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Abstract 

Carbon Capture and Utilisation (CCU) technologies have the potential to reduce CO2 emissions, 

the main driver of global warming, by converting CO2 into valuable products. Fuel synthesis 

through CCU technologies is of particular interest, given that low carbon fuels allow for a reduced 

fossil fuel’s dependence, while simultaneously using the existing infrastructure. As part of a 

broader project to accelerate the development of CCU in the German state of North Rhein-

Westphalia, this work considers different fuel synthesis technologies to be subsequently 

implemented on a demonstration scale in the region. The main objective of the thesis was to develop 

a feasibility study for a pilot CCU plant for fuel production in the Rheinisches Revier. Initially, five 

fuel synthesis pathways were evaluated and the “best performing” on the basis of defined criteria 

and the Analytical Hierarchy Process (AHP) method was selected for further evaluation. Having 

decided on Power-to-Synthetic Natural Gas (SNG) as the technology to be implemented on a 

demonstration scale, it was assessed by means of a techno-economic and an environmental analysis. 

The entire pilot plant concept, including low temperature electrolysis and two methanation reactor 

stages, was modelled using the simulation software Aspen Plus®. The product SNG has a HHV of 

10,1 kWh/m3 and the overall PtSNG efficiency of the plant is 46%. The production cost of SNG is 

estimated at 0,29 €/kWhSNG with 50 €/MW electricity supply and 100% capacity factor. Scenario 

analysis considered 4 operational modes of the plant and estimated SNG production costs between 

0,27 €/kWhSNG and 3,17 €/kWhSNG. The lowest SNG cost was obtained when the plant operated 

6000 h/y with a mean electricity cost of 36 €/MWh. While, the highest SNG production cost was 

associated with 205 full-load operating hours per year with surplus renewable energy. At its lowest 

cost, SNG is approximately five times more expensive than natural gas1, showing that under the 

current framework conditions the pilot plant’s operation results economically unprofitable. The 

ecological assessment using a cradle-to-grave approach revealed that the PtSNG plant is 

environmentally advantageous compared to natural gas conventional production only when 

powered by renewable energies or by electricity with an emission factor below the environmental 

threshold. The environmental threshold values for electricity supply were estimated at 117 g CO2-

eq/kWhel when neglecting the CO2 capture step and 105 g CO2-eq/kWhel when considering CO2 

capture from a cement plant.  

 

                                                      

 

1 Considering average natural gas price for private customers in Germany between 2015 and 2019.  
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1 Introduction 

In 2019, the power and industrial sectors in Germany released 246 and 188 million tonnes of CO2-

equivalent emissions respectively, which together account for 54% of the total national greenhouse 

gas (GHG) emissions (Umweltbundesamt, 2020). In view of these increased emissions and the 

imminent threat of climate change, Germany committed to reduce its GHG emissions by at least 

55% compared to 1990s levels by 2030, and achieve GHG neutrality by 2050 (Federal Climate Act, 

2019). To meet these targets, different strategies, policies and instruments must be developed 

considering that, while the transformation towards renewable energy sources is already well 

advanced, concepts for extensive industry decarbonisation exist only isolated. 

Carbon Capture and Utilization (CCU) is an attractive decarbonisation approach, not only because 

it contributes to CO2 emissions reduction but also because it enables the creation of a circular CO2-

based economy. Under the CCU concept, CO2 is separated from flue gas streams of industrial 

processes or power plants and is converted into valuable products such as fuels and chemicals.  

CO2-based fuels are of particular interest, since they represent climate-friendly alternatives to 

conventional fossil fuels, while simultaneously using the existing infrastructure and vehicles. 

Furthermore, given that Germany has passed a legislation to end coal-fired generation by 2038, this 

will provide a favourable platform for the development and implementation of CCU. The state of 

North Rhine-Westphalia (NRW), and in particular the Rheinisches Revier, have the potential to 

become Europe’s leading location for CO2 recycling, by virtue of their numerous usable CO2 point 

sources, existing infrastructure and good framework conditions for innovative technology 

development.  

Schüwer et al. (2015) reviewed sources, demand and utilization of CO2 in NRW, however no 

detailed analysis of specific CCU technologies was provided. Several techno-economic analyses 

focusing on a wide range of alternative fuel syntheses have been developed (De Saint Jean et al., 

2014, De Saint Jean et al., 2015, Benjaminsson et al., 2013, König et al., 2015b, Albrecht et al., 

2017, Michailos et al., 2019, Schemme et al., 2020, Tremel et al., 2015). Additionally, a limited 

number of studies have covered the techno-economic as well as the environmental performance of 

fuel synthesis technologies (Parra et al., 2017, Peters et al., 2019). Nevertheless, none of the 

reviewed literature has investigated the effects of a specific location for the development of the 

technology in question. The present work is one of the first studies to combine all the 

aforementioned research areas and examine the CO2 availability in Rheinisches Revier as well as 

the techno-economic and environmental characteristics of a specific CO2-based fuel synthesis 

technology.  



 

 

The aim of this thesis was to develop a feasibility study for a pilot CCU plant for fuel production 

in the Rheinisches Revier. In this spirit, CO2 sources in NRW and the Rheinisches Revier were 

initially assessed on quantitative, qualitative and geographical distribution basis to confirm CO2 

availability in the region (Chapter 2). A forecasting of the development of the CO2 emissions in the 

region in the middle (2030) and long-term (2050) was also calculated. Afterwards, an extensive 

literature review of fuel synthesis technologies was undertaken (Chapter 3). Of the reviewed 

technologies, the most suitable one to be implemented on a demonstration scale in NRW was 

selected (Chapter 4). This selection was done on the basis of the Analytic Hierarchy Process (AHP) 

method and pre-defined criteria considering technical performance, economic feasibility as well as 

social and environmental compatibility. The selected “best performing” technology was Power-to-

SNG (PtSNG) and a pilot plant concept was developed considering site-specific characteristics 

(Chapter 5). The feasibility of the proposed concept was assessed by means of a techno-economic 

and an environmental analysis. Firstly, a steady state simulation of the complete process, with 

models of all relevant units, was generated using the Aspen Plus® software (Chapter 6). Material 

and energy flows as well as plant performance parameters such as efficiencies were evaluated. 

Secondly, an economic analysis based on the process simulation was conducted (Chapter 7). The 

net production cost of the product SNG was estimated using the annualized cost method and 

obtained results were compared to current natural gas costs and published literature values on the 

same process. A sensitivity analysis was performed to determine how the SNG’s cost of production 

is affected by the considered economic assumptions. Different scenarios were discussed in order to 

evaluate at which conditions the pilot plant concept would be economically competitive. Finally, 

the work concludes with a comparative environmental analysis of PtSNG and natural gas 

conventional production (Chapter 8). In the frame of this assessment, electricity supply’s emission 

factor values, under which PtSNG is more environmentally beneficial than natural gas fossil-based 

production, are identified.  The complete thesis was developed at the Institute of Solar Research of 

the German Aerospace Centre (DLR) and it is related to NRW’s “CCU-Akzelerator” project.  

 



 

 

2 CO₂ sources in the Rheinisches Revier 
and NRW  

In 2017, 274,7 million tonnes of CO2-equivalent GHG emissions were released in North Rhine-

Westphalia, of those over 90% were CO2 emissions (LANUV, 2019). This chapter aims to assess 

the magnitude and characteristics of available CO2 streams for potential CCU projects in NRW, by 

identifying CO2 sources present in the region and forecasting their development. The most 

significant sectors in terms of GHG’s released quantities are the power and industry ones, which 

respectively account for 50,3% and 19,9% of the total state’s GHG emissions (LANUV, 2019). On 

that basis, this study focuses on CO2 emission sources operating in combustion activities, industrial 

processes and fossil fuels’ processing. For the purpose of this thesis, the term “CO2 source” refers 

to facilities that release CO2 resulting from combustion and/or as a by-product from industrial 

processes.  

To identify the CO2 sources in the Rheinisches Revier and NRW, a map depicting the location and 

magnitude of carbon dioxide emissions per facility was developed (Figure 2.1). The Rheinisches 

Revier is a region within the state of NRW and consists of the municipalities of Rhein-Kreis-Neuss, 

Kreis Düren, Rhein-Erft-Kreis, Städteregion Aachen, Kreis Heinsberg, Kreis Euskirchen, and the 

city of Mönchengladbach (Investitionsgesetz Kohleregionen, 2020). The database utilized for the 

quantification of the CO2 emissions per source in the Rheinisches Revier and NRW was the 

European Pollutant Release and Transfer Register (E-PRTR). At the time of the study, the most 

recent available data in the E-PRTR dated 2017. The publicly available E-PRTR provides key 

environmental data from more than 30.000 industrial facilities in Europe including facility name, 

location, economic activity, and quantities of 91 contaminants released to air and water (European 

Environmental Agency, 2020). It is estimated that the emissions included in the database comprise 

approximately 90% of the CO2 released by European industrial sources, however only medium and 

large emitters (> 0.1 Mt CO2/y) are recorded (European Environmental Agency, 2020). Normally, 

high purity CO2 sources have relatively small magnitudes of emissions and therefore are not 

represented within the E-PRTR database. To ensure the inclusion of small-scale, high purity 

sources in the analysis, other data sources were also utilized (IEA Bioenergy Task 37, 2017). High 

purity CO2 sources particularly interest CCU, as their effluent gases have higher CO2 partial 

pressure and lower totals of impurities. This reflects on economic and technical benefits in terms 

of CO2 capture technology (Patricio et al., 2017a). In NRW, biomethane upgrading plants were 

identified as valuable high purity CO2 sources since they are renewable energy based and have the 



 

 

process of CO2 capture already integrated in their process. Further information on the minimum, 

maximum, average and total CO2 emissions per activity sector is provided in Appendix Table A.1.  

 

 

Figure 2.1: 2017 Rheinisches Revier and NRW’s CO2 emissions per facility. Activity sector and CO2 

emissions’ quantity were extracted from the E-PRTR database, the power sector is subdivided according to 

the energy carrier used at each facility. The Rheinisches Revier is delimited by the borders of the state and 

the black line.   

Rheinisches Revier 

Rheinisches Revier 



 

 

Overall in NRW, the great majority of CO2 emitters are clustered along the rivers Rhine and Ruhr, 

as illustrated in Figure 2.1. The largest CO2 emitters, corresponding to lignite power plants, are 

located in the Rheinisches Revier. Towards the east of the state a reduced quantity of emitters, 

especially cement plants, are sparsely situated. In terms of the power sector, hard coal power plants 

are positioned between the rivers Lippe and Ruhr and natural gas power plants alongside the river 

Rhine. Large CO2 sources from the iron and steel industry are located in Duisburg and surrounding 

cities. Additionally, there are four refineries in NRW which are based in the Cologne area and 

Gelsenkirchen. The chemical industry can be found alongside the river Rhine and in the cities of 

Gelsenkirchen and Marl. Unlike the previously mentioned industrial sources, cement and lime 

plants are spaced out in the district of Soest. Similarly, biomethane upgrading plants are sparsely 

situated and mainly located on the west of the state. 

The largest CO2 sources in NRW in 2017 were the lignite power plants Neurath (29,9 Mt CO2) and 

Niederaußem (27,2 Mt CO2), both located in the Rheinisches Revier. Another significant CO2 

source was the Eschweiler power plant (19,1 Mt CO2) denoted in brown, which is situated in the 

area of Aachen and has mixed energy carriers (natural gas and lignite). Furthermore, the largest 

emitter from the steel and iron industry was the Thyssenkrupp plant located in Hambron with 

14,9 Mt CO2 emissions. On the other hand, the lowest CO2 emissions were related to high purity 

CO2 sources. Biomethane upgrading plants’ CO2 emissions on average were a factor of ten smaller 

(0,001 Mt CO2) compared to the emissions per facility in the rest of activity sectors. Further 

analysis is required to sufficiently determine if the advantage of obtaining highly pure CO2 from 

renewable raw materials makes up for the additional effort in transporting and collecting small CO2 

quantities from dispersed sources. For example, due to economies of scale, the biomethane 

upgrading plants’ emissions may be suitable for pilot CCU applications, but not for commercial 

scale CCU plants that require large continuous CO2 supply. Overall, in 2017 industry and power 

plants emitted 207 Mt of CO2 in NRW, exhibiting a significant availability of CO2 for CCU 

applications. 

2.1 CO₂ emissions forecasting  

Germany has set ambitious climate protection targets in which the country aims a 55% reduction 

of its 1990s GHG emissions by 2030 and be virtually climate neutral by 2050 (BMUB, 2016). 

Considering these increasingly restrictive regulations for GHG emissions, a central question to 

CCU project prospects is the future availability of CO2 streams. This section analyses which CO2 

sources will still be present in medium (2030) and long-term (2050), keeping in mind Germany’s 

climate protection policies and energy transition.  



 

 

2.1.1  2030 emissions 
To estimate 2030s CO2 emissions in the Rheinisches Revier and NRW, emissions from the industry 

and the power sector were calculated separately according to publicly available data. For the 

industry, CO2 emissions’ forecasting was carried out based on the “Climate neutral industry: Key 

Technologies and Policy Options for Steel, Chemicals and Cement” study (Agora Energiewende, 

2019). Agora (2019) estimated 2030 and 2050 GHG emissions per industrial activity, considering 

a moderate economic growth, the use of key “CO2-poor” technologies, and the realistic 

accomplishment of national climate targets. For this work’s estimations, it was assumed that 

national developments will reflect on the same way at NRW’s scale.  

CO2 emissions from the power sector were forecasted based on the German energy transition, in 

which the phase-out of coal fired power plants by 2038 plays a central role. According to the 

Federal Ministry for Economic Affairs and Energy (BMWi) (2020), the national capacity of hard 

coal and lignite power plants will be reduced from 22,8 GW and 21,1 GW in 2019 to 8 GW and 

9 GW in 2030, respectively. However, the procedure of how the lignite and hard coal power plants 

will be taken out of operation differs greatly. For lignite power plants, a clear phase-out pathway, 

which details specific lignite-fired plants to be taken offline at certain dates, has been published by 

the Federal Network Agency (BNetzA) (2020). When blocks of the same power plant were 

scheduled to shut down at different times, it was assumed that the block’s CO2 emissions were 

proportional to its capacity. For hard coal fired plants’ cease of operations no detailed pathway 

exists and it will be handled using auctions organized by the BNetzA between 2020 and 2027 

(BMWi, 2020b). In order to determine future CO2 emissions from hard coal power plants, it was 

assumed that within Germany the oldest hard coal power plants will shut down first until a capacity 

of 8 GW in 2030 is achieved. The list of power plants in Germany including their capacity, status, 

and energy carrier was retrieved from the BNetzA (2020). Coal mining’s emissions forecasting was 

done considering that hard coal mining was ended in 2018 in Germany and assuming 

proportionality between operational lignite power plants’ capacity and CO2 emissions from this 

economic activity. The market share of the three largest lignite mining areas in Germany was 

assumed to be constant from 2017 to 2030 (Appun, 2018). For all other non-coal energy carriers in 

the power sector, 2030s CO2 emissions forecasting was done by comparing net power generation 

estimate per energy carrier in 2017 to 2030, based on the revolution scenario forecasted by EWI 

Energy Research and Scenarios (2018). It was assumed that a power generation increase would be 

directly proportional to CO2 emissions increase. Detailed information on the 2030s CO2 emissions 

forecasting per main activity sector can be found in Appendix A.2. The Rheinisches Revier’s CO2 

sources’ location, economic activity sector and magnitude of CO2 emissions in 2030, as per the 

method described above are portrayed in Figure 2.2.  

 



 

 

 

 

 

 

In terms of geographical distribution of the CO2 sources, no major differences from 2017 can be 

observed in 2030. In general, there is a 15–20% emissions reduction in industry, as steady economic 

growth and technological advances that will aid the decrease of GHG emissions are expected. On 

the other hand, the power sector will see major structural changes due to the coal exit plan. Several 

hard coal-fired power plants in the Ruhr area will cease operations and a few lignite power plants 

in the Rheinisches Revier are scheduled to reduce operations by 2030. The second largest CO2 

source in 2017, the Niederaußem lignite power plant (27,7 Mt CO2) is expected to decrease its 

emissions to 12,7 Mt CO2 by 2030. The Eschweiler power plant aims to cease operations of the 

lignite fired blocks and will only operate with natural gas, reducing its emissions from 19,1 Mt CO2 

in 2017 to 5,2 Mt CO2 in 2030. Nevertheless, in 2030 the largest CO2 emitter will continue to be 

the Neurath lignite power plant (29,9 Mt CO2), as its shut-down is scheduled for 2038. To 

compensate for coal power plants’ capacity being taken offline, an increase in natural gas usage 

and therefore of its associated CO2 emissions are expected to increase by approximately 8%. In 

2030, NRW is forecasted to emit 130,50 Mt CO2.      

Figure 2.2: 2030 Rheinisches Revier’s CO2 emissions per facility. Own calculations based on the E-PRTR 

database, BMWi (2020b) and Agora Energiewende (2019). The Rheinisches Revier is delimited by the 

borders of the state and the black line. 

Rheinisches Revier 



 

 

2.1.2  2050 emissions 
In view of Germany’s goal to have no CO2 emissions associated with industry by 2050, forecasting 

was done based on process emissions. Process emissions are inherent to the chemical 

transformation and are not related to energy, hence even with a fully renewable energy system, 

process emissions will still be present (IPCC, 2005). To estimate the process emissions per activity 

sector, the “Climate neutral industry: Key Technologies and Policy Options for Steel, Chemicals 

and Cement” study was used (Agora Energiewende, 2019). Process emissions for the steel and iron, 

chemical, glass, light metals, and petrochemical industry range between 18% and 35% of the total 

CO2 emissions. Cement and lime plants have the highest share of process emissions in industry, 

with 65% of their emissions being process related. To calculate the CO2 emissions for 2050, it was 

assumed that only the percentage corresponding to process emissions in 2017 will be existent in 

2050, that the national share of process emissions per activity sector is equal at a facility level, and 

that no major technological changes will occur. In terms of the power sector, the same procedure 

as in 2030 emissions forecasting was utilized. As per the German coal exit plan in 2050 all coal 

and lignite power plants will cease operations. On this basis, coal mining activities were also 

assumed to be completely shut down by 2050. The Rheinisches Revier’s CO2 sources’ geographical 

location, economic activity sector, and magnitude of CO2 emissions in 2050, calculated using the 

method described above are illustrated in Figure 2.3. Further information on the minimum, 

maximum, average, and total CO2 emissions per activity sector in 2050 is given in Appendix A.2. 

 

Figure 2.3: 2050 Rheinisches Revier’s CO2 emissions per facility. Own calculations based on the E-PRTR 

database, BMWi (2020b) and Agora Energiewende (2019). The Rheinisches Revier is delimited by the 

borders of the state and the black line. 

Rheinisches Revier 



 

 

CO2 emitters in the Rheinisches Revier and NRW are expected to remain in the same locations as 

in 2017, with the exceptions of coal and lignite power plants which will disappear. In the industrial 

sector, CO2 emissions will decrease by 65–82% compared to 2017, except for lime and cement 

plants. The largest emitters in the region are forecasted to be natural gas power plants Eschweiler 

(5,53 Mt CO2) and Hamborn (4,38 Mt CO2). Even though natural gas power plants are expected to 

have the largest CO2 emissions, it is probable that these emissions will be intermittent, as the power 

grid will be primarily based on renewables and gas will be mainly used for balancing purposes. The 

activity sector with the second largest CO2 emissions in 2050 is the steel and iron industry, with 

the largest emitter located in Hamborn (4,73 Mt CO2) and the second largest in Huckingen (2,65 Mt 

CO2). This is a conservative estimate, since low-emission technologies such as electric arc furnaces 

and hydrogen-based furnaces are being investigated currently in the steel and iron industry 

(Nidheesh and Kumar, 2019). Thus, in the future, larger emission reductions from the steel industry 

can be expected. The cement industry is predicted to become more relevant as a CO2 source with 

annual CO2 emissions per facility in the range of 0,73–0,14 Mt CO2. Since in 2050, CO2 emissions 

will be quantitatively smaller and dispersed around the state, a CO2 hub connecting various 

pipelines could be developed. In 2050, 40,63 Mt of CO2 are forecasted to be emitted in NRW, 

representing an 80% decrease from 2017s CO2 emissions and 68% from 2030s. According to Billig 

et al. (2019) the German national CO2 demand was approximately 5 Mt in 2019, therefore even it 

increased by a factor of eight in 2050, it would be possible to cover the entire national demand only 

using NRW’s CO2 sources. Thus, showing vast availability of CO2 for CCU projects.  

2.2 Post-combustion carbon capture 

In general, four main approaches exist for the capture of CO2: Pre-combustion capture, oxyfuel 

combustion, post-combustion capture, and direct air capture (DAC). In this thesis, only post-

combustion capture is considered as this technology can be retrofitted into existing plants and has 

already been applied in several pilot projects (Koytsoumpa et al., 2018). Post-combustion capture 

involves the removal of CO2 from flue gases either via absorption, adsorption, cryogenic, or 

membrane processes. The following Table 2.1, summarizes the main characteristics of the 

aforementioned post-combustion capture technologies.  

