possible. Steel manufacturers, for example, can use hydrogen instead of 

coal. Synthetic fuels may replace kerosene or heavy oil and diesel in aviation and shipping. Dispatchable 

power plants (e.g. gas turbines) needed for a secure power supply can be operated with synthetic natural 

gas or hydrogen instead of fossil fuels. The synthetic production of electricity-based fuels enables a net-

neutral decarbonisation of these sectors and thus offers a major opportunity to implement an almost 

greenhouse gas-neutral energy system.  

Since the production of Power-to-X (PtX) fuels is very energy-intensive and involves high losses even with 

future efficiency improvements, production only appears to make economic sense in regions with 

favourable renewable energy resources and corresponding land availability. For countries that have such 

potential in large quantities and beyond their own needs, PtX fuels open the door to an attractive future 

market in the transformation process. For the transportation sector alone, global PtX requirements are 

assumed to be at least 10,000 TWh/yr [4] up to 35,000 TWh/yr [5] and even higher, as fossil fuel industry 

stakeholders such as [6] claim. For Europe, [7] assume between 792 TWh/yr and 1,782 TWh/yr for the 

transport sector and up to 3,102 TWh/yr if all sectors are considered. For Germany, an evaluation of the 

“Big 5” climate neutrality studies in [8] shows a demand for PtX between 215 TWh/yr and 657 TWh/yr. 

In recent years, the analysis of potentials and future costs of PtX fuels has received increasing attention, and 

several studies have been published. These studies vary considerably in their regional and temporal scope, 

the technologies and PtX products considered. Table 1 gives an overview of the most important 

characteristics found in the literature. 

The temporal scope of the related literature spans from the short- to the long-term perspective. Some 

studies even model pathways from today to 2050. The regional scope is also quite heterogeneous. Some 

studies focus on single countries, see [9] or [10] for Argentina, while others conduct the analysis on a global 

level [11] or [12]. Many authors put the focus on promising regions such as the MENA3 region (e.g. [13], 

[14], [15] or [16]). 

Concerning the power sources for the PtX fuels, all studies consider at least wind power or photovoltaics 

(PV), sometimes also combined as hybrid plants. Only a few authors [11,17–20] include battery storage 

systems as an additional flexibility measure for the fluctuating electricity output. Concentrated solar power 

(CSP) is only considered in two cases [13,16] while geothermal energy and hydropower are analysed in 

three studies [16,21,22]. 

The electrolyser technology considered by previous studies also varies. While a few studies analyse three 

electrolyser technologies, i.e. alkaline electrolysis - AEL, proton exchange membrane – PEM, and solid oxide 

electrolysers - SOEC [15,16,23,24], most authors focus only on one technology. 

A considerable share of the studies analyse only the potential of hydrogen [9–12,17,18,20,23–27] while 

others have a broader scope and also consider methane, methanol, ammonia, and/or Fischer-Tropsch fuels.  

                                                      
2 Electricity-based fuels (“E-fuels”) or PtX fuels is an umbrella term for all gaseous and liquid energy carriers 
produced from renewable electricity considered in this analysis. 
3 Middle East and North Africa 
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Table 1: Overview of related literature analysing PtX potentials and costs (Source: Own illustration) 

Source Time scope Regional scope Power 
sources 

Electrolysis 
technology 

PtX products 

[9] “Present case”, 
“future case” 

Argentina wind not 
mentioned 

hydrogen 

[10] not mentioned Argentina wind PEM hydrogen 

[11] 2020, 2030, 
2040, 2050 

Whole world PV, wind, 
battery 

not 
mentioned 

hydrogen 

[12] “long term” Whole world PV, wind 
(onshore) 

not specified hydrogen 

[13] 2030, 2050 MENA region 
(Morocco, Algeria, 
Tunisia, Libya, 
Egypt, Israel, 
Lebanon, Turkey, 
Syria, Jordan, 
Saudi Arabia) 

PV, wind (on- 
and offshore), 
CSP 

PEM, SOEC hydrogen, synthetic 
methane 

[14] 2030, 2040 Maghreb region 
(Morocco, 
Western Sahara, 
Algeria, 
Mauritania, 
Tunisia, Libya) 

PV, wind AEL synthetic methane, 
Fischer-Tropsch diesel 

[15] 2020, 2030, 
2040, 2050 

MENA region PV, wind AEL, PEM, 
SOEC 

H2, synthetic 
methane, methanol, 
Fischer-Tropsch fuel 

[16] 2015, 2050 Europe, North 
Africa and the 
Middle East 
(EUMENA) 

PV, wind, 
geothermal 
energy, 
hydropower, 
CSP 

AEL, PEM, 
SOEC 

hydrogen, synthetic 
methane, methanol, 
Fischer-Tropsch fuel 

[17] 2020 North Africa PV, wind, 
battery 

PEM hydrogen 

[18] 2030, 2050 30 Non-EU 
countries around 
the world 

PV, wind, 
battery 

not 
mentioned 

hydrogen 

[19]4 2050 Morocco, Tunisia PV, wind, 
battery 

PEM hydrogen 

[20] 2020, 2030, 
2040, 2050 

Europe, Northern 
Africa, Middle East 

PV, wind 
(onshore), 
battery 

PEM hydrogen 

[21] 2035 Chile, Argentina, 
Canada, Iceland, 
Namibia, Egypt, 
Australia 

PV, wind, 
geothermal 
energy, 
hydropower 

AEL, PEM hydrogen, methanol, 
Fischer-Tropsch diesel 

[22] 2020, 2030, 
2050 

North and Baltic 
Seas, Iceland, 

PV, wind (on- 
and offshore), 
geothermal 

low-
temperature 

synthetic methane, 
methanol, Fischer-
Tropsch fuel 

                                                      
4 In this study a former analysis of the authors was published. In contrast to the present study only individual 
sites and PtX supply pathways were considered. 
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Source Time scope Regional scope Power 
sources 

Electrolysis 
technology 

PtX products 

North Africa, 
Middle East 

energy, 
hydropower 

electrolysis 
(not specified) 

[23] 2018, 2050 Northern Africa PV, wind AEL, PEM, 
SOEC 

hydrogen 

[24] 2020, 2030, 
2050 

EU and non-EU-
countries 

PV, wind (on- 
and offshore) 

AEL, PEM, 
SOEC 

hydrogen 

[25] 2050 Strong wind and 
solar regions 
around the world 

PV, wind not specified hydrogen 

[26] 2020 to 2050 94 countries on six 
continents (except 
Antarctica) 

PV, wind (on- 
and offshore) 

low and high 
temperature 
electrolysis 

hydrogen 

[27] 2030, 2050 Whole World PV, wind (on- 
and offshore) 

AEL hydrogen 

[28] 2030, 2040, 
2050 

Germany, 
Denmark, Spain, 
Morocco, Egypt, 
Saudi Arabia, 
Argentina, 
Australia 

PV, wind (on- 
and offshore) 

AEL hydrogen, methane, 
methanol, ammonia, 
Fischer-Tropsch fuels 

[29] 2020, 2030 Morocco/ Western 
Sahara 

PV, wind PEM hydrogen, methane, 
methanol, ammonia  

[30] 2020-2025, 
2030, 2050 

Australia, 
Northwest Africa 

PV, wind “median of 
AEL/PEM” 

hydrogen, synthetic 
methane, synthetic 
fuels (diesel, 
kerosene) 

[31] 2050 10 windy and 15 
sunny regions 
around the world 

PV, wind PEM hydrogen, synthetic 
methane, synthetic 
fuels 

[32] 2020, 2030, 
2040, 2050 

global analysis 
(numbers given on 
continent level) 

“power from 
the system” 

AEL hydrogen, synthetic 
methane, Fischer-
Tropsch fuel 

 

This paper contributes to the existing literature by a comprehensive analysis of the production of electricity-

based fuels from onshore wind energy and ground-mounted photovoltaic energy for all countries and 

regions outside the European Economic Area along 14 PtX production pathways. These include hydrogen 

(gaseous and liquid), methane (gaseous and liquid), methanol, Fischer-Tropsch fuels and ammonia each 

with two different electrolyser technologies (PEM and SOEC). An optimisation model designs cost-optimal 

system configurations of electrolysis, synthesis, heat source, wind and solar plants, and storage systems 

(battery, heat, hydrogen, methane) for each site based on the local conditions. The technical and economic 

potential assessment uses data with high temporal (1 hour) and spatial (1 km) resolution. A particular focus 

is on the consideration of available land and prevailing weather conditions, and factors such as local water 

availability, nature conservation aspects or distance to infrastructure. 

PtX products are suitable for decarbonisation of the domestic energy system and furthermore also for 

export. As European countries will have a future import demand for these products, we investigate socio-

economic factors in the producing countries and import options to Europe for further evaluation. The socio-

economic analysis is based on indicators and associated indices from literature. For the transport cost 

calculation we use a detailed transport model and illustrate the results in this paper for the case of Germany 

as an importing country. 
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Outline 
The remainder of this paper is organised as follows: Section 2 explains the methodology, including the 

modelling and optimisation approach to derive cost-optimal production systems for PtX fuels. Section 3 sets 

out the data and assumptions of the study. Section 4 presents and section 5 discusses the results. The paper 

closes with a summary and relevant conclusions in section 6. 

2. Methodology 
The objective of this analysis is to estimate the long-term production costs and generation quantities of PtX 

products for all countries and regions outside the European Economic Area. We focus on seven different 

synthetic fuels as final products: 

 Gaseous hydrogen 

 Liquid hydrogen 

 Liquid methane (liquid natural gas, LNG) 

 Gaseous methane (compressed natural gas, CNG) 

 Methanol 

 Fischer-Tropsch (FT) fuels 

 Ammonia 

As electricity source, we consider either onshore wind power, ground mounted photovoltaic energy or a 

combination of both. 

Several data sets and models were used for the study. Fig. 1 shows a schematic overview of the 

methodology.  

 

Fig. 1: Overview of applied methodology. Input data indicated in orange, applied models in blue and results in green 
(RE stands for renewable energies; Source: Own illustration). 

The data basis includes high-resolution spatial and weather data as well as techno-economic and socio-

economic parameters. The energyANTS model family is used to identify potential areas (model 

“regioANTS”) and simulate power generation time series for onshore wind plants (model “windANTS”) and 

ground-mounted photovoltaic plants (model “pvANTS”). The energy system optimisation model SCOPE SD 

is used to determine a cost optimal system design for 14 different PtX production pathways (seven final 

products times two electrolysis technologies). In addition to that we present a detailed transport cost 
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calculation and a socioeconomic analysis to show import options for the analysed PtX products to Europe. 

A detailed description of the methodological approach is given in the following subsections. 

2.1. Area Identification and selection of suitable locations 
The potential area analysis is based on a Boolean superposition of various exclusion criteria, i.e., factors that 

rule out land use for PtX generation. These criteria are defined within a criteria catalogue and applied using 

globally available spatial data. The potential area analysis uses a grid resolution of 1 km and is carried out 

individually for each country. Fig. 2 gives an overview of the approach. 

 

Fig. 2: Illustration of the identification and selection of suitable locations for PtX production (Source: Own illustration). 

2.1.1. PtX potential area identification 
The analysis of PtX potential areas can be broken down into three steps. In the first step, generally applicable 

criteria for excluding land for wind or PV power plant suitability are defined. In the second step, economic 

restrictions are applied to the areas. In the third step, the analysis assigns technical and ecological restrictions 

with regard specifically to PtX technologies for the remaining areas. Here, two variants are distinguished, 

differing for the assumed water source (coastal or inland water). 

A rough estimate of future land potentials is based on universal criteria for potential area analysis for 

renewable energies (RE). General exclusion criteria are defined for land use, such as built-up areas, 

population densities or agricultural land or forest (cf. Table 2). The analysis also considers nature 

conservation areas (both onshore and offshore) with a buffer of 1 km and slope gradients in order to exclude 

areas that are too steep for building up RE capacity. Areas with a mean slope (in a 1 km grid) greater than 

5° are excluded. 

The economic restriction that is taken into account is the levelized cost of electricity (LCOE) for both RE 

sources. The LCOE are calculated based on techno-economic assumptions for reference plants5. LCOE of 

30 €/MWh for photovoltaics and 40 €/MWh for wind turbines are set as the upper limit of LCOE for suitable 

areas. In addition to pure photovoltaic and pure wind sites where the LCOE is lower than the cost limit of 

the corresponding technology, hybrid sites constitute another category where the LCOE of both generation 

technologies is lower than the cost limit of each technology. 

The criteria used explicitly for examining the suitability of PtX fuel production are mainly distance criteria. 

Firstly, the availability of skilled labour, such as engineers, must be ensured for large-scale PtX projects. We 

assume that this criterion is fulfilled in “larger” cities (hereafter referred to as “city”) and therefore a 

distance of less than 200 km to cities is set as a further criterion. Furthermore, these cities can serve as a 

purchaser or consumer for the produced PtX fuels and thus additionally enhances the suitability of the 

nearby generation sites. Secondly, the distance to the nearest distribution infrastructure, in particular ports 

and pipelines, is considered to ensure the possibility to distribute the PtX fuels nationally and internationally. 

                                                      
5 cf. Table 7 and Appendix B. 3 
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The selection criterion is set to be either closer than 50 km to a pipeline (for gaseous PtX products like 

hydrogen or methane) or 500 km to a port (for liquid PtX products including Fischer-Tropsch fuel, methanol 

or ammonia) to be included. As water electrolysis requires a constant supply of feed water, the third 

infrastructural criterion is the distance to the nearest water access point, i.e. seawater for coastal sites and 

freshwater for inland sites. All areas further than 50 km to these access points are excluded. 

The technological criteria are combined with two ecological ones. Inland sites must have a low water stress 

level. Whereas for coastal sites we exclude land along marine protection areas to prevent adverse 

environmental impacts caused by the sole from desalination plants [33]. 

Subsection 3.1 provides more information on the datasets that were used during the potential area analysis. 

2.1.2. Site selection for detailed PtX analysis 
From the GIS-based potential area analysis, the most suitable sites are selected as preparation for the 

downstream analysis steps for the RE yield estimation. The selection of these most suitable sites is based on 

the size of spatially contiguous grid areas that were identified as potential areas. The assumption is that 

large-scaled PtX production facilities will first be built on as large an area as possible. Only spatially 

contiguous areas larger than 10 km² are considered for the site selection. All previously defined categories 

(pure wind, pure PV, and hybrid sites on coastal or inland waters) are considered, with up to five sites 

selected. In total, up to 30 sites are thus selected for each country. This results in almost 600 representative 

sites around the globe where the following steps for the yield estimation for RE and the expansion and 

deployment optimisation for 14 PtX production pathways are carried out. 