 

 

 

Table 2.1 

Comparison of post-combustion carbon capture technologies. 

Parameter Post-Combustion Carbon Capture Technologies 



 

 

Absorption Adsorption Cryogenic Membrane 

Energy demand Intensive to 

regenerate 

solventa
. 

Intensive to 

regenerate 

sorbenta. 

Most intensive 

energy demand for 

cooling the gasesb. 

Intensive to 

pressurize gasesa. 

Technology 

development 

stagea 

Well-developed Developed Well-developed In development 

 
Hazardous, toxic, 

or corrosive 

materials usagea 

Yes No No No 

 
Flue gas 

conditioning 

Removal of 

nitrogen oxides 

and sulphur to 

prevent reactions 

with the solventc. 

TSA is 

insensitive to 

impurities and 

water pressure in 

the feed streamb. 

Extensive, very 

low amounts of 

H2O, SOx and NOx 

can be presenta b. 

Extensive, to 

avoid membrane 

deteriorationa. 

 
Challenges Main limitation 

is energy input 

for solvent 

regeneration 

which translates 

to high parasitic 

consumption and 

high costsb. 

TSA has large 

cycle times, 

limiting it to 

small 

applicationsb. 

PSA is 

susceptible to 

impuritiesd. 

Mostly operated 

with high 

concentrations 

(>50%) of CO2 

streams, since the 

high energy 

requirement makes 

it uneconomical 

for dilute CO2 

feedsb. 

Low removal 

efficiencye. 

Feasibility of 

process is 

decreased if CO2 

in the feed stream 

is below 20%f. 

Not suitable for 

high temperature 

applicationsg. 

High fabrication 

cost of novel 

membranesg. 

 
Advantages  Most cost 

effective and 

mature 

technologyh. 

Good removal 

efficiency (95%) 

and can be used 

for low 

concentrations of 

CO2 in flue 

gasesi.  

PSA allows for 

large scale 

application and 

lower costs than 

TSA due to 

lower heat 

requirementb. 

Can be operated at 

atmospheric 

pressure and does 

not requirement a 

solventj. 

Produces liquid 

CO2 which is ideal 

for transportationk. 

Low operating 

cost.  

Avoids frequent 

shut-downs and 

start-ups, since 

membranes do not 

need 

regenerationl. 

Following abbreviations are used: Pressure Swing Adsorption (PSA), Temperature Swing Adsorption (TSA). 
a(Naranjo et al., 2011)  b(Mondal et al., 2012), c(Wilberforce et al., 2020), d(Webley, 2014), e(Olajire, 2010); 
f(Brunetti et al., 2010), g(Almamoori et al., 2017), h(Koytsoumpa et al., 2018), i(Kakaras et al., 2012), j(Gupta 

et al., 2003), k(Pieri et al., 2018), l(Zhao, 2017). 

 

Depending on the industry sector in which the CO2 emissions are produced, there are some plant 

designs which are more advisable than others. In the cement industry, amine based post-combustion 

capture is suggested, as it achieves more than 80% capture efficiency (Kuramochi et al., 2012). 

Nevertheless, only 50% of the heat required for solvent regeneration can be supplied by the plant’s 

own waste heat (Kuramochi et al., 2012). According to Romano et al. (2013), novel calcium looping 

capture is more advisable for the cement industry as it utilises limestone as a raw material and has 



 

 

lower energy penalties than absorption capture. However, this technology is not currently 

commercially available. The steel and iron industry could benefit by the usage of PSA if oxygen 

blast furnace or top recycling blast furnace are used (Romano et al., 2013). If a common blast 

furnace is used, some gas streams will require SOx, NOx and dust cleaning before using absorption 

capture. In refineries, since the emission points are scattered, a pipeline network with a centralised 

CO2 capture is recommended (Romano et al., 2013). A purification step for SOx, NOx and 

particulate matter will be needed, before employing commercially available amine absorption. In 

the power sector, monoethanol-amine (MEA) capture is mostly used, due to its mature application 

at commercial scale. MEA-based post-combustion capture usually results in an efficiency penalty 

of 6–14 percentage points on coal and combined cycle gas power plants (Cebrucean et al., 2014). 

For information on the carbon capture costs for different CO2 sources, the reader is referred to the 

work of Brynolf et al. (2018). 

The CO2 source analysis in the Rheinisches Revier and NRW indicates a vast short, mid and long-

term CO2 availability for usage in CCU projects. It was estimated that the current (2017) CO2 

emissions (207 Mt) will decrease by 37% in 2030 and by 80% in 2050. In the future, industrial 

emitters are expected to maintain a similar structure to the current one, however the power sector 

will see major changes. The coal phase out will have a large impact on the state’s emission 

reductions, by retiring 2017s largest emitters (lignite power plants) by 2050. Additionally, high 

purity CO2 sources have been regarded as preferred CO2 suppliers when small quantities are 

necessary, considering their associated economic advantages. In terms of CO2 separation from 

industrial process, post-combustion capture via amines in cement plants is the most promising 

alternative. Fossil power plants will most likely be replaced by renewable energies in the 

foreseeable future, and climate-friendly technological alternatives for blast furnace-based steel 

production, which promise largely emission-free production, already exist. However, cement 

production is associated with long-term unavoidable process emissions, and will therefore probably 

depend on carbon capture to reduce its emissions. 

 

  

 



 

 

3 Fuel synthesis technologies 

Various technologies are currently under discussion for the technical implementation of Power-to-

Fuel CCU processes. Possible fuel synthesis pathways concerning carbon utilization, excluding 

biological processes, were mapped in Figure 3.1. Of those, the fuels regarded as most compatible 

with the targets of this study were pre-selected for further analysis. The pre-selection was carried 

out based on the expertise of the project team. The chosen fuels to be examined in detail were: 

Synthetic natural gas (SNG), Dimethyl ether (DME), Syngas, and Fischer-Tropsch fuels (FT-

Fuels).  A notable non-inclusion is methanol, which has been assigned to the chemicals rather than 

to the fuels scope of the project, in view of a more competitive pricing within the chemical industry. 

Nevertheless, methanol is regarded in literature as a promising fuel and foundation of a future 

renewable energy system under the “methanol economy” concept (Alberico and Nielsen, 2015, 

Olah, 2005). All the pre-selected synthesis technologies require a high purity CO2 feedstock to 

increase the product fuel yield. Particularly relevant is the presence of catalyst poisons such as 

sulphur, heavy metals and halogens in the CO2 stream (Schüwer et al., 2015). Catalyst poisons 

inhibit the desired reactions by blocking the active sites in the catalysts, however purity 

specifications depend on the technology under consideration.   

Figure 3.1: Fuel synthesis pathways map. Following abbreviations are used: Low temperature electrolysis 

(LTE), Synthetic natural gas (SNG), Dimethyl ether (DME), Polyoxy dimethyl ether (OME), Reverse water-

gas shift (RWGS), High temperature co-electrolysis (HTCE), Dry methane reforming (DMR), Steam 

methane reforming (SMR), Fischer-Tropsch (FT).  

Within this chapter an overview of hydrogen production via electrolysis is introduced. 

Subsequently, the pre-selected fuel synthesis technologies are presented, including requirements 

and operational parameters. Maturity of technologies is described by using the nine-point numeric 

Technology Readiness Level (TRL) scale, considering its wide-spread use in the CCU field 



 

 

(Appendix B.1) (Chauvy et al., 2019, Patricio et al., 2017b, Wei et al., 2015, Zimmermann and 

Schomäcker, 2017). Lastly, a review of alternative fuel projects currently in operation in Germany 

is provided. 

3.1 Hydrogen supply 

Along with CO2, hydrogen is a critical feedstock for fuel synthesis. Renewable pathways for 

hydrogen production include electrolysis, thermolysis, and thermochemical cycles. This thesis 

focuses on electrolysis since it is the most mature process (Brynolf et al., 2018). Electrolysers 

operate without the need of moving parts and dissociate water into oxygen and hydrogen, by 

conducting electricity between two electrodes. Water electrolysis (Eq. (3.1)) is an electrochemical 

reaction that can be divided into a reduction reaction that takes place at the cathode (Eq. (3.2)) and 

an oxidation reaction at the anode (Eq. (3.3)). Depending on the technology used, the charge carrier 

can be OH−, H3O+, or O2− (see Table 3.1). 

 
H2O(l)  → H2 (g)+

1

2
O2 (g)                ∆H0 = +286 kJ mol–1 (3.1) 

Cathode: 2H2O(l)  + 2e− → H2 (g) + 2OH−
(aq) (3.2) 

Anode: 2OH−
(aq) → 2e−+

1

2
O2 (g) + H2O(l) (3.3) 

 

Low temperature electrolysis technologies include alkaline electrolysis (AEL) and proton exchange 

membrane (PEM) electrolysis. High temperature electrolysis comprises carbonate electrolyte and 

solid oxide electrolysis cells (SOEC). SOEC have a higher technical maturity than carbonate cells, 

therefore this work focuses on SOEC technology (Graves et al., 2011). Key operational parameters 

of the three electrolysis technologies are summarized in Table 3.1.  

Table 3.1 

Summary of electrolysis technologies’ operational parameters. Adapted from Götz et al. (2016). 

Operational parameters Alkaline PEM SOEC 

 Technology readiness level (TRL)a 9 6 5 

 Electricity-to-hydrogen efficiency (%)b 65 (43–69) 62 (40–69) 77 

 System size (MW)b 30 (20–40) 9 (5–10) 3 

 Electrolyte 
Alkaline 

solution 

Solid polymer 

membrane 

ZrO2 ceramic 

doped with Y2O3 

 Charge carrier OH− H3O+/H+ O2− 

 Cell temperature (°C) 40–90 20–100 800–1000 

 Cold start time Minutes–hours Seconds–minutes - 

 Stack life span (y)b 25 (20–30) 20 (10–30) 15 (10–20) 
a (Pinsky et al., 2020), b(Brynolf et al., 2018) 



 

 

3.1.1  Alkaline electrolysis (AEL) 
Alkaline water electrolysis represents the most mature electrolysis technology, which has been 

applied in hydrogen production on the MW-scale (Buttler and Spliethoff, 2018). In AEL electrodes 

are immersed in an aqueous alkaline solution (usually 30 wt% KOH), which is separated by a 

diaphragm. The electrolyser can operate either atmospherically or at elevated pressure to produce 

compressed hydrogen (Götz et al., 2016). However, pressurized alkaline electrolysers show a lower 

efficiency and hydrogen purity than atmospheric AEL (NOW GmbH, 2018). Compared to other 

electrolyser technologies, alkaline electrolysers exhibit the lowest capital costs and longest 

operational lifetime (Brynolf et al., 2018). 

Götz et al. (2016) suggest that alkaline electrolysers can be operated between 20 and 100% of the 

design capacity, with a possibility of a 150% overload of design capacity. Still, problems have been 

reported for operation with fluctuating power sources and therefore continuous operation is advised 

(Gahleitner, 2013). Steep maintenance costs, because of the highly corrosive electrolyte used, pose 

a disadvantage for AEL (Götz et al., 2016).  

3.1.2  PEM electrolysis (PEMEL) 
Polymer electrolyte membrane or proton exchange membrane (PEM) is a relatively new technology 

compared to AEL, and therefore the commercially available PEM electrolysers have lower 

capacities than AEL (Brynolf et al., 2018). A proton exchange membrane (usually Nafion®) 

separates the two half-cells, and the electrodes are mounted directly on the membrane. The 

membrane low cross-permeation supports high purity H2 production, while its structural properties 

support a high differential pressure between the two half-cells (Buttler and Spliethoff, 2018). At 

operational pressures of a few bars hydrogen purity is ensured, however at high operating pressures 

(10–150 bar) hydrogen contamination by oxygen is observed due to gas cross-permeation 

phenomena (Grigoriev et al., 2011). Key advantages of this technology include faster cold start, 

higher flexibility and better coupling with intermittent power sources (Götz et al., 2016). On the 

cell and stack level load can be reduced to 0%, but the limit in industrial plants has been reported 

to be 5%, due to power consumption of peripheral components (Mergel et al., 2013). Overload 

capacity of 300% and fast dynamic behaviour, including stand-by to full operation in less than 10s, 

have been reported by Siemens AG (2014). Nevertheless, PEM electrolysers are more expensive 

than alkaline technology due to the costly noble metal electrocatalysts and membranes (Graves et 

al., 2011).  

3.1.3  SOEC electrolysis 
High temperature solid oxide electrolysis cells (SOEC) are one of the most recently developed 

electrolysis technologies and are still at the laboratory scale (Brynolf et al., 2018). A single SOEC 

has a dense solid oxide electrolyte (ZrO2 doped with Yttria) and two porous electrodes. The stack 

consists typically of planar cells electrically connected in series and operates at elevated 



 

 

temperatures (800–1000 °C) (Buttler and Spliethoff, 2018). High operating temperature results in 

faster reaction kinetics, which reduces the need for expensive catalyst materials and achieves a 

higher electricity-to-hydrogen efficiency than AEL or PEMEL (Graves et al., 2011). 

Advantageously, waste heat from subsequent exothermal synthesis reactions can be utilized to 

achieve a higher overall process efficiency.  

Nonetheless, high temperature operation also leads to fast material degradation and limited long-

term stability of the stack. Other disadvantages of the technology include high capital costs and 

unsuitability for fluctuating or intermittent power sources (Götz et al., 2016).  

SOEC electrolysis technology can also be used to dissociate steam and CO2 simultaneously to yield 

syngas. This is referred to as high temperature co-electrolysis (HTCE) and is further examined in 

Section 3.4.2. 

3.2 Synthetic Natural Gas (SNG) 

Methane can be produced from H2 and CO2, according to the Sabatier reaction (Eq. (3.4)), also 

known as catalytic methanation. The resulting CH4 is commonly referred to as SNG, since methane 

is the principal component of natural gas.  

 CO2 + 4H2  ⇌ CH4 + 2H2O             ∆H0 = – 165 kJ mol–1 (3.4) 
 

In practice, the reaction is always promoted by a catalyst. Erdőhelyi (2020) suggests that the CO2 

methanation rate and selectivity decrease according to the catalyst used in the order: Ru > Rh > Ni 

> Fe > Co > Os > Pt > Ir Mo > Pd > Ag. Most existing applications use nickel-based catalysts due 

to their good balance between methane selectivity and affordability (Billig et al., 2019). However, 

nickel-based catalysts require a high purity CO2 feed gas, as they are particularly susceptible to 

poisoning by sulphur and halogens (Buchholz et al., 2014).  

The equilibrium of the reaction is influenced by pressure, temperature, and the ratio of reactants. 

Low temperatures and high pressures favour the forward direction of the Sabatier reaction given 

the process exothermicity and molar stoichiometry. The process is usually operated at temperatures 

of 250–400 °C with pressures of 1–80 bar (Schiebahn et al., 2015). 

The synthesis reaction is highly exothermic and therefore a key challenge for the technology 

development concerns efficient heat removal. Fixed-bed and fluidized-bed reactors are typically 

used, while novel concepts such as three-phase and structured reactors are under development (Götz 

et al., 2016). Brynolf et al. (2018) report a process efficiency of 70–83% based on lower heating 

values (LHV) of hydrogen. SNG synthesis requires a CO2 stream free of catalyst poisons such as 

sulphur and ammonia. Detailed CO2 methanation requirements are provided in the work of Reiter 



 

 

and Lindorfer (2015a). Additionally, methanation has an advanced TRL of 8–9, signalling already 

implemented commercial applications (Jarvis and Samsatli, 2018). 

The resulting SNG can be easily used in the already well established natural gas facilities, ranging 

from gas distribution networks, storages, mobility and power plants (Götz et al., 2016). Since the 

product SNG is fully comparable with natural gas, reconditioning of the infrastructure would not 

be necessary.  

3.3 Dimethyl ether (DME) 

There are two routes for DME synthesis: direct synthesis from CO2 and H2, and two-step synthesis 

involving first methanol production followed by methanol dehydration. Direct CO2 hydrogenation 

process (Eq. (3.5)) is thermodynamically and economically more favourable than the methanol 

pathway (Brynolf et al., 2018). In this thesis, only the direct synthesis of DME is investigated. 

 2CO2 + 6H2  ⇌ CH3OCH3 + 3H2             ∆H0 = – 122 kJ mol–1 (3.5) 
 

Direct DME synthesis is typically performed in the presence of a bifunctional catalyst comprising 

a mixture of a copper oxide-based catalyst such as CuOZnO-Al2O3 or CuO-ZnO-ZrO2 and a solid 

acid catalyst such as γ-Al2O3, silica-alumina or zeolites (Bonura et al., 2017). The process is 

operated at low temperatures of 250–280 °C and high pressures of 30–50 bar (Catizzone et al., 

2018). The so-called “one-pot synthesis” uses one reactor and has a high selectivity of the desired 

product (Iglesias González et al., 2016). Process efficiency ranges up to 92% (Brynolf et al., 2018).  

Schemme et al. (2018) estimate the TRL of the process to be at 4, since tests have been carried out 

at laboratory scale. Challenges with the technology include multifunctional catalyst design to 

achieve longer lifetimes and more efficient DME production (Bonura et al., 2017). Direct DME 

synthesis has been demonstrated with CO2 extracted through amine scrubbing from a coal power 

plant (Arena et al., 2004).  

DME has the potential of replacing gasoline and diesel, due to its high cetane number and soot-free 

combustion (Schemme et al., 2017). However, engine and distribution system modifications are 

necessary to utilize DME on current infrastructure (ETIP-B, 2016). DME can also be used as an 

additive to gasoline, diesel, or even liquified petroleum gas (LPG) in small amounts, without the 

need to modify the existing infrastructure. Anwar et al. (2020) suggest that due to similar properties 

between DME and LPG, DME can be easily manufactured using the LPG infrastructure with slight 

modifications.   



 

 

3.4 Syngas   

Syngas, also known as synthesis gas, is one of the key building blocks of the chemical industry and 

is made up of a mixture of CO and H2. There are three processes, which use CO2 as a feedstock to 

produce syngas: Reverse water-gas shift (RWGS), Steam methane reforming (SMR), and Dry 

methane reforming (DMR). The product’s H2:CO ratio varies according to the technology utilized.  

3.4.1  Reverse Water Gas Shift Reaction (RWGS) 
For the production of syngas, CO2 is reduced to CO by RWGS (Eq. (3.6)) and additional H2 is 

added.  

 2CO2 + H2  ⇌ CO + H2O             ∆H0 =  +415 kJ mol–1 (3.6) 
 

The reaction is mildly endothermic and therefore thermodynamically favoured at high 

temperatures. However, depending on the catalyst used, methane may also be produced (Billig et 

al., 2019). Low temperature RWGS (< 600 °C) thermodynamically favours methanation, whereas 

at high temperature levels (> 700 °C) hardly any methane is formed and essentially CO remains as 

a product (Kaiser et al., 2013). The RWGS reaction is not significantly affected by pressure, but 

operation at high pressures bears the risk of increased carbon formation (Baltrusaitis and Luyben, 

2015). Sternberg et al. (2017) recommend operating conditions of 650 °C at atmospheric pressure 

for the production of syngas. 

Simple adiabatic reactors with gas heating in-between stages can be selected for the reaction (Wolf 

et al., 2016). According to van der Giesen et al. (2014), there are currently no commercial or large-

scale RWGS reactors, therefore a TRL of 6 is assigned (Jarvis and Samsatli, 2018). Daza and Kuhn 

(2016) see the current challenge for the use of RWGS in developing materials that can achieve both 

high CO selectivity and high production rates. 

3.4.2  High temperature co-electrolysis (HTCE) 
As mentioned in Section 3.1.3, HTCE is carried out utilising SOEC technology. Most studies 

concentrate on oxygen ion-conducting SOEC technology, in which CO2 and H2O are fed to the 

cathode and air is supplied at the anode (Zhang et al., 2017). This technology follows the reaction 

paths shown in Eq. (3.7) and Eq. (3.8). 

Cathode: 2H2O(g)  + 2e− → H2 (g) + O2− 

CO2 (g) + 2e− → CO(g) + O2− 

(3.7) 

Anode: 2O2− → O2 (g) + 4e− (3.8) 
 

High temperature co-electrolysis (HTCE) has greater potential for future cost reductions and 

efficiency improvements than the two separate H2 and CO2 electrolysis processes (Zheng et al., 



 

 

2017). In comparison, HTCE has a lower energy consumption, fewer electrolysis steps and only 

requires one reactor to operate. Sunfire reports an efficiency of approximately 80% including heat 

utilisation (Sunfire GmbH, 2020). HTCE has a TRL of 5, as the technology has only been developed 

in laboratory scale (Chauvy et al., 2019). This can be attributed to major challenges such as the low 

activation and conversion rate of CO2 as well as the degradation of SOEC stacks (Zheng et al., 

2017). Unlike the previously reviewed technologies, HTCE does not require a hydrogen feedstock, 

which alleviates the dependency on future hydrogen supply.  

3.4.3  Methane Reforming 
Dry methane reforming (DMR) is a promising and relatively new technology which converts 

natural gas and carbon dioxide into syngas (Eq. (3.9)).  

 CO2 + CH4 → 2CO + 2H2          ∆H0 =  +247 kJ mol–1. (3.9) 
 

During the reaction, a heterogenous catalyst which is commonly made of Ni, Co, noble metals or 

metal carbides, is employed (Jarvis and Samsatli, 2018). The DMR process is highly endothermic 

and requires large quantities of heat. It is normally operated at high temperatures (800–1000 °C), 

which favour the production of syngas and reduce coking (Baltrusaitis and Luyben, 2015). 

Operating pressures are usually kept at approximately 4 bar, because of the process’ pressure 

sensitivity (Baltrusaitis and Luyben, 2015).  

The DMR process typically employs fixed bed reactors, with membrane reactors also gaining 

interest in recent years (Lavoie, 2014). The technology is currently being developed on a 

commercial scale for the steel industry, hence achieving a TRL of 6 (Jarvis and Samsatli, 2018). 

Najera et al. (2011) cite the main technological challenges for CO2 reforming of methane as catalyst 

deactivation due to coking and product selectivity for syngas. The syngas produced by DMR has a 

maximum H2:CO ratio of one (Jarvis and Samsatli, 2018). However, several fuel synthesis 

technologies such as Fischer-Tropsch synthesis require a syngas feedstock with a component ratio 

of two. A solution involves combining syngas produced from DMR and syngas obtained from 

conventional steam methane reforming (SMR), which has a H2:CO ratio of three (Baltrusaitis and 

Luyben, 2015).   

SMR is a commercial process widely used in syngas generation and in hydrogen production (Eq. 

(3.10)). 

 CH4 + H2O → CO + 3H2          ∆H0 =  +226 kJ mol–1 (3.10) 

The process is energy intensive, requiring approximately 1000 °C and 15–30 bar (Lavoie, 2014). 

The reactor typically consists of a fired furnace with a catalyst inside the tubes (Baltrusaitis and 

Luyben, 2015). Similarly to DMR, the main concern for operation is carbon formation, which is 

usually solved by excess steam utilization (Mondal et al., 2016). 



 

 

Dry reforming is seen as a potentially more environmentally friendly syngas production route, not 

only because of its CO2-utilisation capacity but also because it can be operated at lower 

temperatures and pressures. Similarly to HTCE, methane reforming does not require hydrogen 

supply but arguably reassures fossil fuel dependency.  

3.5 Fischer-Tropsch Fuels 

Fischer-Tropsch (FT) synthesis produces a variety of hydrocarbons from syngas (Eq.(3.11)), and 

is defined as the process to convert syngas into synthetic crude oil.  

 n ∙ CO + 2n ∙ H2 → (– CH2– )n + n ∙ H2O          ∆H0 = – n ∙ 152 kJ mol–1, (3.11) 
 

where (– CH2– )n represents a methylene group of the alkane chain with length n. Synthetic crude 

oil, also known as syncrude, can be composed of alkanes, alkenes, alcohols, carbonyls and 

carboxylic acids (König et al., 2015a). Analogous to fossil fuel technology, the syncrude must be 

refined in order to achieve products complying with common fuel standards.  

The chain growth during the FT reaction depends on the catalyst, syngas composition as well as 

temperature and reactor pressure. High temperatures (300–350 °C) yield gasoline and low 

molecular mass olefins over Fe-based catalysts, while low temperatures (200–240 °C) yield diesel, 

kerosene and high molecular mass linear waxes over Fe and Co-based catalysts (Graves et al., 

2011). Operating pressure for most FT-syntheses is in the range of 20–40 bar (Jarvis and Samsatli, 

2018). Jarvis and Samsatli (2018) suggest that maximum liquid fuel production occurs at high 

pressure, low temperatures and a syngas feed with H2:CO ratio of two.  

A variety of common reactor configurations include fixed bed, fluidized bed and slurry bubble 

column and their efficiencies range from 63 to 83% (Brynolf et al., 2018). Fischer-Tropsch 

synthesis has been used economically as part of coal-to-liquids and natural-gas-to-liquids projects, 

demonstrating a TRL of 9 (Schemme et al., 2017). However, the majority of operational plants 

utilising FT use non-renewable feedstocks and FT technologies integrating renewable CO2 routes 

for syngas production are assigned a broad-ranged TRL of 5–9, due to the lower technical maturity 

of syngas production processes (Jarvis and Samsatli, 2018).  

Liquid synthetic hydrocarbons can be used as gasoline, diesel, aviation and marine fuels, depending 

on their properties. FT-fuels have the potential to reduce pollutant emissions because of their low 

sulphur content (Schemme et al., 2017). Utilization of FT-fuels requires no significant changes to 

the existing infrastructure, since they can be processed to fit current specifications (ETIP-B, 2016). 

According to Panzone et al. (2020) a high acceptance is expected since the technological 

transformation is done upstream to the consumers.  



 

 

3.6 Current projects and activities 

In recent years, research and pilot projects dealing with the production of renewable fuels have 

rapidly increased. In Europe, Germany holds the largest share of realized demonstration projects, 

showing clear technology advancements (Wulf et al., 2018). To understand which technologies are 

currently researched on a greater scale, the following literature review was carried out. Projects’ 

technical characteristics and location were collected through extensive literature review based on 

the works of DVGW (2019), DENA (2020), Wulf et al. (2018) and Bailera et al. (2017). Details on 

the collected information are given in Appendix B.2.  

In Germany, 78 demo-projects regarding renewable fuel production have been, are or will be in 

operation (status as of end of 2020). Their geographical position and fuel product are illustrated in 

Figure 3.2. The largest share of research activities is located in the midwestern area of the country, 

particularly the state NRW covers most demo-projects. Germany’s southwest is the second region 

with a large quantity of research activities. The greatest share of projects deals with hydrogen 

production, as it can be used as a fuel or as a feedstock for further fuel synthesis. Hydrogen 

production research activities focus on all established electrolyser technologies (PEMEL, AEL, 

SOEC) and new designs such as alkaline solid polymer electrolyte. The second most researched 

fuel is methane, with 19 projects focusing on its production. Regarding methanation technology of 

special importance is the Audi e-gas plant in Werlte. The Audi e-gas plant is the largest industrial 

PtG plant in the world and is operating since 2013 (Benjaminsson et al., 2013). It uses off-shore 

wind electricity to power three 2 MW alkaline electrolysers, which produce hydrogen for catalytic 

methanation (Bailera et al., 2017). The required CO2 is obtained from a neighbouring biomethane 

plant and is separated by amine scrubbing (Audi AG, 2014a). The plant has an efficiency of 54% 

(excluding heat utilisation) and produces approximately 1000 tonnes of methane per year (Audi 

AG, 2014b). 

 

 



 

 

  

Figure 3.2: Map of renewable fuel projects in Germany.  



 

 

4 Fuel process selection 

As discussed in Chapter 3, alternative fuels that can be produced utilizing CO2-based pathways are 

numerous. Technical performance and other characteristics such as environmental impact, 

production cost and infrastructure, vary for these fuel synthesis pathways, influencing their 

feasibility for short-term deployment as a pilot plant in NRW. Therefore, a structured assessment 

of the different alternatives, considering defined criteria, must be undertaken.  

Studies comparing the economic and environmental performance of CO2-based fuels exist in 

literature (Chauvy et al., 2019, Schemme et al., 2020, Tremel et al., 2015). Their results mainly 

depend on the included fuels, the assumptions regarding production pathways, and current fossil 

fuel performance. Thus, for the specific purpose of this thesis, a multi-criteria decision analysis 

(MCDA) assessing selected CCU fuel synthesis pathways in technical performance, economic 

feasibility and environmental compatibility was conducted. The selected fuel synthesis pathways 

are shown below (Figure 4.1). The chosen method to perform the MCDA was the Analytical 

Hierarchy Process (AHP), since it is widely accepted in literature and allows for a mixture of 

qualitative and quantitative data input (Chauvy et al., 2019, Hansson et al., 2019, Osorio-Tejada et 

al., 2017, Lanjewar et al., 2015, Tsita and Pilavachi, 2013).  

 

 

 

 

 

4.1 Analytic Hierarchy Process (AHP) method 

The AHP approach ranks alternatives based on their performance regarding the set criteria and also 

on the relative importance of the criteria in fulfilling the goal of the decision (Saaty, 2008). In this 

study, the goal is to find the most suitable fuel synthesis pathway for implementation at a pilot plant 

scale. In the AHP method, the criteria are ranked according to their assigned weight, which is 

determined using pairwise comparisons (Saaty, 2008).  

First, the criteria and sub-criteria to be included in the study are selected. Second, the characteristics 

and the performance of the fuel synthesis pathways in terms of the selected criteria are mapped 

Figure 4.1: Selected fuel synthesis pathways. 
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based on a literature review. Then, the criteria and sub-criteria are given weights, through pairwise 

comparisons, based on the views of the project team and following the AHP guidelines and 

techniques (Saaty, 2008, Saaty, 1988). To verify that the pairwise comparisons are consistent, a 

consistency check is included. For each pairwise comparison matrix, the priority vector is 

calculated by using the eigenvector method. Finally, the fuel synthesis pathways are ranked based 

on their performance score and the weighting of the criteria and sub-criteria. Moreover, a sensitivity 

assessment is also performed. For a more detailed description of the method, see Appendix C.1.   

4.1.1 Definition of criteria and sub-criteria 
Zimmermann and Schomäcker (2017) performed a literature review unveiling a lack of 

standardized criteria in CCU technology assessments. This leads to difficulties in the comparison 

of alternatives and misunderstanding of potential technology trade-offs, which may have an impact 

in decision making. On this basis, criteria for assessing the performance of CCU fuel synthesis 

pathways were defined according to their usage in literature and discussions within the project team 

(Table 4.1). Eleven sub-criteria were grouped into the three main criteria: technical performance, 

economic feasibility, and environmental and social compatibility. Scoring guides were established 

to evaluate the performance of each CO2-based fuel synthesis pathway against the aforementioned 

criteria and sub-criteria (Appendix C.2). These include a method for sub-criteria evaluation and a 

five-level scoring system, which uses values between 0 and 4.  

 



 

 

Table 4.1 

Criteria and sub-criteria for fuel synthesis pathways assessment. 

Criteria Sub-criteria Description 

1 Technical performance 

  

TRL Indicates the level of maturity and time to market of the different technologies, 

using the TRL scale (Appendix B.1). 

     
 

Chemical conversion efficiency Relates to efficient feedstock (H2 or CH4) utilization, as hydrogen has been 

identified as a possible economical and technical bottleneck. 

     
 

Energy efficiency Relates to the entire fuel synthesis pathway conversion, considering the primary 

electricity input. 

     
 

Flexibility in operation  Indicates if the process can be operated dynamically with discontinuous inputs 

e.g. renewable electricity surplus. 

     
 

Competitiveness with other technologies Evaluates competition with other “low carbon” technologies, processes or 

products, achieving the same outcome.  

    
2 Economic feasibility  

  

  

  

Business case Evaluates the economic viability of CO2 conversion pathways and compares the 

estimated cost of production to the actual market price.  

    European market value (€/y)  Identifies how valuable the European market is today, since pathways will not 

only be driven by market size but also by market value.  

    European market volume growth (%/y)  Identifies if the market is shrinking or growing, and gives insights into future 

opportunities. 

    
3 Social and environmental 

compatibility 

  

  

  

CO2 fixation potential Describes the theoretical maximum amount of CO2 that can be utilized under the 

fuel synthesis pathway in question, considering the current market size. 

    Toxicity Identifies the environmental impacts of the fuel synthesis technology in question, 

considering by-products, emissions, raw materials and the possibility to replace 

toxic materials used in the conventional process.  

    Infrastructure compatibility  Evaluates if the product fuel can be integrated into the existing infrastructure or if 

it will require additional development.  

    Fossil fuel dependency Evaluates if the CO2-based conversion path will have any dependences on fossil 

fuels. 



 

 

4.1.2  Construction of individual weights 

Two sets of weighting factors were developed, the first one referring to the criteria (𝑤cri) and the 

second one to the sub-criteria (𝑤sub)  (Table 4.2). Initially, each team member individually 

produced pairwise comparison matrices for the criteria and for each group of sub-criteria based on 

their preferences and using the fundamental scale of absolute numbers for intensities defined by 

Saaty (1988). When comparing criteria a to criteria b, the fundamental scale follows: 1: Equally 

important; 3: Weakly more important; 5: Essential or stronger importance; 7: Very strong or 

demonstrated more important; 9: Absolutely more important. The intermediate values 2, 4, 6 and 8 

between two judgments are used when a compromise is needed (Saaty, 1988). Therefore, when 

comparing criteria b to a, the assigned figure will be the reciprocal of the value initially given for 

the criteria a to b comparison. Then, a discussion within the project team was held in order to 

produce a definitive set of pairwise comparison matrices, which would reflect on the views of the 

group as a whole. This procedure aimed to reduce subjectivities that are inherent to the AHP 

method, due to the large influence of an individual’s opinion in the result of the analysis. By 

involving more individuals in the construction of criteria and sub-criteria’s weights, using a 

consistency check and consulting experts on the area, subjectivities were significantly minimized. 

Nevertheless, the result might still be subject to the working group’s bias. The definitive pairwise 

comparison matrices and their corresponding consistency ratio (CR) are provided in Appendix C.3. 

The CR threshold in this study was set to 10%, to ensure consistency and minimal randomness of 

the results. The CR of the definitive pairwise comparison matrices ranged from 5% to 9%, which 

indicates that a reliable result may be expected from the AHP method.  

Table 4.2  

Criteria and sub-criteria weighting factors determined by AHP method  

Criteria 𝒘𝐜𝐫𝐢  Sub-criteria  𝒘𝐬𝐮𝐛 

Technical performance 

  

  

  

  

0,20  TRL 0,27 

0,32 

 
   Chemical conversion efficiency 0,32 

 
   Energy efficiency 0,22 

   Flexibility in operation  0,08 

   Competitiveness with other technologies 0,11 

     
Economic feasibility  

  

  

  

0,31  Business case 0,49 

  European market value (€/y)  0,31 

  European market volume growth (%/y)  0,20 

     
Social and environmental 

compatibility 

  

  

  

0,49  CO2 fixation potential 0,32 

  Toxicity 0,18 

  Infrastructure compatibility  0,12 

  Fossil fuel dependency 0,38 
 



 

 

4.2  Fuel process selection results 

The fuel synthesis pathways were assessed using the defined criteria and sub-criteria, and their 

individual scores are presented in a performance matrix (Table 4.3). Most of the technologies score 

well in the social and environmental criteria, except DME and FT-Kerosene (c). This comes as a 

result of DME’s small European market and therefore a low CO2 fixation potential as well as a lack 

of compatibility with current infrastructure. In the case of FT-Kerosene (c) its low environmental 

score is due to its dependence on fossil fuel as a feedstock for SMR and DMR and its large heat 

requirement. Generally, the scores related to the business case are low for all pathways, since the 

economic performance based on current costs is regarded. Therefore, future economic viability 

might change as there is room for cost improvement, especially for items whose development is 

tightly linked to CCU technologies, such as electrolysers. However, processes such as catalytic 

methanation and FT-synthesis are already fully developed and no significant cost reduction is 

expected. DME synthesis pathway has the largest potential for cost reduction since direct DME 

synthesis is a new technology, which is currently at laboratory scale and is expected to rapidly 

develop in the next years (Catizzone et al., 2018). Additionally, the electrolyser technology is also 

predicted to become more cost competitive in the future (NOW GmbH, 2018). The input data, 

which was used to develop the performance matrix, was obtained from the literature review and is 

presented in Appendix C.4. 

Table 4.3 

Performance matrix of fuel synthesis pathways 

Criteria Sub-criteria  DME SNG  

FT-

Kerosene 

(a) 

FT-

Kerosene 

(b) 

FT-

Kerosene 

(c) 

Technical 

performance  

TRL 1,5 4 2,5 2 2,5 

Chemical conversion efficiency 4 4 2 2 4 

Energy efficiency  3 3 2 3 3 

Flexibility in operation  4 2 2 0 4 

Competitiveness with other technologies 1 0 3 3 3 

Economic 

feasibility  

Business case  2 2 1 1 2 

European market value 1 4 3 3 3 

European market volume growth 4 2 4 4 2 

Social and 

environmental 

compatibility 

CO2 fixation potential 1 4 4 4 4 

Toxicity 4  4 4 4 2 

Infrastructure compatibility  0 4 4 4 4 

Fossil fuel dependency 4 4 4 4 0 
 

Subsequently, a weighted matrix was developed to evaluate each fuel synthesis pathway alternative. 

For each alternative, a final score was defined as the weighted sum of its performances. A ranking 

was created based on these scores. Figure 4.2 illustrates the weighted performance of the five 

selected fuel synthesis pathways per criterion. The best scored fuel synthesis pathways in terms of 



 

 

technical performance are FT-Kerosene (c) (3,27) followed by SNG (3,18), since both technologies 

are already commercially available. In terms of economic feasibility, FT-Kerosene (c) (2,71) and 

SNG (2,62) perform better than the other technologies. SNG, FT-Kerosene (a), and FT-Kerosene 

(b) achieve the highest possible score of 4 in social and environmental compatibility.  

 

Figure 4.2: Weighted performance of alternatives per criterion. 

 

Figure 5.3 shows the total weighted scores, considering the three criteria and eleven sub-criteria. 

The best performing CO2-based fuel synthesis technology is SNG (3,41) followed by FT-Kerosene 

(a) (3,10), FT-Kerosene (b) (3,08), FT-Kerosene (c) (2,53), and DME (2,46) The overall scores of 

the different fuel synthesis pathways are very close to each other, showing that the included CCU 

technologies for fuel production currently have a similar performance. Kerosene pathways (a) and 

(b) are even closer as the processes share electrolysis usage and FT-synthesis.  
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Figure 4.3: Total weighted scores of the selected fuel synthesis pathways. 

4.3 Sensitivity analysis 

Following the multi-criteria decision analysis, a sensitivity analysis was carried out. The sensitivity 

analysis was performed by varying input data relating the six quantitative sub-criteria: chemical 

conversion efficiency, energy efficiency, business case, EU market value, EU market growth and 

CO2 fixation potential. The input data was separately varied first by ±10% and then by ±25%. In 

all cases, SNG scored consistently the highest, remaining continuously the best performing fuel 

synthesis pathway. In most cases, the original ranking of fuel synthesis alternatives prevailed, 

showing a favourable robustness of the study. FT-Kerosene (b) improved its ranking to second 

place when its chemical and energy efficiency increased by 10 and 25%, also when FT-Kerosene 

(a)’s chemical and energy efficiency decreased by 10 and 25%. DME became the fourth best 

performing technology when its business case improved by 25% and when FT-Kerosene (c)’s 

chemical and energy efficiency decreased by 25%.  

The framework in this study is widely used in literature and considers technical, economic, 

environmental and social aspects, however some limitations on the method can be pointed out. One 

of the limitations is that the results highly depend on data availability and quality. Even though the 

data was based on an extensive literature review, some assumptions and simplifications were 

necessary to complete the method and achieve consistent results. Simplifications include averaging 

values reported in literature for efficiencies and the selection of the lowest TRL published in 

literature. Additionally, the lower the TRL of a technology is, the more uncertain the available data 

is, further affecting the reliability of results. Another limit of the study is associated with the choice 

of criteria and sub-criteria weights, as they strongly depend on individual views including values 

and ideologies as well as the background of the decision maker. To address this issue, several team 

0

1

2

3

4
DME

SNG

FT-Kerosene (a)

 [PEM+RWGS]

FT-Kerosene (b)

[HTCE]

FT-Kerosene (c)

[DMR+SMR]

Total weighted score



 

 

members were involved in the decision making as discussed earlier. However, transparency in the 

weighting process is advised to account for the impacts of the weight choices on results.  

The best performing fuel synthesis pathway to be implemented at a pilot scale in NRW was found 

to be PEM electrolysis in combination with catalytic methanation to produce SNG. This technology 

scored the highest in the multi-criteria analysis which utilised the AHP method and compared five 

different fuel synthesis pathways. A sensitivity analysis confirmed the results of the initial semi-

quantitative analysis and proved the robustness of the study. Thus, further requirements for the 

construction and subsequent operation of the plant will be determined in subsequent steps.  

 



 

 

5 CO₂ sink and source matching 

Having selected a fuel synthesis technology for implementation at pilot scale in the Rheinisches 

Revier, details concerning the location, material flows and capacity of the plant must be determined. 