2.2. Yield estimation for renewable energies 
The determined suitable areas for PtX generation serve as a basis for the simulation of temporally high-

resolution generation time series for electricity from onshore wind and ground-mounted PV systems. The 

electricity yields simulated with the models windANTS and pvANTS uses weather information from the 

ECMWF’s ERA5 weather model [34]. The temporal resolution of the RE yield simulations is one hour and 

we performed it for five historical weather years (2008 to 2012).  

According to this methodology, five time series for both of the RE sources were simulated for every ERA5-

model-pixel that overlays with any of the nearly 600 selected sites. An aggregation takes place if more than 

one ERA-model-pixel is overlaying with the corresponding area of this site. Depending on the area of this 

overlay, the time series of the individual pixels are combined according to Equation (2-1): 

𝑃𝑛𝑜𝑟𝑚,𝑔𝑒𝑠 = ∑ 𝑃𝑛𝑜𝑟𝑚,𝑖 ⋅

𝑛

𝑖=0

(
𝐴𝑖

𝐴𝑔𝑒𝑠

) (2-1) 

 

Here, 𝑃𝑛𝑜𝑟𝑚,𝑔𝑒𝑠 is the aggregated capacity factor time series of a site, 𝑛 denotes the number of ERA5-model-

pixels with which this site overlays, 𝑃𝑛𝑜𝑟𝑚,𝑖 is the normalised time series in the respective ERA5-model-pixel, 

𝐴𝑖 is the area of the overlay and 𝐴𝑔𝑒𝑠 is the total area of the analysed site. 

For further calculation, one year as a representative weather year is selected out of the aggregated time 

series based on the average yield (over the five analysed years) per site following [35].  

2.2.1. Wind energy 
The simulations of the generation time series for onshore wind are carried out with the submodel windANTS 

from the model family energyANTS. A detailed description of the physical wind model can be found in [36]. 

Fig. 3 gives an overview of the used parts of the model. 
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Fig. 3: Overview of physical wind model. Input data shown in orange, used parts of the model in blue and results in 
green (Source: Own illustration). 

The characteristics of two different turbine types are used. These differ in hub height (180 m and 130 m) 

and specific area power (250 W/m² and 300 W/m²). For each type, a synthetic power curve is generated 

and smoothed. The smoothing of the power curve is necessary because the wind speeds of the weather 

model represent a temporal and spatial average. Furthermore, the wind speeds are interpolated to the hub 

height and corrected due to shading effects within a wind park. Finally, the power time series are simulated 

for each location considering the smoothed power curve, the corrected wind speed and the technical 

availability of the wind turbines.  

2.2.2. Photovoltaic energy 
The simulations of the generation time series for ground mounted photovoltaic energy are carried out with 

the submodel pvANTS. A detailed description of the physical PV model can be found in [36]. Fig. 4 gives an 

overview of the used parts of the model.  

 

Fig. 4: Overview of physical PV model. Input data shown in orange, used parts of the model in blue and results in green 
(DC - direct current, AC - alternating current; Source: Own illustration). 

For the power time series of PV, the optimal tilt angle and the best orientation from [37] are fed to the solar 

fraction model which uses the module orientation, the global horizontal irradiation as well as the sun 

position from [38] to compute the direct and diffuse radiation on the module plane. The collector model 

then generates a direct current (DC) power time series with a temperature dependent efficiency function. 

In the last step, the DC time series is converted to alternating current (AC) using the inverter model. Several 

losses (dirt on modules, cabeling losses etc.) are included as well. 
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2.3. Modelling of site specific PtX system configurations 
In order to derive the generation costs for different synthetic fuels on different locations, the model SCOPE 

SD of Fraunhofer IEE is used [39]. With the help of this model, the cost-optimal composition of a system of 

generation technologies, processing and storage units are evaluated under the local weather conditions. 

Depending on the final product and electrolyser type (PEM or SOEC), the system may consist of different 

components. In each case, power generation comes from wind power and/or solar PV where time series for 

the potential site-specific power generation are taken from the results of the windANTS and pvANTS models 

(see subsection 2.2). Furthermore, a battery storage can be used to provide additional flexibility. In case of 

high temperature electrolysers, heat comes from an electric boiler, potentially combined with a thermal 

storage system. Produced hydrogen can be stored in a hydrogen storage before being further processed, 

i.e. synthesis, liquefaction, or compression. The storage can also have a capacity of zero, implying that it is 

only a balancing point. Carbon dioxide (CO2) from direct air capture (DAC) or nitrogen from an air separating 

unit (ASU) is required for the synthesis process. The waste heat of the synthesis can be partly used by the 

electrolyser unit (SOEC) or, in the case of the PEM production pathways (except the Haber-Bosch-process), 

for the DAC unit. Produced methane can also be stored in a methane storage, if desirable. Fig. 5 gives an 

overview of the components and processes in the PtX model with their energy and CO2 flows. 

 

Fig. 5: Overview of the PtX system model (Source: Own illustration). 

The linear cost optimisation model SCOPE SD considers both the investment and the variable and fixed 

operating costs for each system component. A detailed mathematical model description can be found in 

“A Appendix SCOPE SD model”. 

2.4. Total PtX generation quantity 
Based on the area identification and system design optimisation, we derive an estimation of future PtX fuel 

generation quantities and fuel costs per quantity for all countries in the case study. The determination of 

the PtX area requirements is based on the area requirements of the RE generators, taking into account 

additional requirements for further PtX system components such as electrolysis, synthesis, liquefaction, DAC 

or ASU technologies and storage. Accordingly, an aggregated area requirement of 15 MWwind/km² is 

assumed for PtX from wind energy and 40 MWPV/km² for PtX from PV energy. For hybrid sites, a combined 

land use for both wind and PV power generation is assumed, i.e. wind energy is the limiting factor and 

15 MW/km² is the capacity-specific land use density. The resulting PtX output energy depends on the cost-

optimised system design and varies across locations. 

In the case of an overlay of potential sites that have access to both, inland waters and coastal waters, the 

use of an Analytical Hierarchical Process (AHP) assessment method allows the sites to be assigned to only 
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one category. During the AHP, we select seven criteria that mainly determine the quality of a site in terms 

of PtX fuel production. Subsequently, we weight these criteria and we introduce interval limits, each of 

which can be assigned to a quality class between 0 (excluded) and 5 (best). With a combination of these 

two methods, we calculate an overall AHP-score between 0 and 5 for every pixel, representing the pixel’s 

quality in terms of PtX fuel production. The chosen criteria and their evaluation weights are different for 

every category, which is why one pixel can have different AHP-scores (in the case of an overlay). Every pixel 

is assigned to the category in which it has the highest AHP-score. This is necessary to consider each potential 

area only once when calculating the cumulative generation potential. If the AHP ranking does not generate 

a clear assignment to a category, the distance to the nearest water access (coastal or inland) is determined 

as the final decision criterion. The potential is assigned to the category with the shorter distance. 

For potential areas resulting from the PtX area identification that are not selected for detailed PtX analysis 

(cf. subsection 2.1.2), a simplified scaling approach is chosen for the determination of quantities and costs. 

The energy generation quantities and production costs of the simulated sites per site type, meaning per RE 

technology (wind/PV/hybrid) per category (coastal, inland) and per country, are transferred to the remaining 

areas. For this purpose, a scaling factor per type is calculated and applied based on the ratio between the 

potential area per site type and the area of the simulated sites. 

2.5. Transport cost model 
The determination of the transport costs of synthetic fuels is based on a cost model for tanker ships, which 

calculates the transport costs in the unit €/MWhLHV for the liquid fuel variants (Fischer-Tropsch fuel, 

methanol, liquid methane, liquid hydrogen and ammonia) depending on the distance between the 

importing and exporting country. To calculate the distance, the largest port of the country is taken into 

account in each case. If the country does not have a port, the nearest foreign port is selected. We use the 

MARNET data set from [40] to calculate the distance to be covered. As a result, distance-dependent 

transport costs per unit of energy are calculated, which, in conjunction with the production costs, represent 

the energy supply costs in the respective importing country.  

For the calculation of the transport costs, we assumed the transport via a reference ship with a total 

deadweight tonnage (DWT) of 280,000 tons. Depending on the gravimetric and volumetric energy density 

of the fuel to be transported and taking into account the transport tanks, we calculate a fuel-specific 

possible transport capacity. In order to obtain framework conditions for the overseas transport of energy 

carriers in the course of the calculation model, we utilise influencing factors based on [41]. In general, it is 

assumed that the transport ships are powered by the respective fuel to be transported. A hydrogen tanker, 

for example, will have a propulsion system consisting of a polymer membrane fuel cell and an electric motor 

including the associated power electronics. The technology-specific costs for the corresponding propulsion 

systems are included in the investment costs, which are incorporated in the annual fixed costs of the tanker 

service using the net present value method. For this purpose, a depreciation period of 27 years is applied. 

Furthermore, the fixed operating costs, mainly consisting of maintenance costs, costs for insurance and 

administration as well as provision of reserve capacity, which is needed to compensate for the maintenance 

times of the tanker, are considered. The variable operating costs, in particular the fuel consumption and the 

boil-off (evaporation) of the liquefied gas variants, are also considered. In these variants we assume the 

direct use of the evaporating liquefied gases as ship fuel. 

The most important technologic and economic assumptions for the calculation of the normalised transport 

costs according to [41] in €/(MWhLHV × km) are shown in Table 8 in Subsection 3.3. 

We multiply these distance dependent values with the distance between the largest port in each production 

country and the importing port in the corresponding import country to derive the transport costs per 

MWhLHV for each fuel. This consideration allows a better comparison of the different end products along 

possible import routes. 

2.6. High-level socioeconomic analysis 
The suitability for the development of a PtX infrastructure is also dependent on the socioeconomic 

conditions in the PtX generating countries. Using the method of a global high-level analysis, the 

socioeconomic potentials of countries and regions are considered based on the following thematic fields: 
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Economy, politics, society, technology, and natural conditions. In order to evaluate the question from 

Germany’s point of view, the topic area of proximity to Germany is also included. It is considered that not 

only the geographical proximity is decisive for a possible investment, but also the existence of a developed 

logistics infrastructure in the exporting country or existing economic relations between a possible PtX 

exporting country and Germany. 

In the high-level analysis, the average value from the six topic areas yields the socioeconomic potential of a 

PtX exporting country. Each of these thematic fields is based on indicators and associated indices. For 

example, the topic area “society” is made up of the indicators unemployment, satisfaction and peace, 

health care system, population, climate change effects and energy demand. In the analysis, the individual 

values of a total of 40 indicators and more than 70 associated indices were used in the six thematic areas. 

The analysis was conducted in 2020-2021 and is based on datasets from international organizations 

(including the World Bank; OECD) and private firms. More recent crisis in the world (e.g. the Russo-Ukrainian 

war) were not taken into account in the underlying data sets. The exact methodological procedure can be 

found in [42]. 

3. Data 
In this chapter, the most important data used for the analysis is presented. 

3.1. Data for potential area analysis 
For each criterion that was defined in subsection 2.1, a suitable GIS dataset is selected. The presentation of 

the datasets that are used follows the methodology and is divided into three parts comprising general, 

economical and PtX specific data.  

3.1.1. Data on general area identification 
The dataset that represents the administrative boundaries for each country is the “level 0” of the Database 

of Global Administrative Areas (GADM) dataset, which depicts the outer national boundaries as a polygon 

[43]. Since the exclusion of areas worthy of protection must be guaranteed, we regard two datasets for this 

purpose. One is the World Database on Protected Areas (WDPA, version 07/2019), which contains all land 

and water areas worthy of protection according to specific criteria [44]. The second one is the Global Critical 

Habitat Screening Layer, which includes all likely or potentially critical habitats on land and in the sea [45]. 

To identify the land uses that shall be excluded from the consideration (cf. Table 2) the European Space 

Agency (ESA) Land Cover is applied, which provides information on land use in a global context [46]. We 

utilise a dataset of the world’s populated places from maxmind [47] with a buffer of 1 km to refine the data 

on settlement areas. Furthermore, we consider the population density with the Gridded Population of the 

World (GPW) v4 dataset, which contains information on the population density in a global context [48]. To 

ensure the exclusion of croplands, we also use the dataset Global Food Security-Support Analysis Data [49]. 

As a basis for the calculation of the slope (cf. subsection 2.1) we apply the data from the Shuttle Radar 

Topography Mission (resolution of 3 arc seconds), which form a high-resolution digital terrain model [50]. 

3.1.2. Economic data for photovoltaics and wind turbines 
The economical assessment based on the LCOE calculation of the RE sources. For this, we use data from 

the Global Wind Atlas and the Global Solar Atlas [37,51], which both provide long-term average values to 

estimate average production quantities. We use weibull factors to assess the wind potential and the 

prefabricated Photovoltaic power potential for just that. 

3.1.3. PtX specific datasets 
We use the World Cities Database in its basic version [52] as a basis for calculating the distance to the 

nearest city. It contains about 41,000 cities that are assumed to fulfil the conditions that we declared in 

subsection 2.1. To calculate the distance to distribution points (ports and pipelines) we use three datasets. 

The World Port Index [53] includes most of the world’s ports as point data for the port’s distance. Note that 

the smallest port size (“very small”) is not taken into account for the calculations since this harbour size 

does not fulfil the requirement of being capable to distribute the produced PtX fuels. For the distance to 

pipelines, two data sets on pipelines in North America [54] as well as the Eurasian region and North Africa 

[55] are used. 
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For coastal sites, the distance to the coast is calculated by using the GADM level 0 dataset, a dataset that 

contains the Exclusive Economic Zones of each country with seawater access [56] and the marine protected 

areas from the WDPA dataset. Whereas for the inland sites we utilise the ESA Global Water Bodies dataset 

[57] as reference for the nearest freshwater access point. The Aqueduct Water Risk Indicators 3.0 [58] help 

to take the criterion of water stress into account. 

A summary of all criteria employed during the analysis and their corresponding source is given in Table 2. 

Table 2: Catalogue of criteria for the identification of suitable locations for the production of PtX 

Criteria Exclusion criterion Argument Source 

G
e
n
e
ra

l 

Land use Forests, built up area, cropland, water bodies, snow 
and ice areas 

[46,49] 

Slope >5° (1 km resolution) [50] 

Settlement areas All settlement areas with a buffer of 1 km [46,47] 

Population density > 50 inhabitants/km² [48] 

Protected areas Nature and landscape conservation as well as 
potentially critical habitats with a buffer of 1 km 

[44,45] 

E
co

-
n
o
m

ic
 LCOE wind > 40 €/MWh [51] 

LCOE photovoltaics > 30 €/MWh [37] 

P
tX

 s
p
e
ci

fi
c 

Distance to ports > 500 km [53] 

Distance to pipelines > 50 km [54,55] 

Distance to cities > 200 km [52] 

Distance to the national 
coastline 

> 50 km [43,56] 

Marine protected areas Coastline along marine protected areas with a 
buffer of 4 km 

[44] 

Distance to inland water 
source 

> 50 km [57] 

Water stress > low [58] 

 

3.2. Weather data for modelling energy production time series with high 

temporal resolution 
As an input for the simulation of generation time series for both RE sources, we extract weather data from 

the ERA5 weather model of the European Centre for Medium-Range Weather Forecasts [34]. It provides 

extensive weather data from 1950 to present with a temporal resolution of one hour and a spatial resolution 

(pixel size) of approx. 31 km × 31 km. The extracted meteorological data includes, among other parameters, 

the solar radiation (downwards) at a surface level, the temperature 2 m above surface level as well as the 

u- and v- components of the wind (speed) at the corresponding hub heights (cf. subsection 2.2). 