To undertake the aforementioned task, the available infrastructure in the area was reviewed and 

definitive boundary conditions were set. 

Within the project team, the industrial district Brainergy Park in Jülich was selected as an optimal 

location for the pilot Power-to-SNG (PtSNG) plant. The Brainergy Park focuses on the topics of 

“new energies” and “energy transition” and is presently under construction to provide companies 

with industrial grounds and business premises in the near future (Brainergy Park Jülich GmbH, 

2020). Under those circumstances, the pilot PtSNG plant implementation is regarded as a greenfield 

project.   

5.1 Hydrogen supply 

Hydrogen is one of the primary feedstocks along with CO2 for the PtSNG plant, and it can be 

produced within the plant via electrolysis or provided by a third party. NRW has the largest 

operational hydrogen network in Germany, which extends over 240 km from Marl to Leverkusen 

(Energie Agentur NRW, 2018). Nevertheless, such a hydrogen infrastructure does not exist in the 

Rheinisches Revier. Under the “Netzentwicklungsplan Gas 2020–2030” new hydrogen pipelines 

northern to the Ruhrgebiet connecting Dorsten and Xanten as well as pipelines connecting to the 

North-West border to the Netherlands are planned (FNB Gas, 2020). Additionally, the GET H2 

Nukleus initiative intends to operate a 130 km pipeline between Lingen and Gelsenkirchen by 2023. 

In this project, a 100 MWel wind-powered electrolyser at the RWE power plant in Lingen will aim 

to cover the hydrogen demand in NRW and Lower Saxony (Get H2, 2020). Given that there is no 

planned hydrogen network expansion near Jülich, the hydrogen required for fuel synthesis would 

be produced within the PtSNG plant itself. The capacity of the electrolyser is chosen as 1 MWel. 

The required electricity for hydrogen production would be initially supplied from the power grid 

considering that the Brainergy Park will be well connected to the electricity network at high and 

low voltages.  

5.2 CO₂ supply 

Given that the catalytic methanation reaction occurs at a stoichiometric ratio CO2:H2 of 4:1, and 

the electrolyser has a capacity of 1 MWel, the PtSNG plant will require approximately 92 kg of CO2 

per full-load operating hour. If the plant operates in the upper limit of 8000 full-load hours per year, 



 

 

it will consume a maximum of 735 tCO2 per year. This CO2 feedstock can be supplied by CO2 

sources located in the vicinity of the Brainergy Park in Jülich. Based on the CO2 sources mapping 

performed in Chapter 2, the three closest CO2 sources are listed in Table 5.1. 

Table 5.1 
CO2 sources near the Brainergy park in Jülich 

Company Name Location Main sector 

Distance to 

Brainergy 

Park 

2017 CO2 

availability 

(tCO2 /y)a 

2030 CO2 

availability 

(tCO2 /y)a 

Pfeifer & Langen 

GmbH & Co. KG Werk 
Jülich 

Food and 

beverage sector 
4 km 154 800 108 360 

RWE Power AG Eschweiler 
Lignite and gas 

power plant 
17 km 17 190 000 4 745 745 

RWE Power 

recultivation 

Bergheim - 

Paffendorf 

Biomethane 

upgrading plant 
22 km 6 142 60 922 

a Calculated by using emissions from the year in question and assuming 90% CO2 capture efficiency 

Because of the low CO2 quantity requirement of the PtSNG plant, any of the three closest CO2 

sources to the Brainergy Park can fulfil the expected raw material demand. The biomethane 

upgrading plant in Bergheim has been selected as the most appropriate CO2 source for the pilot 

plant, due to its classification as a high purity source. As discussed in Chapter 2, high purity CO2 

sources are particularly well suited for utilisation in pilot projects, as the CO2 purification step is 

carried out by the CO2 source itself and thus the pilot plant can achieve economic advantages.  

The transportation of CO2 from the source to the plant can be achieved either by using pipelines, 

truck tankers, or railroad tankers, as inland transportation would be necessary. According to Pieri 

et al. (2018) transportation utilising pipelines is the most favoured type of transportation when flow 

rates are high (> 500 t CO2/day), but becomes economically challenging when transporting small 

amounts of CO2. In NRW currently no CO2 pipeline is in place and up to the date of this study no 

plans exist to build one in the region. What is more, a CO pipeline built between Dormagen and 

Krefeld in 2009 still cannot be operated due to public opposition (Kalus, 2020). Considering the 

difficulty associated with building such pipelines in the region and the small CO2 requirement, 

carbon dioxide transport from the biomethane upgrading plant to the PtSNG plant was considered 

by truck tankers. Advantageously, the Brainergy Park is located near the A44 motorway, which 

provides a direct link to the national road network. The European Industrial Gases Association 

AISBL (2009) states that CO2 is transported in liquid form at ambient temperature and at a pressure 

of 45–65 bar, thus CO2 supply at 55 bar and 20 °C is used in this thesis.  



 

 

5.3 SNG injection 

The produced SNG can be directly injected into the national natural gas grid, analogous to what is 

currently being done with biomethane. Synthetic natural gas injection is possible at any pressure 

level of the natural gas network. The grid parts can be divided into interregional transportation grid 

(> 16 bar), regional transportation grid (about 4–16 bar), and distribution network (< 4 bar) (Strauch 

et al., 2013). The German national gas grid is part of the Europe-wide pipeline network for natural 

gas and in NRW specifically there are several connection points to Belgium and the Netherlands 

(ENTSOG, 2019). In the Rheinisches Revier the natural gas network is dense and near the 

Brainergy Park connections to the high caloric gas (H-gas) regional and distribution networks are 

available.  

A natural gas network capacity expansion is planned until 2030 for Germany under the 

“Netzentwicklungsplan Gas 2020–2030” (FNB Gas, 2020). In this plan, two new H-gas pipelines 

will be built in the Rheinisches Revier, specifically to the west of Cologne and Bonn. Additionally, 

a 1142 km national “green gas” pipeline, which will exclusively transport H2, SNG and 

biomethane, will be built by 2030 mainly by repurposing existing natural gas pipelines and 

constructing 151 km of new pipelines. The new “green gas” network is foreseen to cross the 

Rheinisches Revier along the river Rhine, but will not come in the vicinity of Jülich. Therefore, the 

existing regional natural gas transportation grid was selected for SNG injection since the take-up 

capacity of said network is higher than that of the distribution one, thus avoiding issues at times of 

low gas consumption. 

To understand the feasibility and characteristics of the aforementioned PtSNG plant its techno-

economic analysis is presented in following Chapters 6 and 7, and its environmental assessment is 

provided in Chapter 8.   



 

 

6 Process simulation 

Having defined the fuel synthesis technology and boundary conditions of the pilot PtSNG plant, its 

techno-economic analysis was carried out. The techno-economic analysis of the pilot plant is 

divided into two sections: a technical feasibility analysis (Chapter 6) and an economic analysis 

(Chapter 7). The technical feasibility of the concept was assessed by means of a process simulation, 

for which a flowsheet of the entire plant was developed utilizing the Aspen Plus® software.  

This chapter describes the basic principles of chemical engineering and the properties used in the 

Aspen Plus® software for the simulation of the pilot PtSNG plant. Information on the 

characterisation of the kinetic model used for the 1D pseudo-homogenous reactor modelling is also 

provided. Next, the product SNG is assessed to ensure it complies with standards for injection in 

the natural gas network. Finally, mass and energy flows as well as performance metrics are 

presented and compared to literature data.     

6.1 Process description 

In general, the production of SNG consists of three main steps: hydrogen production, methanation, 

and gas upgrading. Initially, hydrogen is generated using electrolysis. The proposed concept utilises 

a commercially available 1 MWel PEM electrolyser because of its highly dynamic operational 

capabilities. Secondly, the produced hydrogen is mixed with CO2 in a stoichiometric ratio of 4:1 

and the mixture is fed into the methanation unit. Then, the gas exiting the methanation unit is dried 

and pressurized in order to comply with the German synthetic natural gas standards for subsequent 

injection into the natural gas network. The inputs of the process are distilled water, carbon dioxide 

and electricity, while the outputs are synthetic natural gas and by-products oxygen and heat. As 

discussed in Chapter 5, the CO2 is assumed to originate from a biomethane upgrading plant and is 

transported by truck to the pilot plant. Neither the carbon capture technology nor the infrastructure 

required for gas injection into the national network are considered within the process simulation. 

Figure 6.1 illustrates a simplified block diagram of the process concept under investigation and its 

simulation boundaries. 



 

 

 

Figure 6.1: Block diagram of process simulation boundaries.  

6.2 Simulation model 

The model is based on pure components to describe the chemical reactions and the properties of 

mixtures within the process. Thermodynamic property models are used to describe the chemical 

and physical behaviours as well as the phase equilibrium of pure components and mixtures. In this 

work the Peng-Robinson equation of state is used, as it is widely applied in the fields of gas 

processing and synthetic hydrocarbon production (Albrecht et al., 2017, De Saint Jean et al., 2014, 

Peters et al., 2019, König et al., 2015a). Heat losses of reactors, heat exchangers and piping are 

neglected. Figure 6.2 portrays the flowsheet of the entire PtSNG plant developed in Aspen Plus®. 

The electrolysis unit is represented by a hierarchy block, while the methanation unit comprises two 

cooled Plug Flow Reactor (PFR) blocks with partial water removal in between performed by a heat 

exchanger block and a separator block. The gas upgrading unit involves two heat exchanger blocks, 

a separator block and a compressor block. Following sections discuss in detail the modelling of 

each of the PtSNG plant’s units. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Flowsheet of the PtSNG plant. Flowsheet of the PEM hierarchy block is shown in Figure 6.3.



 

 

6.2.1 Electrolysis unit 
The PEM electrolysis unit with operation conditions 7 bar and 80 °C, was modelled by a Gibbs 

Reactor block (GR-1) and a Splitter block (S-1) ( 

Figure 6.3). A heat stream (S11) was used to represent the electric power coming in the electrolyser 

and a heat multiplier block to indicate the efficiency of the electrolyser. The water flow rate was 

calculated by using the design specification tool of Aspen Plus® and setting the heat flow coming 

out of the reactor GR-1 (S12) as zero. The use of a pressurised electrolyser leads to the avoidance 

of compressor’s investments to feed the hydrogen into the pressurised methanation unit. An energy 

demand of 4,88 kWh/Nm3 H2 was used for electrolysis corresponding to an electrical efficiency 

(Power to Lower Heating Value (LHV of H2) of approximately 61,4% (NOW GmbH, 2018). It was 

assumed that pure oxygen can be separated from the anode, which is then available as a by-product. 

The 1 MWel PEM electrolyser requires a DC electrical supply, therefore for direct connection to 

the power grid an AC/DC inverter would be required. The simulation of the inverter is out of the 

scope of the thesis. 

 

 

Figure 6.3: Flowsheet of the PEM electrolyser. 

 

6.2.2  Methanation unit 
In this section CO2 is hydrogenated according to the Sabatier reaction (Eq. (3.4)), which is favoured 

by low temperatures and high pressures. The technology used in this thesis to design and model the 

methanation unit of the plant, is based on the patent of Solar Fuel GmbH (2011), which is currently 

assigned to ETOGAS GmbH. The method produces SNG complying with the German technical 



 

 

and scientific association for gas and water (DVGW) standard G 2060 and consists of two 

successive reactor stages and partial water removal in between, ensuring high efficiency of the 

methanation reaction. Fixed-bed reactor technologies have been selected since they are 

commercially available from suppliers such as MAN, Outotec and ETOGAS (Rönsch et al., 2016). 

Compared to an adiabatic reactor, a cooled fixed-bed reactor has a lower temperature gradient and 

a lower reactor exit temperature, with similar conversion rates. All of which translates into 

catalyst’s life extension, elimination of insulation need and high product yield (Porubova et al., 

2011).  

In the pilot PtSNG plant, CO2 is initially decompressed to 7 bar, mixed in a stoichiometric ratio 

with H2, and then pre-heated to the methanation inlet temperature (270 °C). For the pre-heating 

process, heat is recovered by the counterflow heat exchanger HX-1. The hot thermo-oil used in 

reactor R-1’s cooling system is used as the heat source for the H2 and CO2 mixture in the heat 

exchanger HX-1. During the system start-up, which is not considered in this work, the H2 and CO2 

gas mixture must be heated externally, for example by high pressure steam. The first methanation 

reactor is operated at 7 bar and exit temperature of 338 °C. Water from the gas mixture exiting the 

first reactor stage is partially removed by cooling the gas to 120 °C, passing it through a steam trap 

(ST-1) and discharging the condensing water. The gas mixture from which water was removed is 

then pre-heated to 260 °C, by recovered heat from the exit gas of the second reactor stage. Heat 

exchanger HX-3 utilises the hot exit stream of reactor R-2 to pre-heat the partially dried gas mixture 

entering the reactor R-2. Similarly to HX-1, during start up HX-3 will require an external heat 

source. The second reactor R-2 is operated at 7 bar and exit temperature of 282 °C.  

6.2.3  Reactor modelling  
In Aspen Plus® software, a pseudo-homogenous and one-dimensional equation system or plug-

flow modelling approach was applied for both reactors R-1 and R-2. In this case, axial distribution 

of the gas species and temperature is considered, but radial profiles are neglected. Schlereth and 

Hinrichsen (2014) demonstrated that a 1D reactor model is capable of describing qualitative trends 

and can be used for screening process conditions, hence this approach has been regarded as suitable 

for this thesis. The reactors R-1 and R-2 were both modelled in Aspen Plus® using Plug Flow 

Reactor (PFR) blocks, assuming no mass or heat transfer limitations in the catalyst, negligible radial 

temperature gradient in the catalyst and no coke formation in the reactors. Both reactors comprise 

a tube bundle, inside which the catalyst is located and the feed gas is passed through, as well as a 

shell side where the cooling medium (thermo-oil) is circulated (Figure 6.4).    

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

The catalyst used in the present work to determine the kinetics of the methanation reaction is 

ruthenium-based, which is the most promoting CO2 hydrogenation catalyst and functions well at 

low temperatures (250–450 °C) (Buchholz et al., 2014). Ruthenium-based catalysts are also less 

susceptible to poisoning by halogens and sulphur, than nickel-based ones (Götz et al., 2016). The 

catalyst bed is characterised with the values summarized in Table 6.1. These parameters are based 

on Riogen manufacturer’s information from a 0,5 wt.% Ru/Al2O3 catalyst, which is widely used 

for methanation. Catalyst particles are assumed to be spherical with an equivalent diameter 𝑑P. 

Table 6.1 

0,5 wt.% Ru/Al2O3 catalyst characterisation. 

Parameter  Value 

Particle diameter, 𝑑P [mm] 2,73 

Bulk density [kg/m3] 750 

Bed voidage  0,4 
 

The kinetic model developed by Falbo et al. (2018) was utilized for reactor modelling in Aspen 

Plus®, since it refers to the dataset that best fits the conditions of this work. This model is based on 

the power-law type equation developed by Lunde and Kester (1974), a gas feed with a ratio of 

H2:CO2 of 4, a 0,5 wt.% Ru/Al2O3 catalyst and high pressures relevant for PtG applications. Falbo 

et al. (2018) obtained the following rate expression: 
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Figure 6.4: Schematic of reactor R-1. Adapted from Kuznik (2018).  



 

 

Where, T is in °C, P in atm, n is an empirical pressure dependant constant, and 𝛼 is a parameter 

which changes the kinetic dependence on H2O proposed by Falbo et al. (2018). This kinetic 

expression is coherent with a Langmuire-Hinshelwood-Hougen-Watson (LHHW) mechanism, 

where kinetic and adsorption/desorption effects are considered in the Arrhenius term (Eq. (6.2)) 

and the chemical driving force is considered within the second part of the expression.  

𝑘 = 𝑘0 exp (−
𝐸𝐴

𝑅
(

1

𝑇
−

1

𝑇ref

)) 

 

(6.2) 

In Aspen Plus®, the Generalized-LHHW (GLHHW) model class was selected. The equilibrium 

constant, was calculated according to Eq. (6.3), using the empirical correlation as reported by Lunde 

and Kester (1974).  

 
𝐾𝑒𝑞(𝑇) = exp [(

1

1,987
) ∙ (

56000

𝑟2
+

34633

𝑇
− 16,4 ln 𝑇 + 0,00557 𝑇) + 33,165] (6.3) 

 

The kinetic parameters utilised in the Aspen Plus® simulation are reported in Table 6.2. These 

parameters were used to validate the proposed simulation, by performing a comparison between 

experimental results obtained by Falbo et al. (2018) and this work’s model. 

Table 6.2 

Kinetic parameters for reactor modelling. Extracted from Falbo et al. (2018). 

𝒌𝟎 

[𝐦𝐨𝐥/(𝐬 ∙ 𝐠𝐜𝐚𝐭 ∙ 𝐚𝐭𝐦] 

𝑬𝑨 

[𝐤𝐉/𝐦𝐨𝐥] 

𝒏 

[−] 

𝛂 

[𝟏/𝐚𝐭𝐦] 
𝑻𝐫𝐞𝐟  

[°𝐂] 

95,43 75,3 0,152 0,91 350 
 

The reactors R-1 and R-2 were both modelled using the same kinetics, however their dimensions 

and operational parameters differ due to distinct feed gas mixtures (Table 6.3). The length of both 

reactors was calculated by the design specification tool of Aspen Plus®, where the constraint was 

set as the mean residence time of 0,0005 h for R-1 and 0,0007 h for R-2. The mean residence time 

of each reactor was extracted from the patent of Solar Fuel GmbH (2011). The catalyst loading of 

both reactors was determined by considering a Gas Hour Space Velocity (GHSV) of 5 l(STP)/h/gcat 

(Falbo et al., 2018). Additionally, the pressure drop inside the reactors was calculated with the 

already implemented Ergun equation in Aspen Plus®.  

 

 

 

Table 6.3 

Design and process parameters from reactors R-1 and R-2. 

Design/Process parameter Reactor R-1 Reactor R-2 



 

 

Number of tubes  20 20 

Tube diameter [m] 0,075 0,075 

Length [m] 0,85 0,45 

Catalyst loading [kg] 51,49 25,04 

Residence time [h] 0,0005 0,0007 

Operating pressure [bar] 7,00 7,00 

Gas inlet temperature, Tin [°C] 270 260 
 

Since the methanation reaction is highly exothermic, heat must be removed through the complete 

reactor length, which presents a challenge in real isothermal operation. Improper heat removal in 

the reactor can lead to catalyst sintering, formation of hot spots and material stress (Bassano et al., 

2019). The cooling process of the fixed-bed reactors R-1 and R-2 is performed by thermo-oil 

(THERMINOL-66 with a heat conductivity of 500 W/m2) circulated in the shell side of the reactor 

and in counterflow to the gas mixture in the tubes. Heat exchangers HX-R1 and HX-R2, cool the 

thermo-oil in R-1 and R-2 to the specified inlet temperatures of 200 °C and 250 °C respectively, 

with the aid of cooling water. To prevent catalyst sintering, the maximum allowable temperature 

inside the reactors was determined to be 550 °C. The pressure drop in the cooling medium is 

neglected in both cases.   

6.2.4  Gas upgrading unit 
Before injecting the obtained SNG into the local distribution gas network as discussed in Chapter 

5.3, some technical specifications must be verified. The product SNG must be within the 

acceptability boundaries specified by the DVGW G 260 standard (DVGW, 2013). After exiting 

reactor R-2 the gas mixture is cooled to 30 °C and water is condensed and extracted in steam trap 

ST-2. The produced SNG is then compressed to 16 bar by a centrifugal compressor with an 

isentropic efficiency of 80% and a mechanical efficiency of 90%. After compression, the SNG is 

cooled to 30 °C with the aid of cooling water. No further purification steps are required to ensure 

compliance with injection standards.  

6.2.5  Thermal integration 
To perform the thermal integration, the methodology of pinch analysis was used (Linnhoff and 

Hindmarsh, 1983). The target function chosen was the minimization of external heat requirement, 

and the minimum temperature difference (∆𝑇min) between hot and cold fluids, which was selected 

to be 20 °C. For the analysed system it was assumed that for external cooling, water at 15 °C inlet 

temperature and maximum outlet temperature 25 °C was available. Figure 6.2 represents the 

flowsheet of the pilot plant after the thermal integration was carried out, the flowsheet before 

thermal integration is provided in Appendix D. Before thermal integration, the PtSNG plant 

required external heating and cooling during steady-state operation.  



 

 

6.2.6  Definition of performance parameters 
The performance of the proposed concept was evaluated in terms of Power-to-SNG efficiency, the 

fuel synthesis efficiency and the carbon conversion rate in the reactor, as defined in Table 6.4. 