3.3. Techno-economic parameters for cost analysis 
The estimation of the PtX fuel production costs is based on an investment and dispatch optimisation with 

the optimisation model SCOPE of Fraunhofer IEE. In the following, we describe simulation assumptions 

based on hourly resolved weather data for the scenario year 2050. All calculations are carried out with a 

cost of capital assumed at 8 % [59]. 

Because the calculations take place for the year 2050, there is a high degree of uncertainty in the techno-

economic assumptions. In the literature, there are rather optimistic and rather pessimistic ones (cf. section 

B. 4 of the Appendix). We attempt to use average values from these sources. For all system components for 
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which the variable operating costs (OPEXvar) are not explicitly listed, these are included in the fixed operating 

costs (OPEXfix). Table 3 contains the techno-economic assumptions for both electrolyser options. The value 

of the operating costs is stated as a percentage of the investment costs (CAPEX) per year. 

Table 3: Techno-economic assumptions of the PEM electrolyser [own assumptions after60] and the SOEC electrolyser 
[60,61] 

Technology CAPEX OPEXfix Efficiency Heat demand 

PEM electrolyser 470,000 €/MWel (input) 5 % 
CAPEX 

71.0 % (overall) - 

SOEC electrolyser 550,000 €/MWel (input) 5 % 
CAPEX 

88.0 % 
(electrical) 

44.3 kJ/molH2 (output) 

 

The techno-economic assumptions of the three different synthesis process types are shown in Table 4. Due 
to the uncertainties of the cost development until 2050, the investment costs of the synthesis technologies 
were not varied following [62]. The efficiency was calculated using the chemical reaction of the synthesis 
process with procedural losses of 5 % (e. g. electrical consumption of auxiliary devices). Concerning the 
recovery and use of waste heat, a heat exchanger efficiency of 50 % is assumed. 

Table 4: Techno-economic assumptions of the FT synthesis, the methanol synthesis, the methane synthesis and the 
ammonia synthesis [61,own calculations, 63,own assumptions after64–66] 

Technology CAPEX OPEXfix Efficiency Waste heat (usable) 

FT synthesis 324,000 €/MWH2 (input) 5 % 
CAPEX 

76.3 % 
(overall) 

57.9 kJ/molCH2-chain (output) 

Methanol 
synthesis 

324,000 €/MWH2 (input) 5 % 
CAPEX 

79.1 % 
(overall) 

24.9 kJ/molCH3OH (output) 

Methane 
synthesis 

324,000 €/MWH2 (input) 5 % 
CAPEX 

78.9 % 
(overall) 

82.5 kJ/molCH4 (output) 

Ammonia 
synthesis 

507,000 €/MWH2 (input) 2 % 
CAPEX 

83.02 % 
(overall) 

23.1 kJ/molNH3 (output) 

 

The techno-economic assumptions of the compression and liquefaction for methane and hydrogen can be 
seen in Table 5. 

Table 5: Techno-economic assumptions of the methane and hydrogen compression and liquefaction [67,68,own 
assumptions after69] 

 Technology CAPEX OPEXfix Power consumption 

Methane compression 3,900 €/kWel (input) 4 % CAPEX 0.03 kWhel/kWhCH4 

Methane liquefaction 500 €/(tCH4⋅yr) (output) 4 % CAPEX 0.08 kWhel/kWhCH4 

Hydrogen compression 3,900 €/kWel (input) 4 % CAPEX 0.048 kWhel/kWhH2 

Hydrogen liquefaction 3,500 €/(tH2⋅yr) (output) 4 % CAPEX 0.2 kWhel/kWhH2 
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The techno-economic assumptions of the DAC and the ASU-unit are shown in Table 6. 

Table 6: Techno-economic assumptions of the DAC and the ASU-unit [own assumptions after15,29,32,66,70–72] 

Technology CAPEX OPEXfix OPEXvar Power 
consumption 

Heat demand 

DAC unit 
450 €/(tCO2⋅yr) 
(output) 

4 % CAPEX 
1.30 
€/MWhel 

255.15 kWhel/tCO2 1,312.2 kWhth/tCO2 

ASU unit 
165 €/(tN2⋅yr) 
(output) 

2 % CAPEX - 100 kWhel/tN2 - 

 

Table 7 contains the techno-economic assumptions of the remaining most important technical components 
of the PtX supply system. Additionally, the variable operating costs for the electric boiler are assumed to be 
0.40 €/MWhel and 1.69 €/MWhel for the large-scale heat pump. 

Table 7: Techno-economic assumptions of the renewable energy sources, the heat technology aggregates and the 
storage technologies [35,own assumptions after73–75] 

Technology CAPEX OPEXfix 

Wind power plant with 180 m 
hub height 

886,000 €/MWel (output) 4 % CAPEX 

Wind power plant with 130 m 
hub height 

806,000 €/MWel (output) 4 % CAPEX 

Photovoltaic plant 321,000 €/MWel (output) 2.5 % CAPEX 

Large heat pump 1,011,000 €/MWel (input) 1.45 % CAPEX 

Electric boiler 100,000 €/MWel (input) 2.5 % CAPEX 

Methane storage 5,015 €/MWhCH4 (capacity) 1 % CAPEX 

Hydrogen storage 16,700 €/MWhH2 (capaciyt) 1.5 % CAPEX 

Heat storage 26,000 €/MWhth (capacity) 1 % CAPEX 

Battery storage 479,500 €/MWhel (capacity) 1 % CAPEX 

 

Transport cost 

The data that we use for calculating the distance dependent transport cost can be seen in Table 8. For 
travelling speed we assume 16 knots (kn), also called “super slow steaming”, because this significantly 
decreases fuel consumption. 
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Table 8: Techno-economic assumptions for the calculations of the fuel transport based on [41] 

 
FT fuel Methane 

(liquid) 
Hydrogen 
(liquid) 

Ammonia Methanol 

Efficiency driving unit (%) [76–78] 55 55 47 49 55 

Carrying capacity (DWT) [41] 280,000 280,000 280,000 280,000 280,000 

Fuel cost (€/MWhLHV)6 130 130 100 120 130 

Daily boil-off (%/d) [80] 0 0.1 1 0 0 

Travelling speed (kn) 16 16 16 16 16 

WACC (%) 10 10 10 10 10 

Depreciation period (yr) [70,81] 27 27 27 27 27 

CAPEX storage tanks (€/MWhLHV) 
[66,77] 

0.083 0.305 0.831 0.144 0.083 

CAPEX ship7 (M€) 
[own assumptions after 41] 

142.76 148.67 196.66 251.09 142.76 

OPEX fix (M€/yr) [41] 3.48 3.60 7.74 5.26 3.48 

 

All further techno-economic assumptions e.g. to the desalination plants can be found in section B of the 
Appendix. 

4. Results 
In the following, we first describe the results of the potential area analysis, followed by the results of the 

cost optimal modelling of PtX fuel production facilities. Subsequently, the production quantities are 

presented. The chapter closes with the results of the transport cost calculation from selected export 

countries to Germany and a short portrait of the WebGIS application illustrating the results. All results are 

integrated into this application and made openly available to the public in the form of the Global PtX Atlas 

[82]. 

4.1. Area identification 
The global analysis of the area identification reveals substantial potential areas of over 32 million km² for 

the use of onshore wind turbines and/or PV ground-mounted systems. After considering technical and 

ecological restrictions (cf. subsection 2.1.1), an area of about 2.6 million km² remains for PtX technologies, 

of which 71 % is attributed to inland waters and 29 % to coastal waters. The distribution of the areas 

between pure wind sites (38 %), pure PV sites (26 %) or hybrid sites as a combination of wind and PV 

(36 %) indicates a tendency towards increased use of wind energy. The identified PtX potential areas are 

distributed over 97 countries, of which 42 countries have relevant potentials bigger than 2,500 km². 

An exemplary illustration of the area identification based on the criteria defined in subsection 2.1 is shown 

in Fig. 6. The exclusion criteria on the left side and the considered areas on the right side are shown for a 

section of North Africa. In particular, the exclusion due to lack of infrastructure (Fig. 6 B) and water 

availability (Fig. 6 C) is evident. Looking at the right side of the illustration, large PtX potential areas along 

coastal water but also next to inland waters, see Egypt next to the Nile River, become obvious. 

                                                      
6 The fuels costs assumptions are based on the worldwide average PtX production costs from the PtX system 
optimisation from this study [79]. 
7 Without the costs for the storage tanks 



 

17 
 

 

 

Fig. 6: Illustration of the area identification using an example region in North Africa. On the left, the grouping of the 
exclusion criteria to consider nature conservation (A), infrastructure (B), water availability (C), unsuitable areas (D), PV 
LCOE (E) and Wind LCOE (F). On the right, the resulting areas of interest (Source: Own illustration, basemap from [83]). 

The percentage distribution of global area potential by continent and total area of preferred PtX regions are 

shown in Fig. 7. Since freshwater is needed for electrolysers, inland waters are attractive sites for PtX, 

provided they offer good conditions for wind energy and/or PV and do not have water stress. The most 

significant potentials along inland waters are in the United States, Argentina and Australia. Africa exhibits 

mostly PtX potentials next to coastal waters. 

 

Fig. 7: Percentage distribution and total area of the preferred PtX regions divided by water supply source (Source: Own 
illustration). 

Ten countries alone represent 80 % of the globally identified PtX area potential and these countries are 

presented in Fig. 8. The largest PtX potentials are shown in the United States, followed by Australia, 

Argentina and Russia8 (left part of the graph). More specifically, the United States and Australia also show 

high potential in the socioeconomic analysis. Other countries with high socioeconomic potential and large 

areas with potential include Canada and Chile. Countries on the African continent, i.e. Egypt, Libya, also 

exhibit high PtX area potential, but the socioeconomic potential is significantly lower here. Australia has the 

largest PtX potential at pure PV locations, Russia the largest for pure wind locations and the United states 

for hybrid locations. 

                                                      
8 We would like to point out that the consequences of the war in Ukraine couldn’t be considered, as all 
steps of the analyses were conducted in 2021 or earlier. The war affects e.g. the area identification and 
especially the socio-economic evaluation. 
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Fig. 8: Country overview with the ten largest PtX area potentials separated by PV, wind and hybrid locations as well as 
their socio-economic potential. For Russia, no evaluation of the socioeconomic analysis is feasible due to the current 
Russo-Ukrainian war (Source: Own illustration). 

4.2. System design and fuel production costs 
This section gives an overview of the results for the cost-optimal modelling of PtX fuel generation facilities. 

The results contain, among other aspects, the composition of the various components of the generation 

plant for each of the 14 production pathways at all of the almost 600 (potential) production sites. 

Furthermore, the output of the SCOPE model includes hourly resolved time series for almost every 

component, e.g. the RE sources, the expanded storage technologies, or the output of the corresponding 

synthesis. 

Fig. 9 shows examples of time series for the most important components of a modelled production facility 

at the coast of Tunisia. The figure displays the first days of the year (January) for a calculation with the 

historical meteorological year 2008. At the upper graph of Fig. 9, the production of hydrogen and the 

derived hydrocarbons respectively follow the availability of electricity from the RE sources. Sections of lower 

electricity production are partly bridged by the available battery storage. At the lower graph, the course of 

the heat consumption from the DAC unit and the high-temperature electrolyser follows the output 

schedules of the synthesis and the electrical consumption of the electrolyser, respectively. Periods with high 

availability of electricity are used to fill up the heat storage (dashed line in the lower graph shows the 

reservoir level of the heat storage), which is emptied during periods of low electricity availability. During 

longer periods of lower heat demand, the reservoir level of the heat storage remains at a high level, e.g. 

see the period from hour 168 to hour 192. 
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Fig. 9: Extract of a time series of a coastal production site in Tunisia for the production of Fischer-Tropsch fuel with 
hydrogen from high temperature electrolysis. Upper graph shows the power generation and consumption as well as 
the fuel output. Lower graph shows the heat generation and consumption (Source: Own illustration). 

4.2.1. Cost comparison of single fuel production pathways 
Generally, the best production sites, which in this context corresponds to the cheapest, are located in 

Southern America, i.e. Chile, Argentina and Venezuela. These are pure wind sites. The best sites for purely 

PV-based production sites are in Chile and Peru. The best hybrid sites are located in Mauretania and 

Venezuela. The comparison between the 14 production pathways and across all simulated production sites 

is given by a boxplot in Fig. 10. In general, the production costs of ammonia are lower compared to 

methanol and hydrocarbons due to the high cost of the DAC technology. The cheapest production pathway 

is the production of gaseous hydrogen via a SOEC. In contrast, the production of liquid methane or Fischer-

Tropsch fuels via PEM electrolysis is the most expensive pathway for the best sites. The production costs of 

the hydrocarbons and ammonia cover a wider range when using SOEC electrolyser than when using PEM 

electrolyser. Note that the best simulated production sites tend to always be slightly cheaper for the SOEC 

production pathways, whereas the worst sites are mainly more expensive for the SOEC production 

pathways. This cost disadvantage of the SOEC is due to its poor load change behaviour and the coupling 

of the electrolyser with synthesis and DAC/ASU technology (we do not model intermediate storage for CO2 

or N2). For these reasons, the goal is to maximize the capacity factor of the SOEC electrolyser. For pure PV 

or hybrid sites with a very high percentage of PV systems in the RE generation structure, high capacity 

factors of the electrolyser can be achieved by adding large battery storage. This shifts PV generation peaks 

into the night. Production pathways with PEM electrolysis instead allow larger electrolyser capacities with 

lower utilisation rates, which is cheaper than building large battery storages. 
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Fig. 10: Boxplot of the fuel production costs of all simulated production sites displayed per production pathway 
(combination of fuel and electrolyser technology). Outliers that are more expensive than the upper quartile plus 1.5 of 
the interquartile range or cheaper than the lower quartile minus 1.5 of the interquartile range are sorted out (Source: 
Own illustration).  

Looking at selected regions in South America, Australia or parts of Africa and the MENA Region in Fig. 11 

the spatial distribution of the production costs in the example of gaseous hydrogen becomes obvious. Best 

sites for the production are located in the south of Chile and Argentina or in the trade wind regions of 

Africa in Mauretania and Somalia. South America shows a wide range of production costs, whereas 

Australia or the MENA region show minor differences.  
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Fig. 11: Illustration of the fuel production costs of gaseous hydrogen via PEM electrolyser in selected regions of Africa 
and the MENA Region (A), South America (B) or Australia (C). (Source: Own illustration, administrative areas from [43]) 

To point out the differences between the various categories of production sites we show in the following 

subsections cost ranges for two fuel types, gaseous hydrogen and Fischer-Tropsch fuel. 

4.2.2. Gaseous hydrogen 
It has already been established that gaseous hydrogen forms the lower limit of the production costs. Among 

the production options of gaseous hydrogen, the cheapest simulated production sites are pure wind sites 

at coastal water in Chile with costs of 42.36 €/MWhLHV and pure wind sites at inland water with 

42.34 €/MWhLHV, respectively (cf. Fig. 12). Pure wind sites also show the largest variation in production costs 

between the best and the worst production sites. An important reason for this is the large difference in the 

capacity factor at wind sites (approx. 28.5 % capacity factor at worst sites vs. 68.5 % at best sites) compared 

to the pure PV sites (12.5 % capacity factor at worst vs. approx. 22.8 % at best sites). At hybrid sites, the 

two RE sources complement each other, which results in similar low differences in fuel production costs 

such as those at pure PV sites. The best pure PV sites have fuel costs of 58.70 €/MWhLHV at inland waters 

and 60.55 €/MWhLHV at coastal waters respectively (both in Chile). The cheapest hybrid sites are in 

Venezuela with 44.64 €/MWhLHV at coastal waters and, again, in Argentina with production costs of 

52.99 €/MWhLHV for sites at inland waters. 
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Fig. 12: Boxplot of the fuel production costs of gaseous hydrogen via SOEC and PEM electrolyser, displayed for the six 
different site categories (Source: Own illustration). 

4.2.3. Fischer-Tropsch fuels 
The production costs for the more expensive Fischer-Tropsch fuels are shown in Fig. 13. Due to the 

additional electricity and heat demand from the DAC unit, the differences between the best and the worst 

sites are even larger than to produce hydrogen (subsection 4.2.2). 

 

Fig. 13: Boxplot of the fuel production costs of Fischer-Tropsch fuels via SOEC and PEM electrolyser, displayed for the 
six different site categories (Source: Own illustration).  

The best sites to produce Fischer-Tropsch fuels remain the same as for gaseous hydrogen due to the good 

weather conditions. The lowest production costs of Fischer-Tropsch fuels are 84.00 €/MWhLHV and 

83.97 €/MWhLHV for coastal and inland sites, respectively, and are represented by pure wind sites in Chile. 

The production costs at pure PV sites also do not differ considerably between coastal (113.81 €/MWhLHV) 

and inland sites (111.63 €/MWhLHV). However, at hybrid sites, the differences are more pronounced 
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between coastal (88.21 €/MWhLHV) and inland sites (100.11 €/MWhLHV). Looking at the average costs, the 

hybrid locations show the best. Moreover, the range is most robust here. The widest range is shown by the 

wind categories and the highest average cost can be found in the PV categories. 

4.3. Production quantity potentials 

4.3.1. Overview 
According to subsection 2.4, the PtX fuel production quantity is calculated for every country and every PtX 

pathway. The aggregated production quantity can be seen in Fig. 14. 

 

Fig. 14: Illustration of the production quantity and quantity-weighted average production costs of all estimated PtX 
pathways that can be derived from the potential areas and the optimisation of specific sites in each country (Source: 
Own illustration). 

The cumulative production quantity for gaseous hydrogen sums up to almost 120,000 TWh/yr (using high 

temperature SOEC electrolysis), whereas the value for hydrocarbons ranges between 85,000 TWh/yr and 

88,000 TWh/yr, depending on the production pathways. Taking socioeconomic aspects (subsection 2.6) 

into account, the potential is reduced by 37 % to then 75,600 TWh/yr of hydrogen or 54,800 TWh/yr 

respectively 53,550 TWh/yr of hydrocarbons. 

Four of the five analysed continents show similar potential production quantity of approx. 16,840 TWh/yr 

in Australia up to almost 22,622 TWh/yr in Asia. With a possible production quantity of more than 

39,248 TWh/yr, North America has approximately twice the potential of the other single continents. With 

the exception of Africa, the potential of inland sites is greater than that of coastal sites on all other 

continents. In Australia, pure PV sites are the most relevant RE source category, whereas in Asia (mainly 

dominated by Russia) pure wind sites are predominant. For the other continents, hybrid sites are the 

determining category of RE source. 

The results aggregated for each continent and separated by coastal and inland sites to produce gaseous 

hydrogen in combination with PEM electrolysis can be seen in Fig. 15, and is exemplary for all pathways. 
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Fig. 15: Illustration of the production quantity of gaseous hydrogen via PEM electrolyser that can be derived from the 
potential areas and the optimisation of specific sites in each country. The results are aggregated by continents and 
water source and separated by each combination of RE (Source: Own illustration). 

To point out the differences between the production sites we illustrate in the following subsections the 

production quantity in combination with a cost function for two fuel types, gaseous hydrogen and Fischer-

Tropsch fuel. 

4.3.2. Gaseous hydrogen 
Fig. 16 displays the production cost curve of gaseous hydrogen using a PEM electrolyser in 2050. In addition, 

the related RE source is highlighted in the chart. The most cost-efficient sites fall below the mark of 

51 €/MWhLHV, but the corresponding production quantity is limited at 3,000 TWh/yr. Between 51 and 

61 €/MWhLHV the production quantity increases due to equally available wind and hybrid sites and up to 

thirty percent of the total production quantity. Only a few PV sites can compete with costs at around 64 

€/MWhLHV. Compared to wind (about 22,000 TWh/yr) and hybrid sites (about 35,000 TWh/yr) only approx. 

2,400 TWh/yr can be produced below 70 €/MWhLHV at PV sites. 73 % of the potential production quantity 

of hybrid sites and 78 % for wind sites are below 70 €/MWhLHV. Although PV sites account for one third of 

the whole production quantity, only around 6 % of this quantity is cheaper than 70 €/MWh and thus 

competitive to wind and hybrid production sites. 

Coastal Inland Coastal Inland Coastal Inland Coastal Inland Coastal Inland

Africa North America South America Oceania Asia

Wind 31 - 200 8,306 1,802 3,101 73 198 2,311 11,839

Hybrid 9,021 3,384 327 16,961 1,874 9,411 982 4,293 2,267 398

PV 4,090 789 2,764 10,691 3,185 1,256 1,050 10,244 5,335 472
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Fig. 16: Illustration of the production cost curve of gaseous hydrogen using a PEM electrolyser in 2050. The potential 
production quantity is divided into PV (yellow area), wind (blue area) and hybrid sites (grey area). The quantity is shown 
for each of the simulated representative site types and sorted from the cheapest to the most expensive production 
costs. (Source: Own illustration). 

4.3.3. Fischer-Tropsch fuels 
The following illustration shows the production quantity and the production costs for Fischer-Tropsch-fuels 

(Fig. 17). Only small amounts of Fischer-Tropsch fuels at wind and hybrid sites can be produced at a cost of 

less than 90 €/MWhLHV. The results show that 26,500 TWh/yr are possible at costs below 113 €/MWhLHV. 

For this part of the supply, only wind and hybrid plants are relevant. In contrast to gaseous hydrogen, there 

are also relevant amounts of wind (26 %) and hybrid quantities (16 %) available in more expensive ranges 

at costs beyond 126 €/MWhLHV. Overall, PV sites are more competitive for the production of Fischer-Tropsch 

fuels compared to wind and hybrid sites than for the production of gaseous hydrogen. 

 

Fig. 17: Illustration of the production cost curve of Fischer-Tropsch using a PEM electrolyser in 2050. The potential 
production quantity is divided into PV (yellow area), wind (blue area) and hybrid sites (grey area). The quantity is shown 
for each of the simulated representative site types and sorted from the cheapest to the most expensive production 
costs. (Source: Own illustration). 

4.4. Transport costs to Germany 
This section shows the results of the calculation of the transport costs (cf. 2.5) as an example for all liquid 

energy carriers considered such as Fischer-Tropsch fuels, methanol, liquid methane, liquid hydrogen and 

ammonia from selected countries to Germany. Selected are the countries with a medium or high 
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socioeconomic potential and a PtX production quantity potential of at least 100 TWhLHV/yr. Further transport 

costs from the production countries to all countries in the European Union can be viewed online at the 

Global PtX Atlas. 

 

Fig. 18: Average production costs in the producing country and transport costs to Germany for Fischer-Tropsch fuels 
(FT), methanol (CH3OH), liquid methane (CH4), liquid ammonia (NH3) and liquid hydrogen (LH2) via PEM electrolyser. 
Countries are sorted from lower to higher transport distance to Germany (MAR = Morocco, CAN = Canada, USA = 
United States of America, MEX = Mexico, BRA = Brazil, URY = Uruguay, ARG = Argentina, ARE = United Arab Emirates, 
ZAF = South Africa, CHL = Chile, AUS = Australia; Source: Own illustration). 

Considering the transport by ship to Germany, there are significant differences in the PtX fuels (s. Fig. 18). 

When comparing the mentioned options, ammonia shows the lower limit of import costs to Germany from 

all selected countries. Ammonia transport from nearby regions (e.g. Morocco) shows a cost saving of about 

18 % compared to Fischer-Tropsch fuels. A cost advantage is also shown from distant regions such as 

Australia, although much reduced at 7 %. In comparison, liquid hydrogen is not competitive. The transport 

of liquid hydrogen is energy-intensive (due to the boil-off losses of hydrogen) and thus expensive. In 

Australia, for example, hydrogen can be produced cost-effectively but the long transport distance makes 

this location one of the most expensive. On the other hand, Morocco, which is relatively close to Germany, 

shows competitive import costs of liquid hydrogen relative to ammonia. In countries such as South Africa 

or Uruguay, the cost advantages of hydrogen production are reduced due to the transport costs, leading to 

almost identical import costs of liquid hydrogen and Fischer-Tropsch fuels. The lower limit of import costs 

for these countries is shown for Canada with 97 €/MWhLHV and ammonia as fuel. 

4.5. The Global PtX Atlas 
Within the project, a WebGIS application (https://maps.iee.fraunhofer.de/ptx-atlas/, s. Fig. 19) is developed 

to provide interested users with an interactive and all-encompassing view of the results. Via map function 

the users get insight into high-resolution GIS analyses for PtX area identification. Based on this, simulation 

results on generation quantities and future costs can be queried graphically with the help of a sidebar. 

Within the sidebar, a distinction is made between aggregated and site-specific evaluations.  
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Fig. 19: Screenshot of the developed WebGIS tool.  

The aggregated evaluations include  

 the high-level socioeconomic analysis, 

 an aggregation of the GIS-based area identification for PtX applications in the respective country 

or region, 

 the theoretical maximum amount of possible generation from the identified areas, 

 the average capacity factor and the volatile generation characteristics per month, 

 cost ranges of PtX fuels for all investigated countries and regions and 

 import costs to the countries of the European Union. 

In addition, site-specific evaluations can also be viewed. These include  

 the system design and the capacity factor of the most important system components of all 14 

modelled PtX generation systems, 

 generation characteristics, using weekly plots for a complete historical weather year with the focus 

on the generation output of renewables as well as electrolysis and fuel generation and 

 cost components of a PtX fuel generation at the site. 

5. Discussion 
During the analysis, simplifications have been made in order to map global potentials with a justifiable 

computational and time effort. A globally uniform criteria catalogue for PtX area identification is used. The 

grid resolution is about 1 km × 1 km at the equator, which can not replace detailed on-site analyses. The 

mapping of renewable energy power generation is based on mesoscale weather models with a temporal 

resolution of one hour. Especially a site assessment for wind energy usually requires an elaborate wind 

measurement campaign. However, it allows the identification of preferred sites and provides a first 

estimation of future potentials at the global level. 

Strict criteria for nearby infrastructure availability like water sources, ports, pipelines and cities identify best-

located regions. As a result, in some regions the potential areas are enormously restricted, e.g. isolated 

regions in the interior of the country. For future studies, we need to reflect on whether the exclusion criteria 

need to be adjusted, or whether these isolated regions should still be designated as potential. 

A detailed downstream analysis requires site-specific criteria related to local conditions to consider all 

necessary influencing factors for a PtX site suitability. Such a site assessment also includes planning the 
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necessary wind and PV plants based on the prevailing weather conditions. Typically, these processes take 

several years due to their complexity. These additional investigations may result in a significantly lower 

potential than analysed. 

The analysis is based on historical weather data from 2008-2012 for the future year 2050. We expect effects 

of climate change on the local weather conditions and potentially also on some area identification 

parameters (e.g. water stress level). Future research should also focus on such influences on the determined 

PtX potentials. 

The cost calculation is based on techno-economic parameters, which are projected for the year 2050 based 

on an extensive literature research. Since the literature mostly provides wide ranges for future technology 

developments, medium assumptions were taken from the literature. The calculated costs depend strongly 

on the techno-economic assumptions and a more optimistic development results in lower costs or a less 

favourable development results in higher costs. Due to the lack of variation in parameter selection, sensitivity 

at individual sites is not mapped. Since a large number of locations are simulated, which have a wide range 

of costs, a comprehensive overview of the future production costs of PtX fuels is nevertheless obtained. In 

addition, no country-specific differences are taken into account, but a global market was assumed for the 

long term. This applies to all techno-economic data such as investment and operating costs as well as 

interest rates. 

Furthermore, the optimisation itself is subject to several limitations and simplifications. For example, the 

partial load behaviour of the individual plant components is not modelled but only represented in a 

simplified way. Since large-scale plants are modelled, a stack design of the electrolysers is assumed, which 

are used according to demand. For the technical availability of the plant components, only general 

reductions are assumed, which depend on renewable resources. The technical availability of all components 

must be considered independent of each other in order to account for periods of repair and maintenance 

work. Higher outage times due to maintenance work would increase PtX generation costs. 

The modelling of DAC units requires special consideration. DAC is a very young technology in the pilot 

stage. Many technical questions about efficiency and lifetime are still open. In particular, only limited 

research has been done on the applicability of the systems in different regions of the world with different 

climatic conditions. For example, in hot dry desert regions, the efficiency and lifetime of the plants may 

suffer. One possibility is to consider the impact based on weather parameters such as temperature and 

relative humidity. 

The estimation of the total PtX generation quantity assumes a full theoretical development of the identified 

areas. It should be noted, however, that the feasibility of market ramp-up is an essential criterion for 

estimating future generation quantities and costs of PtX products, both for the expansion of renewable 

energies and for PtX technologies. In addition, the use of RE power for PtX competes with the 

decarbonisation of local power generation. Therefore, it is necessary to investigate which areas of the 

identified PtX regions will be devoted to the production of PtX products in the long term. 