Similar parameters are defined in the published literature (Albrecht et al., 2017, De Saint Jean et 

al., 2014, Brynolf et al., 2018, Billig et al., 2019, Becker et al., 2018, Tremel et al., 2015). The 

Power-to-SNG efficiency determines the conversion efficiency from power to fuel, and is 

calculated by dividing the energy content of the product SNG (LHV) by all the electric energy 

flows entering the system. In contrast, the fuel synthesis efficiency excludes the electrolysis part of 

the process and only considers the energy input from the hydrogen feedstock. The carbon 

conversion defines the share of carbon atoms entering the system that are converted into methane, 

and is a significant measure in the evaluation of maximum fuel yield or carbon dioxide potential 

(Albrecht et al., 2017). 

Table 6.4 

Definition of process performance parameters 

Name Formula 

Power-to-SNG efficiency 𝜂PtSNG =
�̇�SNG ∙ LHVSNG 

𝑃el
 (6.4) 

Fuel synthesis efficiency 𝜂syn =
�̇�SNG ∙ 𝐿HVSNG 

�̇�H2
∙ LHVH2

 (6.5) 

CO2 conversion in reactor 𝑋CO2
=

CO2,in − CO2,out 

CO2,in
 (6.6) 

6.3 Process performance  

The plant produces around 34 kg of synthetic natural gas per hour and shows a plant capacity of 

0,46 MWSNG, considering SNG’s LHV. Characteristics of the product SNG and gas standards 

required by the DVGW for injection in the gas grid are compared in Table 6.5.  

 

 

 

 

 

Table 6.5 

Comparison of produced SNG and German gas injection requirements. Values according to 

the DVGW G 260 standard (DVGW, 2013).  

Characteristic Required gas value SNG value 



 

 

Wobbe Index [kWh/m3] 13,6–15,7 13,7 

Calorific Value [kWh/m3] 8,4–13,1 
10,1 (HHV) 

 9,1 (LHV) 

Water content [mg/m3] 
< 50 in grids > 10 bar 

< 200 in grids ≤ 10 bar 
40 

Hydrogen content [vol%] 
< 2 

in exceptional cases up to < 10 
4 

Carbon dioxide content [vol%] 
in L-gas grids < 10 

in H-gas grids < 5 
1 

 

After two methanation stages, the produced SNG has a 94,5% methane content and complies with 

all characteristics for injection in the natural gas network. Only the Wobbe Index of the SNG is on 

the lower range of the required value. The importance of the Wobbe Index resides in the end-use 

standardization of burner units. For a given orifice size through which the gas passes, gases with 

the same Wobbe Index will deliver the same amount of energy (Becker et al., 2018). The SNG is 

slightly lower in volumetric energy density as per the Wobbe Index, because of the low volumetric 

energy density of hydrogen. Additionally, natural gas typically contains heavier hydrocarbons such 

as pentane, butane and propane, which are not present in the SNG. On weight basis, the heating 

value of SNG (HHV:15,18 kWh/kg, LHV:13,65 kWh/kg) is higher than typical German natural 

gas streams (HHV:13,48 kWh/kg, LHV:12,21 kWh/kg)1 (BAFA, 2020a).  

The pilot plant’s main material flows, energy flows and process performance parameters are 

summarized in Table 6.6. Stream tables of the Aspen Plus® simulation are available in Appendix 

D. Approximately 3,38 m3/h of synthetic natural gas are produced from 92 kg/h of CO2 and 150 l/h 

of distilled water. By-products oxygen (17,53 m3/h) and district/industrial heat (0,525 MW) are 

also available. Since the methanation process is highly exothermal, there is significant waste heat 

potential integration. Even after the heat integration via Pinch analysis was performed, 0,15 MW 

of heat at temperatures 114–338 °C are available from the heat exchangers. Additional 0,38 MW 

waste heat from the PEM electrolyser at 80 °C are also available for further utilization. Considering 

that the Brainergy Park has a space heat demand of 280 MWh/y for their office area, this demand 

could be easily covered by the pilot PtSNG plant running 8000 h/y. The excess produced heat could 

be integrated into industrial processes from the neighbouring plants.  

Table 6.6 
PtSNG plant material flows, energy flows and performance parameters  

Parameter Value 

Material flows [kg/h]  

  CO2  –91,96 

                                                      

 

1 Averaged between H-gas and L-gas and considering 1 m3=0,8 kg. 



 

 

  Distilled water for electrolysis  –150,58 

  Cooling water –5788,57 

  Oxygen  133,73 

  SNG, �̇�SNG  33,83 

Energy flows [MW]  

  Electricity, 𝑃el 1,002 

  Waste heat 0,525 

  SNG output  0,513 (HHV); 0,461 (LHV) 

Performance parameters  

  CO2 conversion in reactor R-1: 96%; R-2: 76% 

  Power-to-SNG efficiency 46% 

  Fuel synthesis efficiency 82% 
 

The CO2 conversion in R-1 matches with the value given in the patent from Solar Fuel GmbH 

(2011) (96% compared to 95%), while the CO2 conversion in R-2 is lower, at 76% compared to the 

reported 90%. This lower CO2 conversion in the second reactor is due to the presence of water, 

which inhibits the Sabatier reaction. Potential solutions include adding another stream trap after 

ST-1 and incorporating a recycle loop to reactor R-2 to reduce the presence of water in the inlet 

stream. These options were not investigated in this work, due to the project’s time constraints as 

well as the fact the R-2’s outlet stream matches well with values given in literature, and therefore 

this agreement is satisfactory for the purposes of this study.  

The plant’s Power-to-SNG efficiency is 46%, implying that less than a half of the input power is 

converted into fuel. The value obtained in this work lies in the upper range of literature values (30–

50%) collected through a literature review by Brynolf et al. (2018). The same authors found fuel 

synthesis efficiencies in literature to equal between 70% and 83%, while this work’s fuel synthesis 

efficiency is 82%. Overall, the results from the Aspen Plus® simulation showed that the proposed 

PtSNG pilot plant concept is technically achievable with a good performance, and comparable to 

literature values. 



 

 

7 Economic analysis 

In the previous chapter, a complete Aspen Plus® process flowsheet simulation for the pilot Power-

to-SNG plant was developed. This simulation showed that the production of SNG, which is ready 

to be injected into the German gas grid, from CO2 and 1 MW DC, is technically feasible.  

However, in order to obtain an understanding of its profitability, an economic evaluation must also 

be carried out. This chapter aims to assess the economic feasibility of the previously simulated 

Power-to-SNG plant, by utilizing all the relevant process equipment and information such as mass 

and heat flows, temperatures, and utility consumption extracted from Aspen Plus®.  

The annualized cost method, which was used for the economic analysis, is introduced in the first 

part of the chapter. This includes the description of the approach utilised for estimating the CAPEX, 

OPEX and net production cost (NPC). Next, economic results are presented and compared to 

literature data. In the third section, a sensitivity analysis is carried out to determine the most 

influential cost parameters. Finally, several operational scenarios for the PtSNG plant are defined 

and investigated in terms of economic performance.  

7.1 Cost estimation method 

To calculate the net cost of production per kWh of SNG produced, the annualized cost method was 

used. This method is an approach which compares the magnitude of a capital investment in current 

currency with a future revenue stream by converting the capital cost into a future annual capital 

charge (Towler and Sinnott, 2013). This approach complies with class three and four of the cost 

classification system of the Association of the Advancement of Cost Engineering (AACE) (2011) 

and therefore, the accuracy of the cost estimation is expected to be ± 30%. The calculation of the 

product’s costs followed 3 steps: 

1. Estimation of total capital and operational expenditures  

2. Determination of total annualized cost (TAC) 

3. Calculation of net production cost   

7.2  Capital expenditures (CAPEX) 

The capital expenditure (CAPEX) or total capital investment (TCI) of a plant comprises the fixed 

capital investment (FCI) and working capital (WC), as defined by Peters et al. (2003) in Eq. (7.1).  



 

 

 TCI = FCI + WC  (7.1) 

The FCI represents the capital necessary to design and construct the plant. While the working 

capital represents the money that is tied up to inventories as well as to the difference between 

receivable and payable accounts (Towler and Sinnott, 2013). According to Peters et al. (2003) most 

chemical plants use an initial working capital of 10 to 20% of the total capital investment. In this 

study, the WC equals 15% of the TCI.  

The fixed capital investment (FCI) can be subdivided into manufacturing fixed capital investment 

(direct costs) and non-manufacturing fixed capital investment (indirect costs). Direct costs 

represent the capital necessary for the installed process equipment with all components and include 

the equipment costs (EC) and expenses such as site preparation, piping, instrumentation, and 

auxiliary facilities. The indirect costs, on the other hand, are the capital required for construction 

overhead and all the plant components that are not directly related to the process operation. The 

FCI was calculated according to Eq. (7.2), by multiplying the cost of each equipment e, by defined 

Lang-factors 𝐹𝑗, and then adding all the capital cost items. The Lang-factors 𝐹𝑗 are summarized in 

Appendix Table E.1 and are based on typical values for fluid processing plants in the chemical 

industry, as reported by Peters et al. (2003).   

 

FCI = ∑ EC𝑒

𝑚

𝑘=1

(1 + ∑ 𝐹𝑒,𝑗

12

𝑗=1

) 

 

(7.2) 

 

Equipment costs (EC) were evaluated by utilizing cost estimation charts reported by Ulrich and 

Vasudevan (2004) as well as the equipment’s operating parameters such as pressure and 

temperature, obtained from the Aspen Plus® simulation. Cost estimation charts provide values for 

the base state equipment cost, which considers a base material (usually carbon steel), and arise from 

exponential size-capacity relationships described as: 

 

𝐶𝑣,𝑟
0 = 𝐶𝑢,𝑟

0 (
𝑣

𝑢
)

𝑎

, (7.3) 

where 𝐶𝑣,𝑟
0  is the purchase price of the equipment in question, which has a capacity v in year r, and 

𝐶𝑢,𝑟
0  is the purchase price of the same type of equipment but with capacity u. The scaling component 

a is a key estimation parameter, which is commonly set to 0.6 and gives the name of “six-tenths 

rule” to this approach. In their book Ulrich and Vasudevan (2004) utilize representative scaling 

exponents according to equipment type, in order to increase the accuracy of the estimation. This 

study uses the values published by Ulrich and Vasudevan (2004). 

To account for inflation, the Chemical Engineering Plant Cost Index (CEPCI) was used to adjust 

prices to the chosen reference year, as shown in Eq. (7.4). The CEPCI is widely accepted and 



 

 

employed in techno-economic analysis of alternative fuel’s production, as seen in the work of 

Peters et al. (2019) and Albrecht et al. (2017). In this thesis, the reference year is 2018 and 

equipment prices given in U.S. dollar ($) basis were first converted to Euro (€) utilizing the average 

exchange rate of 2018 which is equal to 0,8476 €/$ (European Central Bank, 2020). 

 
𝐶𝑣,2018,€

0  = 𝐶𝑣,2004,$
0  (

CEPCI2018

CEPCI2004
) ∙  0,8476 (7.4) 

To account for expensive alloys or extreme operating conditions, two special correction factors 

were used, namely: the pressure factor 𝐹𝑃  and the material factor 𝐹𝑀
𝜔 , where 𝜔  represents the 

construction material of the equipment in question. The aforementioned factors were extracted from 

Ulrich and Vasudevan (2004), and the equipment cost was calculated according to Eq. (7.5). Due 

to the high operation temperatures (350–550 °C) and the corrosive nature of SNG, stainless steel 

(ss) was selected as construction material for all process equipment.  

 
EC𝑣,2018,€

𝑠𝑠 = 𝐶𝑣,2018,€
0  ∙  𝐹𝑀

𝑠𝑠  ∙  𝐹𝑃 (7.5) 

In order to use the cost charts provided in Ulrich and Vasudevan (2004) and obtain the EC, all the 

required equipment first had to be sized. The dimensions of the equipment in the Power-to-SNG 

plant were mainly estimated by utilizing process data of Ulrich and Vasudevan (2004). Aspen 

Plus® also provides a sizing and cost estimation function, which was used solely to determine the 

size characteristics of the compressor and process vessels. Within this study it was decided that all 

the equipment costs (except for the electrolyser) will be obtained from Ulrich and Vasudevan 

(2004), to achieve results’ replicability and maintain coherence within the process items. The 

following section details how the design of each equipment type was carried out according to 

guidelines and the Aspen Plus® simulation. The calculated and extracted values utilized for the 

sizing of all process equipment can be found in Appendix E. 

7.2.1 Heat exchangers  
The sizing of the heat exchanger network was carried out based on the calculation of the heat 

transfer area 𝐴 using the correlation shown in Eq. (7.6).  

 

�̇� = 𝐴 ×  𝑘 × ∆𝑇ln, (7.6) 

 

 

where 𝑘 is the heat transfer coefficient, �̇� the heat duty and ∆𝑇ln the logarithmic mean temperature 

difference. ∆𝑇ln is defined by: 



 

 

 
∆𝑇ln =

(𝑇ℎ,1− 𝑇𝑐,1)− (𝑇ℎ,2− 𝑇𝑐,2)

ln[
(𝑇ℎ,1− 𝑇𝑐,1)

(𝑇ℎ,2− 𝑇𝑐,2)
]

 ,  
(7.7) 

 

where the index h refers to the hot fluid, c to the cold fluid, 1 to inlet conditions, and 2 to outlet 

conditions. The heat transfer coefficient was estimated from Ulrich and Vasudevan (2004), while 

the heat duty was extracted from Aspen Plus®.  

7.2.2 Reactors 
The methanation reactors were modelled as shell and tube heat exchangers. However, their sizing 

was determined based on the mean residence time, as discussed in Chapter 6.2.3. Reactor R-1 and 

reactor R-2 each have 20 tubes of 7,5 cm diameter and respective lengths of 85 cm and 45 cm.   

7.2.3 Separators 
The lengths and diameters of both process vessels, ST-1 and ST-2, were determined by using the 

sizing function from Aspen Plus®. In both cases the flash drums are horizontally oriented and the 

length-to-diameter ratio is three, coinciding with design guidelines of Ulrich and Vasudevan (2004) 

for gas to liquid separators operating at low pressure (< 10 bar).  

7.2.4 Compressor 
The shaft power of the centrifugal compressor and the fluid power were determined from the Aspen 

Plus® simulation. The pressure ratio is less than 4:1 and therefore staged compression is not 

required.  

7.2.5 Electrolyser 
The selected electrolyser is a 1 MWel commercially available PEM electrolyser. Since Ulrich and 

Vasudevan (2004) do not include costs for electrochemical equipment in their book, the cost of the 

electrolyser was extracted from the IndWEDe study published by NOW GmbH (2018). This study 

reports a cost of 700 €/kW for AEL and 1460 €/kW for PEMEL in 2018. Estimated equipment 

costs are summarized in Table 7.1. For more detailed information, the reader is referred to 

Appendix E. 

 

 

 

 

Table 7.1 
Equipment costs 

Equipment item Equipment cost, 𝐸𝐶2018
𝑠𝑠  



 

 

Compressor  

   Gas compressor (CO-1) 76.419,20 € 

Electrolyser  

   PEM Electrolyser 1.460.000,00 € 

Heat Exchangers   

   Heat Exchanger 1 (HX-1)  5.523,86 €  

   Heat Exchanger 2 (HX-2)  6.559,59 €  

   Heat Exchanger 3 (HX-3)  5.523,86 €  

   Heat Exchanger 4 (HX-4)  8.631,04 €  

   Heat Exchanger 5 (HX-5)  5.523,86 €  

Reactors  

   Methanation Reactor 1 (R-1)  12.083,45 €  

   Methanation Reactor 2 (R-2)  12.083,45 €  

Separators   

   Separator 1  15.104,32 €  

   Separator 2  15.104,32 €  

7.3  Operational Expenditures (OPEX) 

In contrast to capital expenditures, operational expenses refer to the actual expenses necessary for 

the functioning of the operational business. Operation costs can be broken down into variable costs 

of production (direct OPEX) and fixed costs of production (indirect OPEX) (Towler and Sinnott, 

2013). Variable costs of production are proportional to the plant output and include raw materials, 

utilities, consumables (e.g. catalyst) and revenues from by-products such as oxygen and heat. The 

fixed costs of production are expenses that are incurred regardless of the production rate such as 

maintenance, taxes, insurance, and overheads. 

Variable costs were calculated based on results from the process simulation and market prices 

reported in Table 7.2. The price of utilities and raw materials were obtained from the BEniVer 

“Energiewende im Verkehr” funding initiative, which aims to standardize the boundary conditions 

of electricity-based fuels’ techno-economic assessments. The electricity price of 50 €/MWh does 

not include duties, such as the EEG levy and grid access tax. The CO2 supply price was determined 

by considering the CO2 origin at a biomethane upgrading plant, as discussed in Chapter 5. Viebahn 

et al. (2018) state that since CO2 is an unwanted by-product of biogas treatment, the separation 

costs can be set to zero. Nevertheless, compression and transportation costs must be considered. 

Brynolf et al. (2018) and Fu et al. (2010) report on CO2 supply from high purity sources and suggest 

a CO2 cost of 20 €/t, including compression and transportation up to 60 km. Hence, this value was 

utilized for the base case NPC estimation. Moreover, the catalyst price was obtained via a direct 

quotation from the commercial manufacturer Riogen and a complete catalyst replacement every 

two years was assumed. 



 

 

The PtSNG plant produces not only SNG but also as by-products oxygen and heat, both of which 

can be sold to obtain an economic gain. It is assumed that oxygen will be sold at 70% of its 

conventional purchase price of 50 €/t to account for the pilot plant’s electrical consumption during 

oxygen compression (Gas Technology Institute, 2018). On the other hand, the price of heat 

provision was determined by analogy with biogas plants. An empirical study conducted in Germany 

showed that the prices for heat provision from biogas plants differed substantially from free to 

maximum of 90 €/MWh (Herbes et al., 2018). To keep the values as close to reality as possible, the 

average heat supply price reported in the aforementioned study was selected. All heat sources 

(electrolyser and methanation reactors) are considered with the same price.  

Table 7.2 

Base case market price for variable costs items 

Variable cost item Market price 

Utility / Raw Material  

 

  Electricity  50 €/MWh 

  Cooling water  0 €/t 

  Distilled Water  1 €/t 

  CO2 20 €/t 

   0.5 wt.% Ru/Al2O3 Catalyst  1288 €/kg 

By-products   

  Oxygen  35 €/t 

  Heat 26 €/MWh 
 

Fixed production costs were estimated by utilizing typical valuations based on historical data from 

the chemical industry, since exact values are difficult to predict (Peters et al., 2003). Fixed cost 

production items include insurance and taxes, operating labour, maintenance, operating supplies, 

administrative costs, and plant overhead costs. To estimate a fix production cost item 𝑦,  a 

corresponding ratio factor 𝑊𝑦 was multiplied by a defined basis 𝐵𝑦. For example, to calculate the 

insurance and taxes’ associated cost, a ratio factor of 0,02 was multiplied by the FCI. Used ratio 

factors 𝑊𝑦 were obtained from Peters et al. (2003). Detailed values utilized for the estimation of 

each fixed production cost are summarized in Appendix Table E.5. The annual costs for operating 

labour (OL) were determined based on typical labour requirements for process equipment, as 

suggested by Ulrich and Vasudevan (2004) and the average specific labour costs in the German 

industry. The cost of an employee in the chemical industry in Germany was assumed to be 66 693€ 

per year, including non-wage labour costs (Peters et al., 2019). Lastly, all fixed production costs 

items were summed in order to obtain the total indirect operational expenses.  

7.3.1  Total Annualized Cost 
The capital cost is amortized by determining the annual payment that is needed to repay the initial 

investment, together with the expected return on capital as compound interest (𝑖). The annuity (𝐴) 

is the regular annual payment that must be made to generate the same amount of money over 𝑛 



 

 

years, as will be earned by investing 𝑃 at interest rate 𝑖 for 𝑛 years (Towler and Sinnott, 2013). 

With the annual capital charge ratio (ACCR), the corresponding annuity can be calculated as shown 

in Eq. (7.8). 

 
ACCR =

𝐴

𝑃
=

[𝑖(1 + 𝑖)𝑛]

[(1 + 𝑖)𝑛 − 1]
 

(7.8) 

 

The ACCR can be utilized to convert the fixed capital investment into the annual capital charge 

(ACC) as per Eq. (7.9).  

 ACC = ACCR ∙ FCI 

 

(7.9) 

 

The annual capital charge is added to the total operating costs to give a total annualized cost of 

production (TAC).  

 TAC = ACC + direct OPEX + indirect OPEX 

 

(7.10) 

7.3.2  Net Production Cost 
The net production cost was calculated according to Eq. (7.11): 

 
𝐶SNG =  

TAC

�̇�SNG ∙ HHVSNG ∙ ℎ
  

 

 

(7.11) 

 

The mass flow rate (�̇�SNG) and the higher heating value (HHVSNG) of the product SNG were 

extracted from the Aspen Plus® process simulation. The annual operational hours of the plant were 

set to 8000 h for the base case. A detailed NPC calculation for the base case is provided in Appendix 

Table E.6. 