Modelling of transportation options is reduced to transportation by ship. As a simplification, we always 

choose the largest port of each country to define the transportation route between the exporting country 

and the importing country. In order to quantify the transport costs for certain routes more precisely, further 

ports of the country should be included. Other transport options, such as gaseous transport by pipeline 

from nearby regions, must also be considered.  

Concerning import options to Europe several aspects has to be discussed. The production potential is 

particularly large in countries like Australia and the United States, which offer excellent spatial and 

meteorological conditions for producing substantial quantities of PtX fuels. They are also politically stable 

and offer a reliable investment framework. However, for the USA, it remains to be seen what share of the 

production quantities will be available for export. Countries in closer proximity to Europe, e.g. Egypt or 

Libya, would also be able to supply large quantities of PtX fuels, since the transport distances are 

comparatively short, so that delivery by pipeline is also possible. However, socioeconomic indicators are 

lower in these countries. Therefore, investment risks are higher, increasing financing costs and reducing the 

likelihood of large-scale PtX projects being realized there. In addition, in PtX export regions, the use of RE 
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power for PtX competes with the decarbonisation of local power generation. Consideration of national 

requirements is, of course, necessary for all countries before an export potential can be determined. 

Future research should examine the development of the global trade volume and market prices of the 

respective PtX markets based on multi-criteria approaches, transformation scenarios and detailed modelling 

of production and transport potentials, as well as demand volumes. It will be valuable to assess the impact 

of constraints, such as limited trade between democratic and non-democratic nations or limited 

renewable/electrolyser capacities until 2030, and of synergies such as welfare for cooperating regions on 

different time scales (medium and long term). When investigating future market situations, the influence 

of strategic behaviour should also be taken into account with appropriate methods. 

6. Summary and conclusion 
The main goal of the paper was to analyse which regions are capable of producing significant amounts of 

PtX fuels and at what cost fuel production can occur. We used spatial data with a high resolution to identify 

worldwide potential PtX production areas. We simulated hourly resolved RE generation time series for the 

largest areas of every category in each country. With the help of these time series and techno-economic 

assumptions, we modelled cost optimal system designs of PtX production facilities for 14 different 

production paths at almost 600 sites. From the results of the potential area identification and the PtX system 

design, we derived potential production quantities for every fuel. Additionally, we calculated the transport 

costs from the largest port of the producing countries to Germany for the liquid energy carriers via ship.  

The PtX production quantity outside Europe is up to 120,000 TWh/yr of hydrogen or 87,000 TWh/yr of 

electricity-based liquid fuels in the long term. Taking socioeconomic aspects (subsection 2.6) into account, 

the potential is reduced by 37 % to then 75,600 TWh/yr of hydrogen or 54,800 TWh/yr of hydrocarbons. 

The majority (70 %) of these quantities are inland sites and only 30 % near the coast. Large territorial states 

such as the United States, Australia and Argentina account for 50 % of the identified potentials. Non-

European locations offer a lot of potential for the production of PtX fuels - a potential large enough to cover 

the remaining demand for these energy carriers globally if energy efficiency and direct electricity are 

preferred. 

The costs show a wide range across the simulated locations. The lowest production costs for PtX generation 

are in Chile, Argentina, Venezuela and in Mauritania with a lower limit of 42.3 €/MWhLHV to 46.5 €/MWhLHV 

for gaseous hydrogen and 84.0 €/MWhLHV to 89.1 €/MWhLHV for Fischer-Tropsch fuels. These low cost 

locations mainly represent pure wind locations, but hybrid locations are only marginally more expensive. 

Looking at the average costs, the PV locations represent the most expensive category. The bandwidth of 

the production costs within the different categories is diverse. Whereas pure wind locations show a wide 

spectrum between the cheapest and most expensive sites (cf. Fig. 11 and Fig. 13), these differences are way 

less significant for pure PV locations. Hybrid locations have the smallest range of production costs between 

the best and the worst locations, due to the complementation of the electricity generation from wind and 

PV. 

If the transport costs for liquid fuels are taken into account, the assessment of different PtX fuels partly 

changes. High transport costs of liquid hydrogen decreases cost advantages of the hydrogen paths. For long 

distances (e. g. Australia to Germany), it is uneconomical to transport green hydrogen and instead liquid 

hydrocarbons or ammonia are preferable. Canada as a country with a very high socioeconomic indicator 

shows the lower limit with 97.0 €/MWhLHV and ammonia as fuel. 

In conclusion, there is enormous potential for the production of PtX fuels worldwide, although costs differ. 

While the global RE potential is very large, first PtX project realisations have only occurred in a few regions. 

Hence, the limiting factor for the expansion of PtX is not the availability of land but rather the maximum 

possible expansion dynamics for renewable energies and PtX technologies. 
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A Appendix SCOPE SD model 
In the following the SCOPE SD model for calculating the cost optimal system configuration for the 

generation of synthetic fuels is explained. Section A. 1 lists all used variables and section A. 2 shows the 

used parameters. Section A. 3 contains the model equations that represent the technical system while the 

goal function of the optimisation model is presented in section A. 4. 

The model has an hourly time resolution and the index 𝑡 ∈ 𝑇 = {1, … , 8760} is used for the time steps. All 

variables and parameters are additionally associated to the analysed single sites with different local weather 

conditions. For reasons of a better readability there is no index used for the sites nor for the 14 different 

technology variants. 

A. 1 Variables 
All variables used in the SCOPE SD model are non-negative. 

Symbol Description 

𝑓𝑢𝑒𝑙𝑡
(∙),𝑓𝑖𝑛𝑎𝑙

 Fuel output of synthesis (e.g. CH4, CH3OH,…) in MWhfuel, LHV 

𝑓𝑢𝑒𝑙𝑡
𝐶𝐻4,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

 CH4 input of liquefaction in MWhCH4, LHV 

𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

 H2 input of liquefaction in MWhH2, LHV 

𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

 H2 input of synthesis in MWhH2, LHV 

𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑐𝑜𝑛,𝐿𝐶+/−

 Load change of battery storage power consumption in MWhel/h 

𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑔𝑒𝑛,𝐿𝐶+/−

 Load change of battery storage power generation in MWhel/h 

𝑝𝑡
𝑐𝑜𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

 Power consumption from battery storage in MWhel/h 

𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟  Power consumption of electric boiler in MWhel/h 

𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

 Power consumption of electrolysis in MWhel/h 

𝑝𝑡
𝑐𝑜𝑛,𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

 Power consumption of further processing steps (liquefaction/compression) of H2 
or CH4 in MWhel/h 

𝑝𝑡
𝑐𝑜𝑛,𝑑𝑎𝑐 Power consumption of direct air capture in MWhel/h 

𝑝𝑡
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠,𝐿𝐶+/−

 Load change of electrolysis in MWhel/h 

𝑝𝑡
𝑔𝑒𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

 Power generation from battery storage in MWhel/h 

𝑝𝑡
𝑔𝑒𝑛,𝑝𝑣

 Power generation from solar photovolatics in MWhel/h 

𝑝𝑡
𝑔𝑒𝑛,𝑤𝑖𝑛𝑑𝑖  Power generation from wind turbines (type 𝑖 ∈ {1,2}) in MWhel/h 

𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦  Installed power of battery storage in MWel 
𝑃𝑑𝑎𝑐  Installed capacity of direct air capture in MWel 
𝑃𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟  Installed capacity of electric boiler in MWel 

𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  Installed capacity of electrolysis in MWel 

𝑃ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 Installed capacity of heat pump in MWel 
𝑃𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 Installed capacity of further processing steps (liquefaction/compression) of H2 or 

CH4 in MWel 
𝑃𝑝𝑣 Installed capacity of solar photovoltaics in MWel 
𝑃𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  Installed capacity of synthesis in MWH2 

𝑃𝑤𝑖𝑛𝑑𝑖  Installed capacity of wind turbines (type 𝑖 ∈ {1,2}) in MWel 

𝑞𝑡
𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

 Heat of electric boiler to be used by the electrolysis in MWhth/h 

𝑞𝑡
𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒

 Heat of electric boiler to be stored in the thermal storage in MWhth/h 

https://maps.iee.fraunhofer.de/ptx-atlas/
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𝑞𝑡
ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒

 Heat of electric heat pump to be stored in the thermal storage in MWhth/h 

𝑞𝑡
𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

 Waste heat of the synthesis to be used by the electrolysis in MWhth/h 

𝑠𝑜𝑐𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦

 State of charge of battery storage in MWhel 

𝑠𝑜𝑐𝑡
𝐶𝐻4 State of charge of CH4 storage in MWhCH4, LHV 

𝑠𝑜𝑐𝑡
𝐻2  State of charge of H2 storage in MWhH2, LHV 

𝑠𝑜𝑐𝑡
𝑄  State of charge of thermal storage in MWhth 

𝑆𝑂𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Installed capacity of battery storage in MWhel 
𝑆𝑂𝐶𝐶𝐻4 Installed capacity of CH4 storage in MWhCH4, LHV 
𝑆𝑂𝐶𝐻2 Installed capacity of H2 storage in MWhH2, LHV 
𝑆𝑂𝐶𝑄 Installed capacity of thermal storage in MWhth 

 

A. 2 Parameters 
All parameters used in the SCOPE model are listed below. 

Symbol Description 
𝛼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Power-to-capacity ratio of battery storage in MWel/MWhel 
𝛽𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Charging-to-discharging power ratio of battery storage in MWel/MWel 

𝛾𝑡
ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦

 Factor describing the ambient humidity which influences the DAC efficiency in 
% 

𝛿ℎ𝑒𝑎𝑡,𝑑𝑎𝑐  Heat demand factor of DAC in MWhth/MWhCHx, LHV 
𝛿ℎ𝑒𝑎𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  Heat demand factor of electrolysis in MWhth/MWhH2, LHV 
𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑐𝑜𝑛 Efficiency of battery storage charging (power consumption) in MWhel/MWhel 
𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑔𝑒𝑛 Efficiency of battery storage discharging (power generation) in MWhel/MWhel 

𝜂𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟  Efficiency of electric boiler in MWhth/MWhel 

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 Efficiency of electrolysis in MWhel/MWhfuel, LHV 

𝜂ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 Efficiency of heat pump (or coefficient of performance, COP) in MWhth/MWhel 
𝜂𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔  Efficiency of further processing steps (liquefaction/compression) of H2 or CH4 in 

MWhel/MWhfuel, LHV 
𝜂𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  Efficiency of synthesis in MWhfuel, LHV/MWhH2, LHV 
𝑙𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Loss of battery storage charging in %/h 
𝑙𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 Loss of H2 storage charging 
𝜌ℎ𝑒𝑎𝑡 ∈ {0,1} Binary indicator which 1 = technology with heat demand and 0 = technology 

without heat demand 
𝜌𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ∈ {0,1} Binary indicator which 1 = system with hydrogen storage and 0 = system without 

hydrogen storage 

𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∈ {0,1} Binary indicator which 1 = system with synthesis process and 0 = system without 
synthesis process 

𝜌𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ∈ {0,1} Binary indicator which 1 = system with methane storage and 0 = system without 
methane storage 

𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∈ {0,1} Binary indicator which 1 = technology with further processing 
(liquefaction/compression) of H2 or CH4 and 0 = technology without further 
processing (liquefaction/compression) of H2 or CH4 

𝜃𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  Factor for the waste heat of the synthesis process that can be used by the 
electrolysis in MWhth/MWhH2, LHV 

𝜎𝑤𝑎𝑠𝑡𝑒 ℎ𝑒𝑎𝑡  Maximum share of electrolysis heat demand that may be supplied by synthesis 
waste heat 

𝜏𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  Stand by heat demand factor of electrolysis in % 

𝐴𝑉𝑡
(∙) ∈ [0,1] Hourly availability of solar photovoltaic or wind power (demanding on local 

weather conditions) 
𝐶𝑓𝑖𝑥,𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Fixed operating costs of battery storage in €/MWel 

𝐶𝑓𝑖𝑥,𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒  Fixed operating costs of CH4 storage in €/MWhCH4, LHV 

𝐶𝑓𝑖𝑥,𝑑𝑎𝑐  Fixed operating costs of direct air capture in €/MWel 

𝐶𝑓𝑖𝑥,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟  Fixed operating costs of electric boiler in €/MWel 

𝐶𝑓𝑖𝑥,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  Fixed operating costs of electrolysis in €/MWel 

𝐶𝑓𝑖𝑥,𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 Fixed operating costs of H2 storage in €/MWhH2, LHV 

𝐶𝑓𝑖𝑥,ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 Fixed operating costs of heat pump in €/MWel 

𝐶𝑓𝑖𝑥,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  Fixed operating costs of synthesis in €/MWhH2, LHV 
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𝐶𝑓𝑖𝑥,𝑝𝑣 Fixed operating costs of solar photovoltaics in €/MWel 

𝐶𝑓𝑖𝑥,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒  Fixed operating costs of thermal storage in €/MWhth 

𝐶𝑓𝑖𝑥,𝑤𝑖𝑛𝑑𝑖  Fixed operating costs of wind turbines (type 𝑖 ∈ {1,2}) in €/MWel 

𝐶𝑖𝑛𝑣,𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Equivalent annual investment costs of battery storage in €/MWel 

𝐶𝑖𝑛𝑣,𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 Equivalent annual investment costs of CH4 storage in €/MWhCH4, LHV 

𝐶𝑖𝑛𝑣,𝑑𝑎𝑐 Equivalent annual investment costs of direct air capture in €/MWel 

𝐶𝑖𝑛𝑣,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟  Equivalent annual investment costs of electric boiler in €/MWel 

𝐶𝑖𝑛𝑣,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 Equivalent annual investment costs of electrolysis in €/MWel 

𝐶𝑖𝑛𝑣,𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒  Equivalent annual investment costs of H2 storage in €/MWhH2, LHV 

𝐶𝑖𝑛𝑣,ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 Equivalent annual investment costs of heat pump in €/MWel 

𝐶𝑖𝑛𝑣,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 Equivalent annual investment costs of synthesis in €/MWhH2, LHV 

𝐶𝑖𝑛𝑣,𝑝𝑣 Equivalent annual investment costs of solar photovoltaics in €/MWel 

𝐶𝑖𝑛𝑣,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒 Equivalent annual investment costs of thermal storage in €/MWhth 

𝐶𝑖𝑛𝑣,𝑤𝑖𝑛𝑑𝑖 Equivalent annual investment costs of wind turbines (type 𝑖 ∈ {1,2}) in €/MWel 

𝐶𝐿𝐶,𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Load change costs of battery storage in €/MWel 
𝐶𝐿𝐶,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 Load change costs of electrolysis in €/MWel 
𝐶𝑣𝑎𝑟,𝑏𝑎𝑡𝑡𝑒𝑟𝑦 Variable operating costs of battery storage in €/MWhel 
𝐶𝑣𝑎𝑟,𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 Variable operating costs of CH4 storage in €/MWhCH4, LHV 
𝐶𝑣𝑎𝑟,𝑑𝑎𝑐  Variable operating costs of direct air capture in €/MWhel 

𝐶𝑣𝑎𝑟,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟  Variable operating costs of electric boiler in €/MWhel 

𝐶𝑣𝑎𝑟,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  Variable operating costs of electrolysis in €/MWhel 
𝐶𝑣𝑎𝑟,𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 Variable operating costs of H2 storage in €/MWhH2, LHV 
𝐶𝑣𝑎𝑟,ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 Variable operating costs of heat pump in €/MWhel 
𝐶𝑣𝑎𝑟,𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 Variable operating costs of further processing steps (liquefaction/compression) 

of H2 or CH4 in €/MWhfuel, LHV 
𝐶𝑣𝑎𝑟,𝑝𝑣 Variable operating costs of solar photovoltaics in €/MWhel 
𝐶𝑣𝑎𝑟,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  Variable operating costs of synthesis in €/MWhel 
𝐶𝑣𝑎𝑟,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒  Variable operating costs of thermal storage in €/MWhth 

𝐶𝑣𝑎𝑟,𝑤𝑖𝑛𝑑𝑖  Variable operating costs of wind turbines (type 𝑖 ∈ {1,2}) in €/MWhel 

𝐷(∙) Demand for fuel (∙) as production target value for one year in MWhfuel, LHV 

 

A. 3 Restrictions 
In the following, the equations of the linear optimisation model describing the PtX process are explained. 

A 3.1 Installed capacities 
For each technology, the hourly operation variable (e.g. power generation or power consumption) is 

restricted by the installed capacity of each system component (A-1) 

 0 ≤ 𝑝𝑡
𝑐𝑜𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

≤ 𝛽𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∙ 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦  ∀𝑡 ∈ 𝑇 

0 ≤ 𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 ≤ 𝑃𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟  ∀𝑡 ∈ 𝑇, 𝜌ℎ𝑒𝑎𝑡 = 1 

0 ≤ 𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

≤ 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  ∀𝑡 ∈ 𝑇 

0 ≤ 𝑝𝑡
𝑐𝑜𝑛,𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

≤ 𝑃𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔  ∀𝑡 ∈ 𝑇, 𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 = 1 

0 ≤ 𝑝𝑡
𝑐𝑜𝑛,𝑑𝑎𝑐 ≤ 𝑃𝑑𝑎𝑐  ∀𝑡 ∈ 𝑇, 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 1 

0 ≤ 𝑝𝑡
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠,𝐿𝐶+/−

≤ 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  ∀𝑡 ∈ 𝑇 

0 ≤ 𝑝𝑡
𝑔𝑒𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

≤ 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦  ∀𝑡 ∈ 𝑇 

0 ≤ 𝑝𝑡
𝑔𝑒𝑛,𝑝𝑣

≤ 𝐴𝑉𝑡
𝑝𝑣

∙ 𝑃𝑝𝑣   ∀𝑡 ∈ 𝑇 

0 ≤ 𝑝𝑡
𝑔𝑒𝑛,𝑤𝑖𝑛𝑑𝑖 ≤ 𝐴𝑉𝑡

𝑤𝑖𝑛𝑑𝑖 ∙ 𝑃𝑤𝑖𝑛𝑑𝑖  ∀𝑡 ∈ 𝑇   ∀𝑖 ∈ {1,2} 

0 ≤ 𝑞𝑡
ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒

≤ 𝑃ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 ∀𝑡 ∈ 𝑇, 𝜌ℎ𝑒𝑎𝑡 = 1 

0 ≤ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

≤ 𝑃𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  ∀𝑡 ∈ 𝑇 , 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 1 

0 ≤ 𝑠𝑜𝑐𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦

≤ 𝑆𝑂𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦  ∀𝑡 ∈ 𝑇 

0 ≤ 𝑠𝑜𝑐𝑡
𝐶𝐻4 ≤ 𝑆𝑂𝐶𝐶𝐻4  ∀𝑡 ∈ 𝑇, 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 1, 𝜌𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 1 

0 ≤ 𝑠𝑜𝑐𝑡
𝐻2 ≤ 𝑆𝑂𝐶𝐻2 ∀𝑡 ∈ 𝑇 

0 ≤ 𝑠𝑜𝑐𝑡
𝑄 ≤ 𝑆𝑂𝐶𝑄  ∀𝑡 ∈ 𝑇, 𝜌ℎ𝑒𝑎𝑡 = 1 

0 ≤ 𝑆𝑂𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ≤ 𝛼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∙ 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦  

(A-1) 
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A 3.2 Electrolysis 
As load change costs for electrolysis units are considered the following Eq. (A-2) describes the associated 

restriction. 

 𝑝𝑡+1
𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

=  𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

+ 𝑝𝑡
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠,𝐿𝐶+

− 𝑝𝑡
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠,𝐿𝐶−

 ∀𝑡 ∈ 𝑇, 𝑡 > 1 (A-2) 

 

A 3.3 Hydrogen storage 
The storage level of the hydrogen storage increases by hydrogen production from the electrolysis and 

decreases by hydrogen used from the synthesis and from liquefaction or compression of hydrogen to get 

the final product (see Eq. (A-3)). If there is no hydrogen storage than the equation is just used as balance 

point with 𝑠𝑜𝑐𝑡
𝐻2 = 0 ∀𝑡 and the loss factor 𝑙𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 0. 

 𝑠𝑜𝑐𝑡+1
𝐻2 = 𝑠𝑜𝑐𝑡

𝐻2 + 𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

∙ 𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 ∙ (1 − 𝑙𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒) 

−𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

 − (1 − 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠) ∙  𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

  

∀𝑡 ∈ 𝑇, 𝜌𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 1 

(A-3) 

 

A 3.4 Direct air capture 
The power consumption of the direct air capture depends on the operation of the synthesis as well as an 

hourly humidity factor, which influences the process efficiency as described in Eq. (A-4). 

 
𝑝𝑡

𝑐𝑜𝑛,𝑑𝑎𝑐 = 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝛿ℎ𝑒𝑎𝑡,𝑑𝑎𝑐

𝛾𝑡
ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦

  ∀𝑡 ∈ 𝑇, 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 1 (A-4) 

For global investigations, the hourly humidity factor was set equal to 1. 

A 3.5 Methane storage 
The storage level of the methane storage increases by fuel production from the synthesis and decreases by 

suppling the final product possibly with liquefaction (see Eq. (A-5)). If there is no methane storage in the 

case of methanol or Fischer-Tropsch fuel production than the equation is just used as balance point with 

𝑠𝑜𝑐𝑡
𝐶𝐻4 = 0 ∀𝑡. 

 𝑠𝑜𝑐𝑡+1
𝐶𝐻4 = 𝑠𝑜𝑐𝑡

𝐶𝐻4 + 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

∙ 𝜂𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∙ 𝑓𝑢𝑒𝑙𝑡
𝐶𝐻4,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

  

−(1 − 𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔) ∙  𝑓𝑢𝑒𝑙𝑡
(∙),𝑓𝑖𝑛𝑎𝑙

 ∀𝑡 ∈ 𝑇, 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 1, 𝜌𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 1 
(A-5) 

 

A 3.6 Final processing 
For end products with synthesis and liquefaction or compression the power consumption of the final 

processing step is described in Eq. (A-6). 

 𝑝𝑡
𝑐𝑜𝑛,𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

= 𝜂𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∙ 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝑓𝑢𝑒𝑙𝑡
𝐶𝐻4,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

 

+𝜂𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∙ (1 − 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠) ∙ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

    , 𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 = 1 
(A-6) 

 

A 3.7 Final product balance 
The total fuel production over the period of one year is summed up and has to equal a predefined value. 

Due to different used variables, corresponding to different production process steps, Eq. (A-7) encompasses 

different cases. 

 𝐷(∙) = ∑ (1 − 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠) ∙ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

𝑡∈𝑇,𝑡>1

 

+𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ (𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∙ 𝑓𝑢𝑒𝑙𝑡
𝐶𝐻4,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

+ (1 − 𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔) ∙ 𝑓𝑢𝑒𝑙𝑡
(∙),𝑓𝑖𝑛𝑎𝑙

) 

(A-7) 

 

A 3.8 Battery storage 
The state-of-charge of the battery storage is a function of charging and discharging (see Eq. (A-8)). 
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𝑠𝑜𝑐𝑡+1

𝑏𝑎𝑡𝑡𝑒𝑟𝑦
=  𝑠𝑜𝑐𝑡

𝑏𝑎𝑡𝑡𝑒𝑟𝑦
∙ (1 − 𝑙𝑏𝑎𝑡𝑡𝑒𝑟𝑦) + 𝑝𝑡

𝑐𝑜𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦
∙ 𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑐𝑜𝑛 −

𝑝𝑡
𝑔𝑒𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑔𝑒𝑛
 ∀𝑡 ∈ 𝑇, 𝑡

> 1 

(A-8) 

 

As load change costs for battery storage units are considered the following Eq. (A-9) and Eq. (A-10) are 

applied for charging and discharging of the battery. 

 𝑝𝑡+1
𝑐𝑜𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

=  𝑝𝑡
𝑐𝑜𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

+ 𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑐𝑜𝑛,𝐿𝐶+

− 𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑐𝑜𝑛,𝐿𝐶−

 ∀𝑡 ∈ 𝑇, 𝑡 > 1 (A-9) 

 𝑝𝑡+1
𝑔𝑒𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

=  𝑝𝑡
𝑔𝑒𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

+ 𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑔𝑒𝑛,𝐿𝐶+

− 𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑔𝑒𝑛,𝐿𝐶−

 ∀𝑡 ∈ 𝑇, 𝑡 > 1 (A-10) 

 

A 3.9 Power balance 
In each time step, the power consumption has to equal the power generation in the systems as no external 

power source is considered (stand-alone system), see Eq. (A-11). 

 
𝑝𝑡

𝑐𝑜𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦
+ 𝜌ℎ𝑒𝑎𝑡 ∙ 𝑝𝑡

𝑐𝑜𝑛,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 + 𝜌ℎ𝑒𝑎𝑡 ∙
𝑞𝑡

ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝜂ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝
+ 𝑝𝑡

𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
+ 𝜌ℎ𝑒𝑎𝑡

∙ 𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∙ 𝑝𝑡
𝑐𝑜𝑛,𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

+ 𝜌ℎ𝑒𝑎𝑡 ∙ 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝑝𝑡
𝑐𝑜𝑛,𝑑𝑎𝑐

= 𝑝𝑡
𝑔𝑒𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

+ 𝑝𝑡
𝑔𝑒𝑛,𝑝𝑣

+ ∑ 𝑝𝑡
𝑔𝑒𝑛,𝑤𝑖𝑛𝑑𝑖

2

𝑖=1

   ∀𝑡 ∈ 𝑇 

(A-11) 

 

A 3.10 Heat related restrictions 
In the following, all restricting related to heat demanding processes are explained. An electric boiler and a 

heat pump can be used as dispatchable heat sources. The heat from the electric boiler can be used by the 

electrolysis process directly or stored in the heat storage (s. Eq. (A-12)). The state of charge of the heat 

storage increased through heat production from electric boiler or heat pump and decreases through the 

demand for the DAC process as described in Eq. (A-13). For the high temperature electrolysis a stand-by 

heat demand is considered which is independent from the unit’s dispatch. The heat demand of the 

electrolysis process can be supplied by the electric boiler and partly by waste heat of the synthesis process 

(see Eq. (A-14)). In case of PEM electrolysis the heat demand factor 𝛿ℎ𝑒𝑎𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 = 0. As the temperature 

level of the waste heat of the synthesis process is lower than the required temperature level of the SOEC 

only a share of the synthesis waste heat can be used for the electrolysis heat supply according to Eq. (A-15) 

and Eq. (A-16). 

 𝜂𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 ∙ 𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 = 𝑞𝑡

𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
+ 𝑞𝑡

𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒
 ∀𝑡 ∈ 𝑇, 𝜌ℎ𝑒𝑎𝑡 = 1 (A-12) 

 𝑠𝑜𝑐𝑡+1
𝑄 =  𝑠𝑜𝑐𝑡

𝑄 + 𝑞𝑡
𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒

+ 𝑞𝑡
ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒

 

−𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝛿ℎ𝑒𝑎𝑡,𝑑𝑎𝑐

𝛾𝑡
ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦

 ∀𝑡 ∈ 𝑇, 𝑡 > 1 
(A-13) 

 
𝑞𝑡

𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
+ 𝑞𝑡

𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
= (1 − 𝜏𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠) ∙

𝛿ℎ𝑒𝑎𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
∙ 𝑝𝑡

𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
 

+𝜏𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 ∙
𝛿ℎ𝑒𝑎𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
∙ 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠   ∀𝑡 ∈ 𝑇, 𝜌ℎ𝑒𝑎𝑡 = 1 

 

(A-14) 

 
𝑞𝑡

𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
≤  𝜎𝑤𝑎𝑠𝑡𝑒 ℎ𝑒𝑎𝑡 ∙ 𝑝𝑡

𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
∙

𝛿ℎ𝑒𝑎𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
  ∀𝑡 ∈ 𝑇, 𝜌ℎ𝑒𝑎𝑡 = 1 (A-15) 

 𝑞𝑡
𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

≤  𝜃𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

  ∀𝑡 ∈ 𝑇, 𝜌ℎ𝑒𝑎𝑡 = 1, 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 1 (A-16) 

 

A. 4 Objective function 
The objective function of the optimisation problem which has to be minimized consists of cost terms for 

the different system components. For all system components, equivalent annual investment costs, fixed as 

well as variable operating costs are considered. Furthermore, load change costs for the electrolysis and 

battery storage are also incorporated (see Eq. (A-17)). 
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 (𝐶𝑖𝑛𝑣,𝑏𝑎𝑡𝑡𝑒𝑟𝑦 + 𝐶𝑓𝑖𝑥,𝑏𝑎𝑡𝑡𝑒𝑟𝑦) ∙ 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 + 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ (𝐶𝑖𝑛𝑣,𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 + 𝐶𝑓𝑖𝑥,𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒)

∙ 𝑆𝑂𝐶𝐶𝐻4 + 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ (𝐶𝑖𝑛𝑣,𝑑𝑎𝑐 + 𝐶𝑓𝑖𝑥,𝑑𝑎𝑐) ∙ 𝑃𝑑𝑎𝑐 + 𝜌ℎ𝑒𝑎𝑡

∙ (𝐶𝑖𝑛𝑣,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 + 𝐶𝑓𝑖𝑥,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟) ∙ 𝑃𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 + (𝐶𝑖𝑛𝑣,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 + 𝐶𝑓𝑖𝑥,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠)