7.4 Economic analysis results 

Using the economic analysis method described in Section 7.1 and the defined parameters for the 

Base case (Section 7.3), the total capital investment for a 1 MWel PtSNG plant in the Rheinisches 

Revier was estimated to be approximately 4,86 M€. Disregarding the working capital, the fixed 

capital investment amounts to 4,13 M€. As seen in Figure 7.1, more than half of the capital 

investments are incurred by expenses associated with the plant equipment and almost a quarter by 

indirect capital costs. The most significant expenditure concerns the PEM electrolyser, which 

represents 83% of the total equipment cost. The second largest equipment cost component is the 

gas compressor, which equals 8% of the total equipment cost.  



 

 

 

Figure 7.1: Total capital investment distribution for a 1 MW PtSNG plant. Installed equipment cost includes 

equipment cost, installation, instrumentation, piping and power supply. *Direct capital costs exclude installed 

equipment cost, but consider building, yard improvements and service facilities. Indirect capital costs 

comprise engineering and supervision, construction and legal expenses, contractor’s fee and contingency.      

 

Annual operational expenses amount to 843 k€, considering the aforementioned Base case, and 

their cost distribution is illustrated in Figure 7.2. The cost of electricity used for electrolysis is 

significant, representing 42% (400 k€) of the total operational expenses. Both, electricity and 

cooling water, are used in the plant, however since cooling water cost has been neglected, electricity 

is the only expense associated with utilities. Unexpectedly, CO2 cost has a minor impact on the 

overall OPEX calculation, amounting to 14 k€/y. Similarly, raw materials and supplies have a 

limited effect on the final SNG cost. The largest cost component is the indirect OPEX (OL plus 

indirect operational costs, in Figure 7.2), which represents 55% of the total OPEX and 10% of the 

FCI. The indirect operational expenditures’ value is highly influenced by the method utilized for 

cost estimation. The largest indirect operational cost is the operating labour cost which amounts to 

200 k€/y and 21% of the total operational costs. The Base case considers plant operation at 100% 

capacity factor, and therefore three work shifts are required. For each shift only one operator is 

necessary, on account of a highly automated plant.  
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Figure 7.2: Operational expenses distribution for the Base case. *Raw materials and supplies include distilled 

water and catalyst, however exclude CO2 supply. +All indirect operational costs, except for operating labour 

are included.  

SNG net production cost is estimated at 28,61 €-cent/kWhSNG for the Base case. Approximately a 

quarter of the fuel production cost corresponds to capital expenses (Figure 7.3). This large 

contribution of the CAPEX to the SNG NPC exhibits a capital-intensive manufacturing process, 

where, as discussed before, the electrolyser is a significant player. Furthermore, the electricity used 

for hydrogen production, represents a significant amount (31%) of the SNG cost. This occurs even 

when a low electricity price of 50 €/MWh, which does not include applicable German taxes, is 

accounted for. Other operational costs represent the remaining 43% of the SNG net production cost. 

The economic gain from the by-products leads to a 3 €-cent/kWhSNG cost reduction of the SNG 

NPC.  

 

Figure 7.3: Base case’s SNG net production cost distribution. *OPEX do not include electricity costs.  
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The effects of the annual operating hours on the SNG production cost, considering necessary 

operational labour are shown in Figure 7.4. The operating hours exponentially increase the fuel 

production costs, if the operating hours are less than 3000 h/y. However, this effect is relatively 

small at larger operating hours. The primary reason for this development is the changing 

contribution of the capital cost on the net production cost. The SNG production costs decrease by 

65% by increasing the operating hours from 1000 to 4000, and there is a 27% cost decrease by 

increasing the operating hours from 4000 to 7000. As seen in Figure 7.4 the required number of 

work shifts and hence required daily amount of operators and operational labour cost decrease with 

decreasing annual operating hours.  

 

Figure 7.4: Effect of full-load operating hours on SNG production cost for various numbers of plant 

operators. The number of operators refers to the required daily amount of personnel in the plant.  

 

The calculated capital, operational and SNG net production costs were compared to values 

published in eleven studies analysing Power-to-SNG plants (Becker et al., 2018, Benjaminsson et 

al., 2013, De Saint Jean et al., 2015, Giglio et al., 2015, Jentsch et al., 2014, Mohseni et al., 2013, 

Parra and Patel, 2016, Peters et al., 2019, Schiebahn et al., 2015, Tremel et al., 2015, Tichler et al., 

2014). Figure 7.5 illustrates the values collected from the literature review and the ones calculated 

in this thesis. A detailed compilation of the expenses and assumptions from the aforementioned 

studies is provided in Appendix 9E.2.   
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Figure 7.5: Literature comparison SNG, CAPEX and OPEX. Expenses not shown in the figure could not be 

calculated in €/kW from the available information. For further information refer to Appendix E.2.  

 

Reviewed capital expenses ranged from 590 €/kWSNG to 9630 €/kWSNG. Low CAPEX results did 

not account for hydrogen production and had a large plant capacity (> 10 MWSNG) (Becker et al., 

2018). In contrast, higher CAPEX costs of 7070–9630 €/kWSNG mostly considered smaller plants 

of 0,5 MWSNG capacity (De Saint Jean et al., 2015, Benjaminsson et al., 2013). Of the eleven 

reviewed analysis, nine neglected the working capital as part of capital investment. The two studies 

that included the WC, estimated it at 15% of the FCI (Becker et al., 2018, Peters et al., 2019). The 

estimated capital investment in this thesis is 9473 €/kWSNG and when neglecting the WC the capital 

investment amounts to 8052 €/kWSNG. This CAPEX value lies in the upper range within literature 

ranges and coincides with values obtained with a small plant capacity. Differences with published 

values can be attributed to the detail employed in the calculation method and economies of scale.  

Literature operating expenses range from 38 €/kWSNG to 9144 €/kWSNG, with an average value of 

1812 €/kWSNG. Operation and maintenance (O&M) expenses were most commonly calculated as 

3–4% of CAPEX (Benjaminsson et al., 2013, De Saint Jean et al., 2015, Jentsch et al., 2014, Parra 

and Patel, 2016, Schiebahn et al., 2015, Tremel et al., 2015, Tichler et al., 2014). In this study the 

operational costs amount to 1642 €/kWSNG and O&M expenses to 13% of the FCI. This cost 

difference is connected to the conservative cost estimation method used in this thesis.  

SNG production costs in literature range from 0,05 €/kWh to 0,58 €/kWh. Higher fuel production 

costs of 0,42–0,58 €/kWh assume low annual operating hours (4500 h) and small plant capacity 

(1 MWel) (De Saint Jean et al., 2015). The most economical SNG costs either do not consider water 
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electrolysis or have a large plant capacity (> 10 MWSNG) (Becker et al., 2018, Giglio et al., 2015, 

Jentsch et al., 2014). The calculated SNG production cost of 28,61 €-cent/kWh is in line with the 

study of Benjaminsson et al. (2013), which found a SNG cost of 24 €-cent/kWh for a 1 MWel 

PtSNG plant and utilized cost and technical parameters from commercially available equipment. 

Overall, the estimated costs in this thesis are in good agreement with literature values, however it 

is important to highlight that due to deviations in operating conditions, production rates, and 

different levels of detail, the results from the various studies are difficult to compare. 

The market price of natural gas is used as a reference for contextualizing SNG cost in the current 

economic environment. Table 7.3 reports the German natural gas market price for private and 

industrial customers as well as the cross-border price, for 2015, 2019, and its average in the last 

five years. Industrial and private customers have seen a price development without major 

fluctuations between 2015 and 2019, and their taxes amounted to 33% of the price shown in Table 

8.3 (Eurostat, 2020a, Eurostat, 2020b). In 2019 the estimated SNG cost is approximately five times 

higher than the price private customers pay for natural gas and eight times higher than the price for 

industrial customers. If compared to the cross-border natural gas price, which excludes taxes, SNG 

is almost 18 times more expensive than natural gas.  

Table 7.3 

Natural gas price in Germany  

Type of tariff 
Price 2015 

(€-cent/kWh) 

Price 2019  

(€-cent/kWh) 

Average price  

2015 – 2019  

(€-cent/kWh) 

Source 

Private customers 6,79 6,10 6,32 Eurostat (2020a) 

Industrial customers 4,60 3,73 3,96 Eurostat (2020b) 

Cross-border 2,06 1,62 1,77 BAFA (2020c) 
 

If in the future, CO2 emissions from natural gas combustion are subject to taxation, natural gas cost 

will rise and synthetic fuels will become economically competitive. This assumes that customers 

will pay the market price of natural gas plus a tax for the CO2 emissions associated with the fuel 

combustion. However, due to the “green” nature of SNG, it will be exempt from said CO2 tax. As 

a result, every tonne of released CO2 will have to be taxed between €1275 and €1490, to make SNG 

price competitive (Appendix E.3). The current CO2 price is 25 €/t and it is estimated to rise to 55 €/t 

by 2030 (Agora Energiewende, 2020, Lewis, 2018). It appears, therefore, that taxing the CO2 

emitted from natural gas combustion is an unviable way to make SNG economically competitive. 

7.5 Sensitivity analysis  

To determine how the SNG net cost of production is affected by economic assumptions, a 

sensitivity analysis was carried out. Several parameters were varied within realistically possible 



 

 

ranges to determine SNG production cost considering the base case. Figure 7.6 illustrates the 

obtained results for a plant operating 8000 h annually. 

 

Figure 7.6: Sensitivity analysis of the PtSNG plant’s base case. 

 

The electricity cost has the strongest influence on the SNG production cost. When the electricity is 

supplied free of charge, the SNG NPC reaches a minimum of 19 €-cent/kWhSNG, representing a 

34% decrease from the reference value. While, for a cost of electricity of 120 €/MWh, which 

represents an electricity supply cost including German electricity taxes, the fuel cost rises by 45%. 

Because of the high capital cost share and therefore its impact on the ACC and SNG NPC, project 

life, and capital interest rate are meaningful in the fuel cost determination. When the project life is 

reduced to 10 years, SNG cost rises by 17%, whereas a project lifetime of 30 years decreases SNG 

cost by 7%. Similarly, an augmented interest rate of 10% leads to a SNG cost increase of 10%. In 

terms of revenues from by-products, the heating provision has a larger potential for cost reduction 

than O2 sales. Heat provision can achieve an 17% fuel cost reduction when charging 90 €/MWh, 

while oxygen sales at a maximum market price of 50 €/t only reduces the SNG cost by 3%.  

Economic parameters such as CO2 cost, SNG compression, and catalyst cost have a limited impact 

on SNG NPC. A CO2 price of -55 €/t, which implies that the PtSNG plant is paid for consuming 

CO2, only reduces the reference SNG cost by 7%. Whereas, a CO2 cost of 150 €/MWh, which 

considers carbon capture at a power plant or industrial facility, increases the fuel cost by 7%. SNG 

compression for subsequent injection in the gas grid also has a minor impact on the resulting SNG’s 

NPC. Considering a SNG compression to 200 bar, for which only a more powerful compressor and 

no additional equipment is regarded, no significant fuel cost increase is found. A potential 

explanation is that the cost increase of the compressor and the electricity demand are not large 

enough to have a meaningful impact on the SNG NPC. However, if the SNG is injected in the gas 

grid at 7 bar, no gas compressor is required, and the SNG cost reduces by 7%. Even with a 

substantial catalyst cost reduction (82%) from the reference value, SNG cost only decreases by 3%. 



 

 

Results indicate that a comprehensive optimisation considering all the aforementioned economic 

parameters permits an extensive SNG cost reduction.  

7.6 Scenario comparison 

Depending on its business model, the PtSNG plant can operate in a different manner and in each 

case obtain a distinct SNG production cost. To investigate the development of SNG cost according 

to operating strategy, several scenarios were evaluated. The goal of the 1 MWel PtSNG plant in 

each of the four basic concepts is detailed below. 

1. Scenario A: Produce cost competitive SNG in 2020.  

2. Scenario B: Store renewable surplus electricity in SNG in 2030. 

3. Scenario C: Produce synthetic natural gas for the mobility sector in 2030, only when the 

electricity cost is below 67,5 €/MWh. 

4. Scenario D: Reduce the GHG emission certificates of a cement company in 2030, only 

when the electricity cost is below 73,3 €/MWh. 

Table 7.4 summarizes the framework conditions assumed in each scenario. The Base case described 

in Sections 7.1–7.4 was also included to enhance the comparability of results, however in this 

instance the EEG levy was incorporated. In all scenarios, the estimated by-products’ revenues from 

heat provision and oxygen sales amount to 26 €/MWh and 35 €/t, respectively. 

Table 7.4 

Framework conditions for each scenario. 

 Taxed Base 

Case 
Scenario A Scenario B Scenario C Scenario D 

Electrolyser PEM Alkaline PEM Alkaline Alkaline 

Year  2020 2020 2030 2030 2030 

Annual full-load hours  8000 8000 205 5000 6000 

Electricity cost (€/MWh)* 50  50  0 28 36 

EEG levy (€/MWh) 67  67  35 35 35  

CO2 source  Biomethane 

plant 

Biomethane 

plant 

Biomethane 

plant 

Biomethane 

plant 

Cement plant 

CO2 cost (€/t) 20  20  20  20 5 

CO2 credits (€/t) - - - - 55 

Plant operators  3 3 1 2 2 

SNG compression (bar) 16 16 7 200 16 

*The electricity cost refers to the average price of electricity without taxes used during full-load operation 

hours. For the stand-by electricity consumption of the electrolyser a price of 93 €/MWh (including taxes) was 

assumed in 2030.  

 

Mid-term (2030) scenarios consider electrolysis cost reduction due to technological developments. 

However, methanation is assumed to be an already mature technology in 2020, for which no future 



 

 

(2030) cost reductions will occur. Furthermore, to make the scenarios realistic, taxes associated 

with electricity consumption and gas network utilization were reviewed. In Germany, Power-to-

Gas plants are exempt from electricity grid fees and electricity tax upon application (§9 StromStG). 

Nevertheless, the EEG levy is still payable. The SNG generated in a PtG plant is also exempt from 

the gas network charges (§118 EnWG). Scenario development information is given Appendix E.4. 

Figure 7.7 illustrates the calculated SNG production costs’ distribution per scenario. When taxes 

are accounted for, the Base case SNG cost increases from 0,29 €/kWhSNG to 0,42 €/kWhSNG. This 

significant cost increase occurs as a result of the large electricity price, which with the addition of 

the EEG levy rises from 50 €/MWh to 117 €/MWh (134% increase). Scenario A achieves a SNG 

NPC of 0,38 €/kWhSNG, which represents a 10% cost saving compared to the Taxed base case. This 

cost reduction is entirely attributed to the capital cost decrease, which in turn is associated with the 

replacement of the PEM electrolyser with an alkaline one. The capital cost of the alkaline 

electrolyser is 70% less than that of the PEM electrolyser, but its maintenance cost, including stack 

replacement, is 36% higher that of the PEM electrolyser. Considering this and the fact that 

electricity cost represents 61% of Scenario A’s SNG NPC, only a limited cost reduction is achieved 

by replacing the PEM electrolyser with an alkaline one. Scenario B only utilizes surplus electricity 

to generate SNG, obtaining a fuel cost of 3,70 €/kWhSNG, which is approximately 13 times more 

expensive than the Taxed base case. This dramatic SNG cost increase is due to the low annual full-

load operating hours (203 h/y), which are not sufficient to amortize neither the CAPEX nor the 

fixed OPEX. Scenario C produces Compressed Synthetic Natural Gas (CSNG) at a cost of 

0,30 €/kWhSNG. Its operation strategy, which involves only using the electrolyser when the 

electricity price is below 67,5 €/MWh, leads to relatively high annual full-load operation hours 

(5000 h) at a mean electricity price of 28 €/MWh. Lastly, Scenario D obtains a further SNG cost 

reduction of 10% from scenario C, by increasing the number of full-load operational hours to 

6000 h/y and earning an additional revenue from using the CO2 from the cement plant. The plant 

in scenario D only operates when the electricity price is less than 73,3 €/MWh, obtaining a mean 

electricity cost of 36 €/MWh during the entire year.  



 

 

. 

In 2030, natural gas will remain inexpensive with an approximate mean price of 0,03 €/kWh (Agora 

Energiewende, 2018, IEA, 2018). If compared to the best performing scenario D, natural gas in 

2030 will be nine times more economical than SNG. An alternative to make the produced SNG 

more economically competitive could be to offer it in the mobility sector, which has a higher market 

price. In 2019, the price of CNG in Germany was on average 0,08 €/kWh (Gibgas, 2020). Assuming 

a steady CNG’s price development, similar to the one of natural gas, in 2030 CSNG will be four 

times more expensive than CNG. However, this represents an optimistic estimation since neither 

additional gas purifying processes nor refuelling stations were accounted for in Scenario C.  

The economic analysis indicates that economic viability of the PtSNG plant cannot be achieved 

under current or mid-term (2030) estimated natural gas market prices. SNG production cost on the 

Taxed base case leads to 0,42 €/kWhSNG (0,29 €/kWhSNG for the Base case excluding taxes) for a 

plant with a 100% operating capacity factor. Plants with varied operating strategies in 2030 yield 

SNG production costs between 0,27 €/kWhSNG and 3,70 €/kWhSNG (including taxes). Sensitivity 

and scenario analyses show that the largest influence on the production cost corresponds to the 

electrolyser cost, electricity cost and full-load operating hours. Reducing the costs for the 

electrolyser and electricity supply are key factors in creating economic feasibility for the product 

SNG. Economic viability is more realistic for plants operating at high annual full-load hours 

(> 5000 h), as the specific capital and direct operational expenses decrease. However, having high 

full-load hours and utilizing only renewable energies such as wind or solar will be a major 
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challenge. Plant scale-up can be foreseen to also improve economic performance, as the specific 

capital investment will be lower.  

These findings are related to the regulatory frame, since economic incentives could modify the 

estimated SNG cost in this study. The Power-to-Gas technology currently finds itself in the so-

called valley of death, where the financial support is not enough to cover the required innovation 

acceleration and up-scaling needs (Store & Go, 2020). Because of the high capital intensity of the 

technology, the financial risk for first movers entering the competitive gas market is significant and 

therefore discouraging new investments. Support schemes that target the supply side of green gases 

and in particular investment subsidies could lead to a reduction of CAPEX and aid the technology’s 

commercial development. Additionally, the EU emissions trading system (EU ETS) could serve as 

a mechanism to generate funds. While the PtSNG plant is technically feasible as demonstrated in 

Chapter 6, it is not economically viable under the current framework. Furthermore, to gain a holistic 

understanding of the proposed pilot plant concept, the following chapter investigates its 

environmental performance in terms of GHG emissions.  

 



 

 

8 Environmental Assessment 

Given that the development of CCU technologies is largely motivated by their potential to reduce 

ecological impacts compared to their corresponding conventional processes, an environmental 

assessment of the proposed PtSNG plant concept was undertaken.  

This chapter aims to identify the environmental performance of the PtSNG pilot plant along with 

the main parameters influencing the Global Warming Potential (GWP) of the produced fuel. The 

assessed impacts of the SNG produced in each of the previously described scenarios (Section 7.6) 

are compared to those of natural gas obtained through fossil-based production, utilising a cradle-

to-grave method, which is presented in the first part of the chapter. Conditions under which the 

PtSNG pathway is environmentally more beneficial than natural gas extraction are expressed as 

threshold values for the electricity emission factor. 

8.1 Method 

The environmental impacts of the Power-to-SNG pilot plant in the Scenarios A to D were evaluated 

using a cradle-to-grave approach, similar to that of a comparative Life Cycle Analysis (LCA) but 

simplified due to the project’s time constraints. LCA is a widely applied method for comprehensive 

environmental assessment of products, which quantifies the potential environmental impacts from 

raw material acquisition to end-of-life disposal throughout a product’s life cycle (ISO, 2006, 

European Commission et al., 2010). In this work, the life cycle inventory model was simplified by 

neglecting the multifunctional nature of the PtSNG plant. In this sense, by-products’ manufacture 

was disregarded and all flows were allocated to the production of SNG. According to European 

Commission et al. (2010), simplifications as such can substantially reduce effort, while not 

relevantly harming the robustness of the results. Furthermore, the distribution of fuel to the end 

customers in both the CO2-based and fossil-based pathways was assumed identical. Therefore, 

neither distribution to customers nor the storage of the fuel products (SNG and natural gas) were 

considered in the comparative analysis. 

The ecological performance of SNG produced in the PtSNG pilot plant and natural gas obtained 

via the conventional pathway were assessed in the climate change impact category by using the 

GWP indicator measured in grams of CO2-equivalents. For the calculation of the CO2-equivalent 

values of the different emissions, characterization factors were applied as per the recommendations 

of the Intergovernmental Panel on Climate Change (IPCC), considering a time horizon of 100 years 

(IPCC, 2007). The energy content of the produced fuel was selected as a functional unit due to the 

primary application of these for final energy provision. All the results of the analysis are therefore 



 

 

related to 1 kWhth of heat generated by combusting the product gas, based on its HHV (SNG in 

scenarios A–D and natural gas in the conventional usage case).  