∙ 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 + (𝐶𝑖𝑛𝑣,𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 + 𝐶𝑓𝑖𝑥,𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒) ∙ 𝑆𝑂𝐶𝐻2 + 𝜌ℎ𝑒𝑎𝑡

∙ (𝐶𝑖𝑛𝑣,ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 + 𝐶𝑓𝑖𝑥,ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝) ∙ 𝑃ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 + 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

∙ (𝐶𝑖𝑛𝑣,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + 𝐶𝑓𝑖𝑥,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠) ∙ 𝑃𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + (𝐶𝑖𝑛𝑣,𝑝𝑣 + 𝐶𝑓𝑖𝑥,𝑝𝑣) ∙ 𝑃𝑝𝑣 + 𝜌ℎ𝑒𝑎𝑡

∙ (𝐶𝑖𝑛𝑣,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒 + 𝐶𝑓𝑖𝑥,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒) ∙ 𝑆𝑂𝐶𝑄

+ ∑ (𝐶𝑖𝑛𝑣,𝑤𝑖𝑛𝑑𝑖 + 𝐶𝑓𝑖𝑥,𝑤𝑖𝑛𝑑𝑖) ∙ 𝑃𝑤𝑖𝑛𝑑𝑖

2

𝑖=1
+ 𝐶𝑣𝑎𝑟,𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∙ 𝑝𝑡

𝑔𝑒𝑛,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

+ 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝐶𝑣𝑎𝑟,𝐶𝐻4 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ∙ 𝑠𝑜𝑐𝑡
𝐶𝐻4 + 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝐶𝑣𝑎𝑟,𝑑𝑎𝑐 ∙ 𝑝𝑡

𝑐𝑜𝑛,𝑑𝑎𝑐 + 𝜌ℎ𝑒𝑎𝑡

∙ 𝐶𝑣𝑎𝑟,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 ∙ 𝑝𝑡
𝑐𝑜𝑛,𝑒𝑙.𝑏𝑜𝑖𝑙𝑒𝑟 + 𝐶𝑣𝑎𝑟,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 ∙ 𝑝𝑡

𝑐𝑜𝑛,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠

+ 𝐶𝑣𝑎𝑟,𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ∙ 𝑠𝑜𝑐𝑡
𝐻2 + 𝜌ℎ𝑒𝑎𝑡 ∙ 𝐶𝑣𝑎𝑟,ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 ∙ 𝑞𝑡

ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒

+ 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝐶𝑣𝑎𝑟,𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∙ 𝑓𝑢𝑒𝑙𝑡
𝐶𝐻4,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

+ 𝜌𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 ∙ 𝐶𝑣𝑎𝑟,𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

∙ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑙𝑖𝑞𝑢𝑒𝑓𝑦

+ 𝐶𝑣𝑎𝑟,𝑝𝑣 ∙ 𝑝𝑡
𝑔𝑒𝑛,𝑝𝑣

+ 𝜌𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ∙ 𝐶𝑣𝑎𝑟,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

∙ 𝑓𝑢𝑒𝑙𝑡
𝐻2,𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

+ 𝜌ℎ𝑒𝑎𝑡 ∙ 𝐶𝑣𝑎𝑟,𝑡ℎ.𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ∙ 𝑠𝑜𝑐𝑡
𝑄 + ∑ 𝐶𝑣𝑎𝑟,𝑤𝑖𝑛𝑑𝑖 ∙ 𝑝𝑡

𝑔𝑒𝑛,𝑤𝑖𝑛𝑑𝑖
2

𝑖=1

+ 𝐶𝐿𝐶,𝑏𝑎𝑡𝑡𝑒𝑟𝑦

∙ (𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑐𝑜𝑛,𝐿𝐶+

+ 𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑐𝑜𝑛,𝐿𝐶−

+ 𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑔𝑒𝑛,𝐿𝐶+

+ 𝑝𝑡
𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑔𝑒𝑛,𝐿𝐶−

)

+ 𝐶𝐿𝐶,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 ∙ (𝑝𝑡
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠,𝐿𝐶+

+ 𝑝𝑡
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠,𝐿𝐶−

) 

(A-17) 

 

B Appendix Further techno-economic assumptions 
B. 1 Further information on the consideration of desalination plants 
Table B 1: Techno-economic assumptions for calculation of the impact of the costs and the energy consumption of the 
desalination plant 

CAPEX OPEX Life time Electricity 
consumption 

Water consumption (PEM 
electrolysis) 

2.23 €/(m³ × yr) [84] 4 % CAPEX [85] 30 yrs [85] 4 kWh/m³ [22,85] 0.33 m³/MWhH2, LHV [64] 

 

For easier calculation, we assumed that both electrolyser technologies have the same water consumption 

of process water. All calculations are carried out for the use case of the production of 1 TWh hydrogen per 

year (“best case fuel”: Hydrogen) or 1.3 TWh (“worst case fuel”: FT fuels). These 2 fuels represent the lower 

and the upper boundary of the influence of desalination, due to the best and the worst efficiency chain 

during their production. The desalination plant needs a capacity of 1,000,000 𝑀𝑊ℎ𝐻2 ∙ 0.33 
𝑚3

𝑀𝑊ℎ𝐻2
=

330,000
𝑚³

𝑦𝑟
 (437,000

𝑚³

𝑦𝑟
 for FT fuel). This results in investment costs of 735,900 € for hydrogen and 

974,130 € for FT fuel. 

Calculation of the additional costs 

Calculation of the equivalent annual costs of the desalination plant. 

𝐴 = 𝐶𝐴𝑃𝐸𝑋 ∙ (1 + 𝑖)𝑙𝑡 ∙ (
𝑖

(1 + 𝑖)𝑙𝑡 − 1
) 

 

(B-1) 

A – equivalent annual costs of the investment 

lt – lifetime of the component 

i – interest rate of the investment 

The equivalent annual cost of the desalination plant calculates to 65,368 € and 86,529 € for FT fuels 

respectively. This leads (with OPEX) to annual costs of 94,804 € for hydrogen and 125,494 € for FT fuels. 
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Normed to 1 MWh hydrogen this results in approximately 0.095 €/MWhLHV hydrogen and 0.125 €/MWhLHV 

for FT fuels. 

Calculation of the additional energy consumption 

The additional electricity demand can be calculated from the electricity consumption of 4 kWh/m³ and the 

process water demand of 330,000 m³ (437,000 m³ for FT fuels). This leads to 1,320 MWhel additional 

electricity demand for hydrogen and 1.748 MWhel for FT fuels. The overall electricity demand for the 

production of 1 TWh hydrogen sums up to 1,408,450 MWhel for PEM or 1,136,363 MWhel for SOEC, 

respectively. In the case of the production of FT fuels the electricity demand is 1,845,937 MWhel for PEM or 

1,489,335 MWhel for SOEC. So even in the worst case (FT fuels with PEM electrolysis) the electricity demand 

of the desalination plant represents only 0.117 % of the electricity demand of the fuel production of 

1 TWhLHV FT fuels. 

Since the technological development until 2050 is subject to so many uncertainties and beyond that the 

influence of the desalination plant on the energy demand and production cost is marginal the desalination 

plant was not included in the model. Rather the influence was considered by reducing the electrolyser 

efficiencies and adding the additional costs to the final modelled production costs for every pathway. 

B. 2 Additional specifications of the site simulation 
The following tables (Table B 2 until Table B 4) contain further information on specifications used during the 

optimisation. 

Table B 2: Lifetimes of the different PtX production components that were utilised in this study 

Technology Lifetime 

DAC unit 30 yrs 
Photovoltaic power plant 25 yrs 
Battery storage 15 yrs 
Every other component of the PtX production facility 20 yrs 

 

Table B 3: Battery storage configuration used in this study 

Parameter Value 

Efficiency (charging) 93.81 % 
Efficiency (discharging) 93.81 % 
Ratio charging to storage capacity 4 MWel/MWhel 
Ratio charging to discharging 1 MWel/MWel 
Storage losses 0.001 %/h 

 

Table B 4: Matrix of the possible installation of hydrogen and methane storages for every production pathway 

Production pathway Installation of a hydrogen 
storage possible? 

Installation of a methane 
storage possible? 

FT fuels (PEM) Yes No 
Methanol (PEM) Yes No 
Methane gaseous (PEM) Yes Yes 
Methane liquid (PEM) Yes Yes 
Ammonia (PEM) Yes No 
Hydrogen gaseous (PEM) No No 
Hydrogen liquid (PEM) Yes No 
FT fuels (SOEC) No No 
Methanol (SOEC) No No 
Methane gaseous (SOEC) No Yes 
Methane liquid (SOEC) No Yes 
Ammonia (SOEC) No No 
Hydrogen gaseous (SOEC) No No 
Hydrogen liquid (SOEC) Yes No 
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B. 3 Additional specifications of the LCOE calculation 
For the potential area identification the LCOE for the RE sources was an important criterion. For PV plants 

we derived the capacity factor directly from the Global Solar Atlas [37]. For wind power plants we used a 

reference performance curve (Table B 5) and used the internal wind model [36] to calculate the capacity 

factor. In addition to the use of a shading model and a power-curve smoother we considered a reduction 

factor of 0.95 to take technical unavailability due to maintenance and repair into account. 

Table B 5: Performance curve table for reference wind power plant 

Wind speed Capacity factor  Wind speed Capacity factor 

1 m/s 0.00490  13 m/s 0.86602 

2 m/s 0.02092  14 m/s 0.87554 

3 m/s 0.05713  15 m/s 0.85961 

4 m/s 0.10092  16 m/s 0.82067 

5 m/s 0.16858  17 m/s 0.76376 

6 m/s 0.25824  18 m/s 0.69386 

7 m/s 0.36838  19 m/s 0.61803 

8 m/s 0.48735  20 m/s 0.54160 

9 m/s 0.59921  21 m/s 0.47054 

10 m/s 0.69732  22 m/s 0.40382 

11 m/s 0.77451  23 m/s 0.34369 

12 m/s 0.83184  24 m/s 0.29020 

 

We finally calculated the LCOE with the help of these capacity factors and the techno-economic assumptions 

for PV and wind power plants used in this study (Table B 2, Table 7) with a WACC of 8 % for each country 

considered. 

B. 4 Example for the selection of techno-economical parameters out of the literature 

research 
Table B 6: Extract of the selection of techno-economical parameters from different studies 

Parameter Lower boundary 
(examples) 

Upper boundary 
(examples) 

Used in this study 

CAPEX DAC 195 €/(tCO2 × yr) [86]  1033 €/(tCO2 × yr) [15] 450 €/(tCO2 × yr) 
DAC heat consumption 1,102 kWhth/tCO2 [70] 1,600 kWhth/tCO2 [87] 1,312.2 kWhth/tCO2 
DAC electricity 
consumption 

182 kWhel/tCO2 [70] 400 kWhel/tCO2 [87] 255.15 kWhel/tCO2 
 

Efficiency PEM (overall) 63.5 % [15] 84 % [62] 71 % 
CAPEX PEM 400 €/kWel [88] 793 €/kWel [15] 470 €/kWel 
    

References 
[1] UNFCCC. Paris Agreement; 2015. 

[2] European Commission. roposal for a REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE 

COUNCIL establishing the framework for achieving climate neutrality and amending Regulation (EU) 

2018/1999 (European Climate Law). Brussels; 2020. 

[3] European Commission. Directorate General for Energy., Fraunhofer Institute for Systems and 

Innovation Research ISI., Guidehouse., McKinsey & Company., Toegepast natuurwetenschappelijk 

onderzoek., Trinomics. et al. The role of renewable H₂ import & storage to scale up the EU deployment 

of renewable H₂: report: Publications Office; 2022. 



 

38 
 

[4] Löffler K, Hainsch K, Burandt T, Oei P-Y, Kemfert C, Hirschhausen C von. Designing a Model for the 

Global Energy System—GENeSYS-MOD: An Application of the Open-Source Energy Modeling System 

(OSeMOSYS). Energies 2017;10(10):1468. 

[5] Luderer G, Vrontisi Z, Bertram C, Edelenbosch OY, Pietzcker RC, Rogelj J et al. Residual fossil CO2 

emissions in 1.5–2 °C pathways. Nat. Clim. Chang. 2018;8(7):626–33. 

[6] Shell International. „Sky Scenario“. [April 25, 2021]; Available from: https://www.shell.com/energy-

and-innovation/the-energy-future/scenarios/shell-scenario-sky.html. 

[7] Anthony Wang, Jaro Jens, David Mavins, Marissa Moultak, Matthias Schimmel, Kees van der Leun et 

al. Analysing future demand, supply, and transport of hydrogen; 2021. 

[8] Aariadneprojekt. Vergleich der „Big 5“ Klimaneutralitätsszenarien; 2022. 

[9] Watanabe T, Murata K, Kamiya S, Ota K-I. Cost Estimation of Transported Hydrogen, Produced by 

Overseas Wind Power Generations. In: Stolten D, Grube T, editors. 18th World Hydrogen Energy 

Conference 2010 - WHEC 2010: Proceedings. Jülich: Forschungszentrum IEF-3; 2010. 

[10] Heuser P-M, Ryberg DS, Grube T, Robinius M, Stolten D. Techno-economic analysis of a potential 

energy trading link between Patagonia and Japan based on CO2 free hydrogen. International Journal 

of Hydrogen Energy 2019;44(25):12733–47. 

[11] Fasihi M, Breyer C. Baseload electricity and hydrogen supply based on hybrid PV-wind power plants. 

Journal of Cleaner Production 2020;243:118466. 

[12] International Energy Agency (IEA). The Future of Hydrogen: Seizing today’s opportunities; 2019. 

[13] Lux B, Gegenheimer J, Franke K, Sensfuß F, Pfluger B. Supply curves of electricity-based gaseous fuels 

in the MENA region. Computers & Industrial Engineering 2021;162:107647. 

[14] Fasihi M, Bogdanov D, Breyer C. Long-Term Hydrocarbon Trade Options for the Maghreb Region and 

Europe—Renewable Energy Based Synthetic Fuels for a Net Zero Emissions World. Sustainability 

2017;9(2):306. 

[15] Prognos. Kosten und Transformationspfade für strombasierte Energieträger: Endbericht zum Projekt 

"Transformationspfade und regulatorischer Rahmen für synthetische Brennstoffe". Studie im Auftrag 

des Bundeministeriums für Wirtschaft und Energie. Unter Mitarbeit von Sven Kreidelmeyer, Hans 

Dambeck, Almut Kirchner und Marco Wünsch. Basel, Schweiz; 2020. 

[16] Liebich A, Fröhlich T, Münter D, Fehrenbach H, Giegrich J, Köppen S et al. System comparison of 

storable energy carriers from renewable energies: Final report. Dessau-Roßlau; 2021. 

[17] Timmerberg S, Kaltschmitt M. Hydrogen from renewables: Supply from North Africa to Central Europe 

as blend in existing pipelines – Potentials and costs. Applied Energy 2019;237:795–809. 

[18] Jensterle M, Narita J, Piria R, Schröder J, Steinbacher K, Wahabzada F et al. Grüner Wasserstoff: 

Internationale Kooperationspotenziale für Deutschland: Kurzanalyse zu ausgewählten Aspekten 

potenzieller Nicht-EU-Partnerländer; 2020. 

[19] Gerhardt N, Bard J, Schmitz R, Beil M, Pfennig M, Kneiske T. Wasserstoff im zukünftigen 

Energiesystem: Fokus Gebäudewärme: Studie zum Einsatz von H2 im zukünftigen Energiesystem mit 

dem besonderen Fokus auf die Gebäudewärmeversorgung; 2020. 

[20] Sens L, Piguel Y, Neuling U, Timmerberg S, Wilbrand K, Kaltschmitt M. Cost minimized hydrogen from 

solar and wind – Production and supply in the European catchment area. Energy Conversion and 

Management 2022;265:115742. 

[21] Runge P, Sölch C, Albert J, Wasserscheid P, Zöttl G, Grimm V. Economic Comparison of Electric Fuels 

Produced at Excellent Locations for Renewable Energies: A Scenario for 2035. SSRN Journal 2020. 

[22] Agora Verkehrswende, Agora Energiewende, Frontier Economics. The Future Cost of Electricity-Based 

Synthetic Fuels; 2018. 

[23] Terlouw W, Peters D, van Tilburg J, Schimmel M, Berg T, Cihlar J et al. Gas for Climate: The optimal 

role for gas in a net zero emissions energy system; 2019. 

[24] Deutsche Energie-Agentur GmbH (dena). dena-Leitstudie Integrierte Energiewende: Impulse für die 

Gestaltung des Energiesystems bis 2050; 2018. 

[25] Heuser P-M, Grube T, Heinrichs H, Robinius M, Stolten D. Worldwide Hydrogen Provision Scheme 

Based on Renewable Energy. Preprints 2020. 

[26] Brändle G, Schönfisch M, Schulte S. Estimating long-term global supply costs for low-carbon hydrogen. 

Applied Energy 2021;302:117481. 

[27] International Renewable Energy Agency (IRENA). Global hydrogen trade to meet the 1.5°C climate 

goal: Part III - Green hydrogen cost and potential. Abu Dhabi; 2022. 



 

39 
 

[28] Hampp J, Düren M, Brown T. Import options for chemical energy carriers from renewable sources to 

Germany 2021. 

[29] Hank C, Sternberg A, Köppel, Nikolas, Holst, Marius, Smolinka T, Schaadt A, Hebling C et al. Energy 

efficiency and economic assessment of imported energy carriers based on renewable electricity. 

Sustainable Energy Fuels 2020(4):2256–73. 

[30] Ueckerdt F, Bauer C, Dirnaichner A, Everall J, Sacchi R, Luderer G. Potential and risks of hydrogen-

based e-fuels in climate change mitigation. Nat. Clim. Chang. 2021;11(5):384–93. 

[31] Robinius M, Markewitz P, Lopion P, Kullmann F, Heuser P-M, Syranidis K et al. Wege für die 

Energiewende: Kosteneffiziente und klimagerechte Transformationsstrategien für das deutsche 

Energiesystem bis zum Jahr 2050; 2020. 

[32] Ram M, Bogdanov D, Aghahosseini A, Gulagi A, Oyewo SA, Child M et al. Global Energy System based 

on 100% Renewable Energy – Power, Heat, Transport and Desalination Sectors. Lappeenranta, Berlin; 

2019. 

[33] Roberts DA, Johnston EL, Knott NA. Impacts of desalination plant discharges on the marine 

environment: A critical review of published studies. Water research 2010;44(18):5117–28. 

[34] Hersbach H, Bell B, Berrisford P, Hirahara S, Horányi A, Muñoz‐Sabater J et al. The ERA5 global 

reanalysis. Q.J.R. Meteorol. Soc. 2020;146(730):1999–2049. 

[35] Pfennig M, Gerhardt N, Pape C, Böttger D. Mittel- und langfristige Potenziale von PtL und H2-Importen 

aus internationalen EE-Vorzugsregionen: Teilbericht im Rahmen des Projektes: Klimawirksamkeit 

Elektromobilität -  Entwicklungsoptionen des Straßenverkehrs unter Berücksichtigung der 

Rückkopplung des Energieversogungssystems in Hinblick auf mittel- und langfristige Klimaziele. Kassel; 

2017. 

[36] Böttger D, Dreher A, Ganal I, Gauglitz P, Geiger D, Gerlach A-K et al. SYSTEMKONTEXT: Modellbildung 

für nationale Energieversorgungsstrukturen im europäischen Kontext unter besonderer 

Berücksichtigung der Zulässigkeit von Vereinfachungen und Aggregationen. Kassel: Fraunhofer IEE; 

2019; Available from: http://publica.fraunhofer.de/documents/N-599891.html. 

[37] GSA. Global Solar Atlas. [November 13, 2019]; Available from: https://globalsolaratlas.info/map. 

[38] Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A., Muñoz Sabater, J., Nicolas, J., Peubey, C., 

Radu, R., Rozum, I., Schepers, D., Simmons, A., Soci, C., Dee, D., Thépaut, J-N. ERA5 hourly data on 

single levels from 1959 to present. [August 19, 2022]; Available from: 

https://doi.org/10.24381/cds.adbb2d47. 

[39] Fraunhofer IEE. SCOPE: Cross-sector optimisation of dispatch and investment for analysis of future 

energy supply systems; 2019. 

[40] Eurostat. SeaRoute. [August 08, 2020]; Available from: https://github.com/eurostat/searoute. 

[41] Schönknecht A. Entwicklung eines Modells zur Kosten- und Leistungsbewertung von 

Containerschiffen in intermodalen Transportketten; 2007. 

[42] Fraunhofer IEE. Projekthomepage DeV-KopSys. [March 01, 2022]; Available from: 

https://devkopsys.de/ptx-atlas/. 

[43] GADM. Database of Global Administrative Areas (GADM). [February 12, 2020]; Available from: 

https://gadm.org/download_world.html. 

[44] UNEP-WCMC. World database on protected areas: July 2019 update. [August 15, 2019]; Available 

from: https://www.protectedplanet.net/en. 

[45] UNEP-WCMC. Global Critical Habitat screening layer (Version 1.0). [March 26, 2020]; Available from: 

https://data.unep-wcmc.org/datasets/44. 

[46] ESA. ESA Land Cover. [April 23, 2020]; Available from: 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-land-cover?tab=form. 

[47] maxmind. world cities database. [June 19, 2020]; Available from: https://www.kaggle.com/max-

mind/world-cities-database?select=worldcitiespop.csv. 

[48] SEDAC. Gridded Population of the World (GPW), v4. [June 03, 2016]; Available from: 

https://sedac.ciesin.columbia.edu/data/collection/gpw-v4. 

[49] GFSAD. Global Food Security-Support Analysis Data (GFSAD). [April 23, 2020]; Available from: 

lpdaac.usgs.gov/product_search/?query=GFSAD&view=cards&sort=title. 

[50] NASA. NASA SRTM-3. [February 10, 2021]; Available from: 

http://www.viewfinderpanoramas.org/dem3.html. 

[51] GWA. Global Wind Atlas. [December 05, 2019]; Available from: https://globalwindatlas.info/. 



 

40 
 

[52] simplemaps. World Cities Database. [November 25, 2020]; Available from: 

https://simplemaps.com/data/world-cities. 

[53] NGA. World Port Index. [May 25, 2021]; Available from: https://msi.nga.mil/Publications/WPI. 

[54] EIA. U.S. Natural Gas Pipelines. [August 03, 2021]; Available from: https://hifld-

geoplatform.opendata.arcgis.com/datasets/natural-gas-pipelines. 

[55] Harvard CGA. Natural Gas Pipelines in Europe, Asia, Africa & Middle East. [April 03, 2021]; Available 

from: https://worldmap.harvard.edu/data/geonode:natural_gas_pipelines_j96. 

[56] Marineregions.org. World EEZ v11. [December 16, 2020]; Available from: 

https://www.marineregions.org/downloads.php. 

[57] ESA. Global Water Bodies. [May 25, 2021]; Available from: 

http://maps.elie.ucl.ac.be/CCI/viewer/download.php. 

[58] WRI. Aqueduct Global Maps 3.0. [May 25, 2021]; Available from: https://www.wri.org/data/aqueduct-

global-maps-30-data. 

[59] Eno R, Choumert F. The Chemicals Industry 2016. Munich; 2017. 

[60] Smolinka T, Wiebe N, Sterchele P, Palzer A, Lehner F, Jansen M et al. Studie IndWEDe: Industrialisierung 

der Wasserelektrolyse in Deutschland: Chancen und Herausforderungen für nachhaltigen Wasserstoff 

für Verkehr, Strom und Wärme. Berlin; 2018. 

[61] Verdegaal WM, Becker S, Olshausen C von. Power-to-Liquids: Synthetisches Rohöl aus CO2 Wasser 

und Sonne. Chemie Ingenieur Technik 2015;87(4):340–6. 

[62] Deutsche Energie-Agentur GmbH (dena). Heutige Einsatzgebiete für Power Fuels: Factsheets zur 

Anwendung von klimafreundlich erzeugten synthetischen Energieträgern; 2018. 

[63] Ausfelder F, Beilmann C, Bertau M, Bräuninger S, Heinzel A, Hoer R et al. Energiespeicherung als 

Element einer sicheren Energieversorgung. Chemie Ingenieur Technik 2015;87(1-2):17–89. 

[64] Ausfelder F, Dura HE. Optionen für ein nachhaltiges Energiesystem mit Power-to-X Technologie. 

Herausforderungen - Potenzial - Methoden - Auswirkungen: 1. Roadmap des Kopernikus Projektes 

"Power-to-X": flexible Nutzung erneuerbarer Ressourcen (P2X). Frankfurt am Main; 2018. 

[65] Balopi B, Agachi P, Danha. Methanol Synthesis Chemistry and Process Engineering Aspects- A Review 

with Consequence to Botswana Chemical Industries. Procedia Manufacturing 2019;35:367–76. 

[66] Ikäheimo J, Kiviluoma J, Weiss R, Holttinen H. Power-to-ammonia in future North European 100 % 

renewable power and heat system. International Journal of Hydrogen Energy 2018;43(36):17295–

308. 

[67] Reuß M, Grube T, Robinius M, Preuster P, Wasserscheid P, Stolten D. Seasonal storage and alternative 

carriers: A flexible hydrogen supply chain model. Applied Energy 2017;200:290–302. 

[68] Stolzenburg K, Mubbala R. Integrated Design for Demonstration of Efficient Liquefaction of Hydrogen 

(IDEALHY); 2013. 

[69] Raj R, Suman R, Ghandehariun S, Kumar A, Tiwari MK. A techno-economic assessment of the liquefied 

natural gas (LNG) production facilities in Western Canada. Sustainable Energy Technologies and 

Assessments 2016;18:140–52. 

[70] Fasihi M, Efimova O, Breyer C. Techno-economic assessment of CO2 direct air capture plants. Journal 

of Cleaner Production 2019;224:957–80. 

[71] Valera-Medina A, Banares-Alcantara R. Techno-economic challenges of green ammonia as energy 

vector. London, United Kingdom: Academic Press; 2021. 

[72] Rouwenhorst K, Krzywda PM, Benes NE, Mul G, Lefferts L. Ammonia Production Technologies. In: 

Techno-Economic Challenges of Green Ammonia as an Energy Vector: Elsevier; 2021, p. 41–83. 

[73] IRENA. Renewable Power Generation Costs in 2017. Abu Dhabi; 2018. 

[74] Danish Energy Agency. Technology Data Catalogue for Electricity and district heating production - 

Updated April 2020. [May 17, 2021]; Available from: 

https://ens.dk/sites/ens.dk/files/Statistik/technology_data_catalogue_for_el_and_dh_-_0009.pdf. 

[75] Gorre J, Ortloff F, van Leeuwen C. Production costs for synthetic methane in 2030 and 2050 of an 

optimized Power-to-Gas plant with intermediate hydrogen storage. Applied Energy 

2019;253:113594. 

[76] Vries N de. Safe and effective application of ammonia as a marine fuel; 2019. 

[77] Taljegard M, Brynolf S, Grahn M, Andersson K, Johnson H. Cost-effective choices of marine fuels in a 

carbon-constrained world: results from a global energy model. Environmental science & technology 

2014;48(21):12986–93. 



 

41 
 

[78] Wärtsilä Engines. Wärtsilä RT‐flex96C – Wärtsilä RTA96C Technology review; 2008. 

[79] Pfennig M, Bonin M von, Gerhardt N. PTX-Atlas: Weltweite Potenziale für die Erzeugung von grünem 

Wasserstoff und klimaneutralen synthetischen Kraft- und Brennstoffen: Teilbericht im Rahmen des 

Projektes: DeV-KopSys. Kassel; 2021. 

[80] Smith JR, Gkantonas S, Mastorakos E. Modelling of Boil-Off and Sloshing Relevant to Future Liquid 

Hydrogen Carriers. Energies 2022;15(6):2046. 

[81] Equasis. The 2019 World Fleet Report; 2019. 

[82] Fraunhofer IEE. Global PtX Atlas. [January 07, 2022]; Available from: 

https://maps.iee.fraunhofer.de/ptx-atlas/. 

[83] esri. Basemaps; Available from: https://server.arcgisonline.com/arcgis/rest/services. 

[84] Caldera U, Bogdanov D, Breyer C. Local cost of seawater RO desalination based on solar PV and wind 

energy: A global estimate. Desalination 2016;385:207–16. 

[85] Caldera U, Bogdanov D, Afanasyeva S, Breyer C. Role of Seawater Desalination in the Management 

of an Integrated Water and 100% Renewable Energy Based Power Sector in Saudi Arabia. Water 

2018;10(1):3. 

[86] Sadiqa A, Gulagi A, Bogdanov D, Caldera U, Breyer C. Renewable energy in Pakistan: Paving the way 

towards a fully renewables‐based energy system across the power, heat, transport and desalination 

sectors by 2050. IET Renewable Power Gen 2022;16(1):177–97. 

[87] Prognos, Öko-Institut, Wuppertal Institut. Klimaneutrales Deutschland. Studie im Auftrag von Agora 

Energiewende, Agora Verkehrswende und Stiftung Klimaneutralität; 2020. 

[88] Danish Energy Agency. Technology Data Catalogue for Renewable Fuels- Updated April 2022. [April 

21, 2022]; Available from: 

https://ens.dk/sites/ens.dk/files/Analyser/data_sheets_for_renewable_fuels.xlsx. 

 