For the assessment of natural gas production by conventional means, fossil-based exploitation was 

considered. This study uses GHG emissions of natural gas distributed in Germany amounting to 

29 g CO2-eq/kWhth, including upstream processes (DBI, 2016). These emissions occur in the 

context of natural gas flaring, auxiliary energy utilisation for transportation and fugitive emissions 

due to leakages. The combustion of natural gas is associated with an additional emission factor of 

201 g CO2-eq/kWhth (BAFA, 2020b).    

The inventory analysis of the of SNG production via the proposed PtSNG pilot plant was realised 

by extracting the material and energy balances from the already developed Aspen Plus® simulation 

(Chapter 6). The following Figure 8.1 shows the system boundaries used in the conducted 

environmental assessment of SNG production processes. Only for Scenario D, which considers 

CO2 supply from a cement plant, the CO2 capture step was included. According to Kuramochi et 

al. (2012) carbon capture in a cement plant requires 730 MJ of electricity and 3700 MJ of thermal 

energy per tonne of CO2 captured. Scenarios A to C neglected the CO2 capture step, as they consider 

CO2 supply from a biomethane upgrading plant, where carbon capture will be performed even if 

the PtSNG plant does not operate. Furthermore, the IPCC (2007) recommends that CO2 from 

biogenic emissions is considered with zero GWP.  

The German electricity mix for 2020 with an emission factor of 427 g CO2-eq/kWhel was applied 

for the electricity supply in Scenario A (BAFA, 2020b). While, Scenario B’s evaluation used 

German offshore wind energy with an associated emission factor of 14 g CO2-eq/kWhel, as reported 

in the Ecoinvent database version 3.1. Scenarios C and D utilised 2030s forecasted German power 

mix with an emission factor of 163 g CO2-eq/kWhel for electricity supply and an emission factor of 

107 g CO2-eq/kWhth for heat supply (Fraunhofer ISE, 2020). The emission factor for heat supply 

in 2030 was assumed to be 107 g CO2-eq/kWhth, considering a similar percentage decrease as that 

of electricity supply and a 2020 value of 280 g CO2-eq/kWhth (BAFA, 2020a). Emissions associated 

with CO2 road transport were calculated by using a factor of 62 g CO2-eq/tonne-km as suggested 

by the European Chemical Transport Association (ETCA) (2011). In all scenarios, the combustion 

of SNG was associated with zero carbon emissions, since previously captured CO2 is considered a 

waste product that if not utilized in methanation would be emitted to the atmosphere. The 

construction of the plant was disregarded in this assessment due to lack of data. This simplification 

is supported by Sternberg and Bardow (2016), who affirm that for a comparative assessment 

between technologies the impacts of plant construction are of minor importance. In this analysis no 

environmental credits were considered for by-products. Thus, if the construction of the plant was 

included the GWP of SNG will increase, but if the by-products are considered by allocation of 

flows of by environmental credits the GWP of SNG will decrease. Nevertheless, at the time of this 



 

 

study there was no sufficient data to indicate which one of these two effects would have a larger 

impact. Detailed calculations of SNG’s GWP in each scenario, as per the method described above 

are given in Appendix F.  

 

Figure 8.1: System boundaries of the conducted environmental assessment.CO2 capture step is only 

considered in Scenario D, as CO2 is supplied by a cement plant. In all other scenarios (A–C), CO2 capture 

step is neglected.    

8.2 Environmental assessment results 

The GWP of natural gas including combustion amounts to 230 g CO2-eq/kWhth, while the GWP of 

SNG ranges between 29 g CO2-eq/kWhth and 843 g CO2-eq/kWhth (Figure 8.2). The results of the 

impact assessment indicate that electrolysis plays a crucial role in the environmental performance 

of PtSNG, since 91% to 99% of the total GWP of SNG is associated with electrolyser utilisation. 

Therefore, the warming impact of the produced SNG strongly depends on the type of electricity 

generation used in the electrolyser. In comparison to natural gas, only Scenario B achieves a GWP 

reduction (87% decrease) as a result of the use of renewable electricity from wind power. On the 

contrary, if the German electricity mix from 2020 is used (Scenario A), it leads to a higher GWP 

than conventional production (267% increase). If the forecasted German electricity mix from 2030 

is used (Scenario C and D), also higher GWPs than conventional production (41–51% increase) are 



 

 

calculated. Findings also suggest that when considering electricity supply from the German power 

mix the CO2 origin (biomethane upgrading or cement plant) has limited impact in the overall fuel 

GWP. In Scenario D, CO2 capture represents only 7% of the total GWP, as the impact of electrolysis 

using 2030s German electricity mix is higher than that of natural gas extraction, distribution and 

combustion. 

 

Figure 8.2: GWP of fuel in conventional and CO2-based pathways.  

 

Thus, Power-to-SNG processes which do not utilise a primary renewable electricity supply are 

expected to lead to larger GHG emissions than conventional natural gas production in 2020 and 

2030, mainly due to the high emission factor of electricity supply. Since the environmental impacts 

from electricity supply in Germany are planned to be reduced in the future, the effect from 

electricity supply on PtSNG scenarios is studied in detail and an environmental threshold value for 

electricity supply is derived. Figure 8.3 illustrates the GWP of natural gas fossil-based production 

and PtSNG processes as a function of the CO2-equivalent emission factor of electricity supply. For 

all PtSNG scenarios, the emission factor of electricity supply has a strong influence on the total 

GWP, as they require large amounts of electricity for hydrogen production via electrolysis. 

Scenario B is not considered in this analysis, since it operates solely with renewable electricity from 

wind power and therefore a change in the emission factor of the electricity supply from the national 

network would not affect its total GWP. The intersections between the SNG production per scenario 

with the conventional natural gas production are the threshold values for the CO2-eq emission factor 

of the electricity supply. The environmental threshold values are 105 g CO2-eq/kWhel for 
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Scenario D and 117 g CO2-eq/kWhel for Scenarios A and C. Scenario D requires a “less pollutant” 

electricity supply to achieve the same GWP as natural gas, because of its increased electricity and 

heat demand in the CO2 capture step. Electricity supply with a CO2-eq emission factor lower than 

the environmental threshold is expected to be achieved between 2030 and 2040, based on the 

forecast for the German electricity mix (Fraunhofer ISE, 2020). Thus, in this timeframe PtSNG 

utilizing German electricity from the power grid would result more environmentally beneficial than 

natural gas production.  

 

Figure 8.3: Global warming potential of PtSNG scenarios A, C, and D and conventional natural production 

as a function of CO2 emission factor of electricity supply. The vertical lines represent the CO2 emission 

factors of electricity supply from the forecasted German electricity mixes, extracted from Fraunhofer ISE 

(2020).  

 

Reiter and Lindorfer (2015b) utilised a cradle-to-gate approach and identified an electricity supply 

environmental threshold value of 113 g CO2-eq/kWhel when CO2 capture was neglected and 

73 g CO2-eq/kWhel if CO2 separation was accounted for. Similarly, Sternberg and Bardow (2016) 

used a cradle-to-gate approach to quantify the electricity supply’s environmental threshold and 

reported a value of 82 g CO2-eq/kWhel, including CO2 capture from a coal power plant. Differences 

between the threshold values obtained for the electricity supply’s CO2-eq emission factor in this 

study and in literature are attributed to the methods and functional units utilised. Available literature 

also identified that electricity supply has a dominant impact on the GWP of SNG, and found that 

electrolysis with renewable energy sources reduces the GWP of PtSNG compared to that of the 

conventional production of natural gas (Parra et al., 2017, Hoppe et al., 2016, Sternberg and 

Bardow, 2016, Reiter and Lindorfer, 2015b, von der Assen et al., 2013). Overall, this environmental 

0

50

100

150

200

250

300

0 50 100 150 200 250 300 350 400 450

G
lo

b
al

 w
ar

m
in

g
 p

o
te

n
ti

al
 o

f 
fu

el
 (

g
 C

O
2
-e

q
/k

W
h

th
)

CO2-eq emission factor of electricity (g CO2-eq/kWhel )

Scenarios A and C Scenario D

Natural Gas = 230

2
0

5
0

2
0

4
0

2
0

3
0

2
0

2
0



 

 

assessment showed that the proposed PtSNG plant concept is environmentally beneficial to 

conventional natural gas production when renewable energy is used or when the electricity supply 

has an emission factor lower than 105 g CO2-eq/kWhel. 



 

 

9 Conclusion and Outlook 

This study has explored the feasibility of CCU-based fuel synthesis technology, namely PtSNG, 

implementation on a demonstration scale in the Rheinisches Revier. The performed NRW’s CO2 

emitters survey indicates that most of the CO2-sources are clustered along the rivers Rhine and 

Ruhr. In 2017, the largest CO2 emitters in NRW were lignite power plants: Neurath (29,9 Mt CO2) 

and Niederaußem (27,2 Mt CO2), both located in the Rheinisches Revier. The total state CO2 

emissions in the same year amounted to 207 Mt of CO2. Forecasting revealed that in the middle 

and long term there would be no changes in the geographical distribution of CO2 sources and that 

the only structural change in the region will most likely be associated with the German coal exit 

plan. Forecasted 2050s emissions in NRW amounted to 40,63 Mt CO2, a supply eight times larger 

than the current German national CO2 demand. Thus, the CO2 sources’ review showed a vast 

availability of CO2 for CCU projects in the short and long term in the region.   

The selection of the “best performing” fuel synthesis pathway to be implemented in a pilot plant in 

the Rheinische Revier, was completed considering the five pre-selected alternatives and a set of 

three criteria and eleven sub-criteria. Pre-selected pathways included the synthesis of DME, SNG, 

and FT-Kerosene utilising different processes to obtain hydrogen and syngas. The best performing 

CO2-based fuel synthesis technology was SNG (3,41) followed by FT-Kerosene (a) (3,10), FT-

Kerosene (b) (3,08), FT-Kerosene (c) (2,53), and DME (2,46), using a scale between 0 and 4. The 

overall scores of the different fuel synthesis pathways are very close to each other, demonstrating 

that the included CCU technologies for fuel production currently have a similar performance. 

Nevertheless, some limits of the study have been identified. First, the fact that the data collected 

from literature to calculate the scores of each fuel synthesis alternative greatly determines the 

results of the assessment, and therefore if the input data changes, the results will also change. 

Second, the AHP method used for assigning weights to the criteria and sub-criteria can be seen as 

subjective, and therefore awareness when using these findings is recommended.  

A Power-to-SNG pilot plant concept to be implemented at the Brainergy Park in Jülich was 

developed. Carbon dioxide is assumed to be supplied by a biomethane upgrading plant and 

transported to the pilot plant site by truck. Thermodynamic and kinetic considerations of the 

methanation reaction in the presence of a 0,5 wt.% Ru/Al2O3 catalyst were explored to model and 

simulate a pilot PtSNG plant. The complete flowsheet of the plant was generated using Aspen 

Plus® software. Several optimization steps lead to the final process concept which utilises low 

temperature PEM electrolysis to produce hydrogen, two consecutive cooled fixed-bed reactor 

stages with partial water removal in between to hydrogenate CO2 into methane, and minimal SNG 

upgrading including compression and cooling. Due to the exothermal reaction, reactor design and 



 

 

cooling is important to maximize the conversion of CO2 by maintaining optimal reactor 

temperatures and avoiding catalyst sintering. Heat integration and recovery is a crucial and central 

aspect that enables the plant’s steady state operation only with external cooling requirement. The 

PtSNG plant requires 151 kg/h of water, 1 MW DC electric power, and 92 kg/h CO2, to produce 

34 kg/h of SNG, 134 kg/h of oxygen, and 0,53 MW of district heat. SNG has a composition which 

is adequate for natural gas pipeline transport and end-use applications, with a HHV of 

10,1 kWh/m3. The Power-to-SNG efficiency is 46%, while fuel synthesis efficiency is 82%, 

showing that the proposed PtSNG pilot plant concept is technically achievable with good 

performance comparable to literature values. Still, further optimization to increase the CO2 

conversion from 76% to the design 90% could be undertaken in future work. Likewise, modelling 

and optimization of the pilot plant under dynamic operation could also be investigated.  

The economic analysis of the pilot plant indicates that economic viability cannot be achieved under 

the current framework in Germany. This is given that the SNG production cost is in all scenarios 

higher than the natural gas price, showing a minimum of five times more than natural gas1. In 2020, 

the base case’s net production cost of SNG amounts to 0,29 €/kWhSNG (0,42 €/kWhSNG including 

taxes) for a plant operating annually 8000 full-load hours. Plants with varied operating strategies 

(Scenarios B to D) in 2030 yield SNG production costs between 0,27 €/kWhSNG and 3,70 €/kWhSNG, 

including taxes. Sensitivity and scenario analyses revealed that the largest influence on SNG’s 

production cost corresponds to the electrolyser cost, electricity cost and full-load operating hours. 

Unexpectedly, CO2 cost had a minor impact on SNG’s net production cost. Economic viability is 

more realistic for plants operating at high annual full-load hours (> 5000 h), as the specific capital 

and direct operational expenses decrease. Additionally, plant scale-up can be foreseen to also 

improve the economic performance. These findings are related to the regulatory frame, since 

economic incentives could modify the estimated SNG cost in this study. Similarly, externally given 

assumptions such as equipment costs influence the economic results.  

The environmental assessment conducted based on a cradle-to-grave approach similar to a 

simplified LCA, indicated that the type of electricity production primarily influences the ecological 

performance of the PtSNG plant. If the electricity mix for Germany is considered as an input 

(Scenario A, C and D) a significantly higher GWP than that of fossil-based natural gas production 

is obtained. If renewable electricity from wind power is used (Scenario B) the GWP of PtSNG is 

87% lower than that of the conventional process. Additionally, environmental threshold values for 

the electricity supply were determined. These values indicate the maximum CO2-equivalent 

emission factor of the electricity supply for which the environmental impact of PtSNG is lower 

                                                      

 

1 Considering natural gas supply to private customers averaged between 2015 and 2019. Prices extracted 

from EUROSTAT 2020a. Gas prices for household consumers - bi-annual data (from 2007 onwards). 



 

 

than of natural gas conventional production. When neglecting the CO2 capture step, the threshold 

emission factor of electricity supply is 117 g CO2-eq/kWhel (Scenarios A and C). While, when 

considering CO2 capture from a cement plant, the threshold emission factor of electricity supply is 

105 g CO2-eq/kWhel (Scenario D). For Germany, these CO2-equivalent emission factors for 

electricity supply are expected to occur between 2030 and 2040, demonstrating an environmental 

feasibility of the PtSNG technology in the long term. Overall, the PtSNG plant is environmentally 

advantageous compared to conventional fossil technology only when powered by renewable 

energies or by electricity with an emission factor below 105 g CO2/kWhel. Further research efforts 

could focus on the application of an LCA method considering other impact categories such as 

acidification and fresh water eutrophication. Conducting an additional techno-economic analysis 

focusing on the second-best performing technology could reveal technology trade-offs that might 

have been concealed in this study. Overall, Power-to-SNG is a promising technology to integrate 

CO2 usage into the current supply chain and decrease the dependence of fossil fuels. Nevertheless, 

lower production costs together with renewable electricity are required in order to have a 

sustainable impact. 

 



 

 

Appendix A  

A.1 2017s CO₂ sources  

Appendix Table A.1 

Quantitative overview of CO2 emissions in 2017 per main activity sector.  

Main activity 

sector name 
NACE main economic activity name 

CO2 emissions in 2017 per facility 

[Mt CO2] 
Total CO2 emissions in 

2017 per Economic 

Activity [Mt CO2] 

Number of 

facilities in 2017 
Minimum Maximum Median   

Biomass Production of electricity 0,120 0,198 0,130 0,705 6 

Biomethane  Production of biomethane   0,001 0,009 0,004 0,062 13 

Cement industry Manufacture of cement 0,223 1,110 0,483 6,145 12 

Chemical industry Manufacture of dyes and pigments 0,202 0,431   0,633 2 

Manufacture of other chemical products      0,377 0,377 1 

Coal Mining  Mining of lignite 0,401 1,810 1,295 4,80 4 

Mining of hard coal     0,183 0,18 1 

Food sector's 

products  
Manufacture of starches and starch products     0,196 0,196 1 

Manufacture of sugar 0,122 0,172   0,294 2 

Glass industry Manufacture of flat glass 0,114 0,242 0,157 0,513 3 

Manufacture of hollow glass     0,110 0,110 1 

Hard Coal Production of electricity 0,101 4,300 1,312 28,915 19 

Light metals 

industry   
Aluminium production  0,150 0,320 0,220 0,91 4 

Copper production     0,184 0,184 1 

Casting of light metals   0,177 0,177 1 

Lignite Production of electricity 1,500 29,900 15,390 62,180 4 



 

 

Main activity 

sector name 
NACE main economic activity name 

CO2 emissions in 2017 per facility 

[Mt CO2] 
Total CO2 emissions in 

2017 per Economic 

Activity [Mt CO2] 

Number of 

facilities in 2017 
Minimum Maximum Median   

Lime industry Manufacture of lime and plaster 0,103 1,980 0,240 3,659 7 

Natural gas Production of electricity 0,440 19,100 0,437 32,776 18 

Steam and air conditioning supply 0,104 0,227 0,121 0,452 3 

Distribution of gaseous fuels through mains     0,139 0,139 1 

Petrochemical 

industry  

  

Manufacture of refined petroleum products 1,120 3,320 1,800 8,040 4 

Manufacture of other organic basic chemicals 0,102 2,944 0,191 7,227 10 

Manufacture of plastics in primary forms 0,299 2,300   2,599 2 

Manufacture of coke oven products 0,333 2,040   2,373 2 

Manufacture of other inorganic basic chemicals 0,266 0,805 0,308 1,379 3 

Manufacture of industrial gases     0,279 0,279 1 

Pulp and paper 

industry 
Manufacture of paper and paperboard 0,121 0,265 0,160 0,888 5 

Manufacture of veneer sheets and wood-based 

panels 
0,189 0,489   0,678 2 

Steel and iron 

Industry 

Manufacture of basic iron and steel and of 

ferro-alloys 
0,125 14,889 0,525 37,591 10 

Casting of iron     0,129 0,129 1 

Treatment and coating of metals     0,106 0,106 1 

Manufacture of tubes, pipes, hollow profiles and 

related fittings, of steel 
  0,101 0,101 1 

Waste management Production of electricity 0,233 0,324   0,557 2 

Treatment and disposal of non-hazardous waste 0,102 0,710 0,376 0,376 13 

Remediation activities and other waste  

 

 

management services 

    0,380 0,380 1 

 

 

 



 

 

A.2 CO₂ sources forecasting 

Appendix Table A.2 
Quantitative overview of 2030s forecasted CO2 emissions per main activity sector.  

Main activity 

sector name 
NACE main economic activity name 

CO2 emissions in 2030 per facility 

[Mt CO2] 
Total CO2 emissions in 

2030 per Economic 

Activity [Mt CO2] 

Number of 

facilities in 2030 
Minimum Maximum Median   

Biomass Production of electricity 0,052 0,083 0,061 0,256 5 

Biomethane  Production of biomethane   0,016 0,096 0,048 0,624 13 

Cement industry Manufacture of cement 0,187 0,932 0,430 5,161 12 

Chemical industry Manufacture of dyes and pigments 0,165 0,353   0,519 2 

Manufacture of other chemical products      0,309 0,309 1 

Coal Mining  Mining of lignite 0,158 0,715 0,448 1,35 3 

Mining of hard coal         0 

Food sector's 

products  
Manufacture of starches and starch products     0,137 0,137 1 

Manufacture of sugar 0,085 0,120   0,206 2 

Glass industry Manufacture of flat glass 0,086 0,182 0,128 0,385 3 

Manufacture of hollow glass     0,083 0,083 1 

Hard Coal Production of electricity 1,530 2,710 2,241 8,962 4 

Light metals 

industry   
Aluminium production  0,125 0,255 0,185 0,740 4 

Copper production     0,149 0,149 1 

Casting of light metals   0,143 0,143 1 

Lignite Production of electricity     7,600 7,600 1 

Lime industry Manufacture of lime and plaster 0,088 1,683 0,444 3,110 7 

Natural gas Production of electricity 0,173 4,173 0,603 10,799 12 

Steam and air conditioning supply 0,170 0,370   0,430 2 

Distribution of gaseous fuels through mains     0,227 0,227 1 



 

 

Main activity 

sector name 
NACE main economic activity name 

CO2 emissions in 2030 per facility 

[Mt CO2] 
Total CO2 emissions in 

2030 per Economic 

Activity [Mt CO2] 

Number of 

facilities in 2030 
Minimum Maximum Median   

Petrochemical 

industry  

  

Manufacture of refined petroleum products 1,120 3,320 1,800 8,040 4 

Manufacture of other organic basic chemicals 0,102 2,944 0,191 7,227 10 

Manufacture of plastics in primary forms 0,299 2,300   2,599 2 

Manufacture of coke oven products 0,333 2,040   2,373 2 

Manufacture of other inorganic basic chemicals 0,266 0,805 0,308 1,379 3 

Manufacture of industrial gases     0,279 0,279 1 

Pulp and paper 

industry 
Manufacture of paper and paperboard 0,121 0,265 0,160 0,888 5 

Manufacture of veneer sheets and wood-based 

panels 
0,189 0,489   0,678 2 

Steel and iron 

Industry 

Manufacture of basic iron and steel and of 

ferro-alloys 
0,125 14,889 0,525 37,591 10 

Casting of iron     0,129 0,129 1 

Treatment and coating of metals     0,106 0,106 1 

Manufacture of tubes, pipes, hollow profiles and 

related fittings, of steel 
  0,101 0,101 1 

Waste management Production of electricity 0,233 0,324   0,557 2 

Treatment and disposal of non-hazardous waste 0,102 0,710 0,376 0,376 13 

Remediation activities and other waste  

 

 

management services 

    0,380 0,380 1 

 

 

 

 

 



 

 

 

Appendix Table A.3 

Quantitative overview of 2050s forecasted CO2 emissions per main activity sector. 

Main activity 

sector name 
NACE main economic activity name 

CO2 emissions in 2050 per facility 

[Mt CO2] 
Total CO2 emissions in 

2050 per Economic 

Activity [Mt CO2] 

Number of 

facilities in 2050 
Minimum Maximum Median   

Biomass Production of electricity 0,095 0,242 0,179 0,716 4 

Biomethane  Production of biomethane   0,023 0,135 0,048 0,873 13 

Cement industry Manufacture of cement 0,146 0,726 0,335 4,017 12 

Chemical industry Manufacture of dyes and pigments 0,037 0,079  0,116 2 

Manufacture of other chemical products     0,069 1 

Coal Mining  Mining of lignite     0 

Mining of hard coal     0 

Food sector's 

products  
Manufacture of starches and starch products     0 

Manufacture of sugar     0 

Glass industry Manufacture of flat glass 0,036 0,075 0,053 0,160 3 

Manufacture of hollow glass    0,034 1 

Hard Coal Production of electricity     0 

Light metals 

industry   
Aluminium production  0,055 0,112 0,081 0,325 4 

Copper production    0,065 1 

Casting of light metals    0,623 1 

Lignite Production of electricity     0 

Lime industry Manufacture of lime and plaster 0,097 1,284 0,339 2,373 7 

Natural gas Production of electricity 0,181 5,534 1,274 14,589 11 

Steam and air conditioning supply 0,178 0,388  0,566 2 

Distribution of gaseous fuels through mains     0 



 

 

Main activity 

sector name 
NACE main economic activity name 

CO2 emissions in 2050 per facility 

[Mt CO2] 
Total CO2 emissions in 

2050 per Economic 

Activity [Mt CO2] 

Number of 

facilities in 2050 
Minimum Maximum Median   

Petrochemical 

industry  

  

Manufacture of refined petroleum products 0,205 0,606 0,367 1,469 4 

Manufacture of other organic basic chemicals     0 

Manufacture of plastics in primary forms 0,055 0,420  0,475 2 

Manufacture of coke oven products 0,061 0,373  0,434 2 

Manufacture of other inorganic basic chemicals 0,049 0,147 0,084 0,253 3 

Manufacture of industrial gases    0,051 1 

Pulp and paper 

industry 
Manufacture of paper and paperboard     0 

Manufacture of veneer sheets and wood-based 

panels 
    0 

Steel and iron 

Industry 

Manufacture of basic iron and steel and of 

ferro-alloys 
0,032 4,727 1,087 11,967 11 

Casting of iron    0,041 1 

Treatment and coating of metals    0,034 1 

Manufacture of tubes, pipes, hollow profiles and 

related fittings, of steel   
2,65 1 

Waste management Production of electricity 0,069 0,097  0,167 2 

Treatment and disposal of non-hazardous waste 0,046 0,213 0,111 1,437 13 

Remediation activities and other waste  

 

 

management services 

   0,114 1 

 

 

  



 

 

Appendix B  

B.1 TRL scale 

Through the study, where the TRL is refer to, the following definitions apply.  

• TRL 1 – basic principles observed 

• TRL 2 – technology concept formulated 

• TRL 3 – experimental proof of concept 

• TRL 4 – technology validated in lab 

• TRL 5 – technology validated in relevant environment (industrially relevant environment 

in the case of key enabling technologies) 

• TRL 6 – technology demonstrated in relevant environment (industrially relevant 

environment in the case of key enabling technologies) 

• TRL 7 – system prototype demonstration in operational environment 

• TRL 8 – system complete and qualified 

• TRL 9 – actual system proven in operational environment (competitive manufacturing in 

the case of key enabling technologies; or in space) 

Information extracted from the European Commission (2014). 

B.2 Renewable fuel projects in Germany 

Appendix Table B.1 

List of considered renewable fuel projects in Germany. Extracted from DVGW (2019), DENA (2020), 

Wulf et al. (2018) and Bailera et al. (2017). 

Project Name Product Technology Status  Location 

PhotoKat Catalyst  CO2 based Acetone 

fermentation 

Ended Bochum 

ECCO2 - Max Planck 

Institute 

Catalyst  Research Ended Düsseldorf 

ADECOS CO2 Capture  Oxyfuel  Ended Dresden 

EffiCO2 - Evonik & 

STEAG 

CO2 Capture  CO2 scrubbing with 

new agent  

Operational Duisburg/ 

Essen  

Postcap Braunkohle - 

RWE, BASH, Linde 

CO2 Capture  CO2 scrubbing   Ended Essen 

Mixed-Matrix-

Membranen 

CO2 Capture  Membrane  Operational  Geesthacht 

DMEexCO2 Project DME   
 

Ended Ludwigshafen 

am Rhein Sunfire Power to 

Liquids 

FT- Fuels  Fischer-Tropsch & 

Co-electrolysis 

Operational  Dresden 

Project Name Product Technology Status  Location 



 

 

Kopernikus Project 

"P2X" 

FT- Fuels  Fischer-Tropsch & 

Co-electrolysis 

Operational Karlsruhe 

Hydrogen fuel station 

and electrolyser 

Hydrogen Electrolysis  Planned Ellhöft 

H2Stahl (Thyssenkrupp 

Steel Europe AG) 

Hydrogen H2 injection to blast 

furnace 

Planned Hamborn 

Windgas Haurup Hydrogen Electrolysis   Planned Haurup 

RWE-

Demonstrationsanlage 

"Ibbenbüren" 

Hydrogen PEM Electrolysis  Operational Ibbenbüren 

Energy Park Bad 

Lauchstädt  

Hydrogen Electrolysis Planned Bad 

Lauchstädt HYPOS Hydrogen Electrolysis Planned Leuna 

GreenHydroChem Hydrogen Electrolysis Planned Leuna  

Energy Park Mainz  Hydrogen PEM Electrolysis  Operational Mainz 

P2G Innogy SE & 

Westnetz 

Hydrogen 
 

Planned Metelen 

Wasserstoff Elektrolyse 

(ITM Power and Shell 

Oil) 

Hydrogen PEM Electrolysis  Planned Rheinland 

Raffinerie Hydrogen fuel station 

Stuttgart Talstraße  

Hydrogen Alkaline Electrolysis  Ended Stuttgart 

H2 Herten Hydrogen Alkaline Electrolysis  Demostrati

on 

Zeche Ewald 

Herten H2 Research center 

Cottbus 

Hydrogen  Pressurized 

electrolysis  

Operational Cottbus 

Thüga Demostration 

plant  

Hydrogen  PEM Electrolysis  Ended Frankfurt 

Windpark RH2-WKA Hydrogen  Alkaline Electrolysis  Operational Grapzow 

H2 Wyhlen  Hydrogen  Alkaline Electrolysis  Operational Grenzach-

Wyhlen am 

Rhein  
Hydrogen Tankstelle 

HafenCity 

Hydrogen  Electrolysis  Ended HafenCity, 

Hamburg  

Regelflexible 

Electrolysis plant 

Hydrogen  Electrolysis Operational Hamburg  

Power-2-Hydrogen 

Tankstelle 

Hydrogen  
 

Operational Hamburg - 

Bahrenfeld 

WindGas Hamburg  Hydrogen  PEM Electrolysis  Ended Hamburg  

Windgas Haßfurt Hydrogen  PEM Electrolysis  Operational Haßfurt 

Multi-Energie- Fuel 

Station H2BER 

Hydrogen  Electrolysis  Operational Hauptstadtflu

ghafen Berlin 

Brandenburg 
PtG Plant Heubisch Hydrogen  Alkaline Electrolysis  Operational Heubisch 

H2orizon Hydrogen  PEM Electrolysis  In 

constructio

n 

Lampoldshaus

en Methanepyrolyse/ 

GtF&S (FfPaG) 

Hydrogen  Methane pyrolysis  Operational Ludwigshafen 

am Rhein 

Element Eins Hydrogen  
 

Planned Papenburg  

GrInHy Hydrogen  SOC  Ended Salzgitter 

HydroHub Fenne  Hydrogen  
 

Planned Völklingen-

Fenne Electrolyser at Energy 

park Wunsiedel 

Hydrogen  Electrolysis Planed Wunsiedel 

Hybrid Power plant  Hydrogen & 

Electricity  

Electrolysis & Wind  Operational  Prenzlau  

Green Refinery Hydrogen & 

FT Fuels  

Electrolysis & 

Fischer-Tropsch 

Planned  Lingen  

Get H2 Hydrogen 

infrastructure  

 
Planned  Lingen  

OptimAL Kerosene  Algae technology  Ended Jülich 

ReWest100 Kerosene  
 

Planned Hemmingstedt 

BioPower2Gas Methane Biomethanation Operational Allendorf 

Power to Gas Pilot 

plant Allendorf 

Methane Biomethanation Ended Allendorf 

Power to Gas Alzey Methane Alkaline Electrolysis  Operational Alzey 

Exytron 

Klimafreundliches 

Wohnen 

Methane Alkaline Electrolysis  Operational Augsburg 

MethQuest  Methane PEM Electrolysis  Planned Frankfurt  

Project Name Product Technology Status  Location 

bioCONNECT Methane Biomethanation Operational Lemgo 



 

 

CCU P2C Salzbergen  Methane Methanation  Planned  Salzbergen  

Viessmann PtG at 

Eucolino 

Methane Biomethanation Ended Schwandorf 

Audi e-gas Methane Catalytic methanation  Operational  Werlte  

Methanation in Eichhof Methane  Methanation  Ended Bad Hersfeld 

Exytron Bernsteinsee  Methane  (SET Plant) In 

constructio

n 

Bernsteinsee 

Rieselbettreaktor 

GICON-

Großtechnikum  

Methane  Biomethanation Operational Cottbus 

Hybridge Methane  Methanation Planned  Emsland 

HySynGas Methane  Methanation & 

Electrolysis 

Planned Industriepark 

Brunsbüttel 

bioCO2nvert Methane  Biomethanation In 

constructio

n 

Lemgo 

R2Chem: FOReCAST Methane  Methanation  In 

constructio

n 

Magdeburg 

Energie Park Mainz Methane  
 

Operational Mainz 

PtG Biogasbooster Methane  Biomethanation& 

Electrolysis  

Ended Straubing 

ETOGAS Methane  
 

Operational  Stuttgart 

CO2RRECT (Chemical 

Industry) 

Methane & 

Hydrogen 

Methanation & 

Electrolysis 

Ended Niederaußem 

Exytron Demostration 

plant 

Methane & 

Hydrogen 

Methanation & 

Alkaline Electrolysis   

Operational  Rosctock  

WindGas Falkenhagen  Methane & 

Hydrogen  

Methanation & 

Alkaline Electrolysis  

Operational  Falkenhagen  

STORE & GO 

demostration plant 

Methane & 

Hydrogen  

Methanation & 

Alkaline Electrolysis  

Operational  Falkenhagen  

E2Fuel Methanol Methanol synthesis  Planned Haßfurt 

BSE Engieenering 

Leipzig 

Methanol CO2 streams from 

biological  

fermentation  

 
Leipzig 

STEAG Power-to-Fuel Methanol PEM Electrolysis  Operational Lünen 

MefCO2 (RWE) Methanol Electrolysis and 

Methanol synthesis  

Operational Niederaußem 

DOW Stade - Green 

MEOH 

Methanol 
 

Planned Stade bei 

Hamburg  

CO2 als 

Polymerbaustein  

Polymers  
 

Ended Ludwigshafen 

am Rhein 

enCO2re Research 

Project  

Polymers & 

Catalysts  

 
Operational  TU Berlin 

SmartQuart Real-

laboratory 

Testing of many 

technologies  

Planned Essen 

Norddeutsches 

Reallabor 

Real-

laboratory 

 
Planned Hamburg - St 

George 

RefLau Real-

laboratory 

 
Planned Lausitz 

Dezentrale 

Energieversorgung für 

Lübesse 

Renewable 

Fuels  

Alkaline Electrolysis  Planned Lübesse 

100%EE with PtG Study 
 

Ended Wörrstadt 

 



 

 

Appendix C  

C.1 AHP method 

The following description of the AHP is based on the work of Brunelli (2015). A pairwise 

comparison matrix in the form of B(h) is built for each of the 𝑁 sub-criteria. Matrix B(h) is a 𝑛 × 𝑛 

real matrix, where 𝑛 is the number of indicators evaluated. 𝑏𝑗𝑘
(ℎ)

 describe the relative importance of 

the 𝑗th indicator with respect to the indicator 𝑘.  

 

B(h) = (𝑏𝑖𝑗)𝑛×𝑛 = [

1 𝑏12 ⋯ 𝑏1𝑛

𝑏21 1 ⋯ 𝑏2𝑛

⋮ ⋮ ⋱ ⋮
𝑏𝑛1 𝑏𝑛2 ⋯ 1

] (C.1) 

Once the upper triangular matrix has been determined, the lower triangular matrix can be defined 

by Eq. Error! Reference source not found.. 

 𝑏𝑖𝑗 = 1
𝑏𝑗𝑖

⁄  ∀𝑖 , 𝑗 (C.2) 

To estimate the weight vector w(h), the principal eigenvector of B(h) is calculated. The vector 

w(h), can be obtained from any pairwise comparison matrix B(h) as the solution of the following 

equation system: 

 
{ 

B(h)w(h)  =  𝜆max w
(h)

w(h)𝑇
𝟏 = 1

 (C.3) 

where 𝜆max  is the maximum eigenvalue of B(h), and 𝟏 =  (1, . . . ,1)𝑇. 

Finally, the weights 𝑤crit and 𝑤sub  are then computed with ∑ 𝑤𝑗
crit3

𝑗=1  and ∑ 𝑤𝑗
sub𝑁

𝑗=1  

A consistency check of the comparisons included in B(h) is done by calculating the consistency 

ratio (CR) according to Eq. Error! Reference source not found..  

 CR = CI
RI⁄  , (C.4) 

 
CI =  

𝜆max − 𝑛

𝑛 − 1
 , (C.5) 

 

with CI being the consistency index of the matrix B(h), and RI the consistency index of a random-

like matrix. The calculated RI values for matrices of different sizes is provided by Saaty (1988). A 

CR value of 0,1 represents an inconsistency of 10% in the pairwise comparisons, and is regarded 

as acceptable. If CR is greater than 0,1, the pairwise comparisons must be revised (Saaty, 1988).



 

 

C.2 Scoring guide 

Appendix Table C.1 

Scoring guide for the assessment of sub-criteria.  

Criteria Sub-criteria Description  Evaluation method Scale Score 

Technical 

performance 

  

  

  

  

  

  

  

  

TRL Indicates the level of 

maturity of the different 

pathways  

Technology readiness level as indicator 

for current state of development, if a range 

is given in the literature, the higher TRL is 

used. The maturity of the overall product 

system shall equal the lowest maturity of 

the individual system element. The TRL 

scale described in Appendix B.1 is used. 

TRL 1 0 

TRL 2 0,5 

TRL 3 1 

TRL 4 1,5 

TRL 5 2 

TRL 6 2,5 

TRL 7 3 

TRL 8 3,5 

TRL 9 4 

  Chemical 

conversion 

efficiency 

Relates to efficient 

feedstock utilization, given 

that H2 has been identified 

as a possible economical 

and technical bottleneck  

Energy content of produced amount of 

fuel with 1 t of feedstock (not CO2), 

calculated via stoichiometry, and then 

normalized by LHV of feedstock. 

Utilizing the LHV reported in literature. If 

many values are given the average is used. 

ƞcc < 50   0 

  50 ≤ ƞcc < 60   1 

  60 ≤ ƞcc < 70   2 

  70 ≤ ƞcc < 80   3 

  ƞcc ≥ 80 4 

  Energy 

efficiency 

Energy efficiency of main 

process for fuel conversion  

Ratio of energy (electrical and thermal) 

input and fuel output, based on the fuel’s 

LHV. If many values are reported the 

average is taken. 

ƞe < 30   0 

  30 ≤ ƞe < 40   1 

  40 ≤ ƞe < 50   2 

  50 ≤ ƞe < 60   3 

  ƞe ≥ 60 4 

      

      

Criteria Sub-criteria Description Evaluation method Scale Score 



 

 

Technical 

performance 

  

Flexibility of 

operation  

Indicates if the process can 

be operated with 

discontinuous feedstock e.g. 

renewable energy surplus 

Based on literature review fixed operation, constant energy demand 0 

flexible operation might cause issues 2 

flexible operation without issues 
 

 

4 

  Competitiveness 

with other 

technologies 

Evaluates if the CO2 use is 

technologically competitive 

with alternative 

"low carbon" technologies 

or processes, achieving the 

same outcome.  

Consider alternative, sustainable pathways 

(biomass/waste based, maturity of 

alternative process) and evaluate threats  

    

  
  

  
  

  
  

  
   

Economic 

feasibility 

Business Case  Estimated cost of 

production compared to the 

actual market price 

Estimate Capital Expenditure, Operational 

Expenditure and Annualized Costs, based 

on literature review of similar plants and 

own calculations. The ratio (R) of the 

market price (MP) to production cost (PC) 

is identified.  

Cannot be estimated 0 

 R < 0,10 1 

  0,10 ≤ R < 0,20 2 

  0,20 ≤ R < 0,30 3 

  R ≥ 0,30 4 

  European market 

value (€/y)  

Identifies how valuable the 

European market is today, 

since pathways will not 

only be driven by market 

size but also by market 

value (small market, high 

value e.g. chemicals) 

Identify the European market value of 

product 

No existing market  0 

  Market value < 100 M€ 1 

  Market value between 100 M€ and 1 B€ 2 

  Market value between 1 B€ and 100 B€ 3 

  Market value > 100 B€ 4 

  European market 

volume growth 

(%/y) 

Identifies if the market is 

growing or shrinking and 

future opportunities  

Based on gathered CAGR data for Europe 

per fuel product, base year 2018 to 2019 

No information available / Market 

shrinkage 

0 

  CAGR ≤ 5% 2 

  CAGR > 5% 4 

      

      

Criteria Sub-criteria Description Evaluation method Scale Score 

No information or difficult to estimate 0 

2 

Some 

1 0 

2 1 

2 

3 

3 4 Low 

Medium 

High 

Few Significant M
a

rk
et

 c
o

m
p

e
ti

ti
o

n
 

Number of alternatives 



 

 

Social and 

environmental 

compatibility 

  

  

  

CO2 fixation 

potential 

Describes the theoretical 

maximum for CO2 

utilization, reflecting on 

environmental 

sustainability.  

CO2 fixation in product (kg CO2/kg 

product): CO2 demand for product 

according to stoichiometry. 

CO2 Fixation potential (CFP) equals CO2 

fixation times market potential (EU).  

CFP ≤ 1 Mt CO2/y 1 

1Mt CO2 < CFP ≤ 25Mt CO2/y 2 

25 Mt CO2/y < CFP ≤ 50 Mt CO2/y 3 

CFP > 50 Mt CO2/y 4 

  Toxicity Identifies if the CCU 

process social and 

environmental compatibility 

compared to the 

conventional process. 

Considers the toxicity of by-

products/emissions, required raw 

materials, potentially replacing (avoiding) 

toxic materials used in the conventional 

process. 

CCU process requires or produces a 

higher amount of toxic material flows or 

material flows with a higher level of 

toxicity than the conventional process 

0 

  No information available or hard to 

estimate; no difference between 

conventional and CCU process 

2 

  

 

CCU process requires or produces a 

lower amount of toxic material flows or 

material flows with a lower level of 

toxicity than the conventional process 

4 

  Infrastructure 

compatibility  

Evaluates if the produced 

fuel can be integrated into 

existing infrastructure or if 

it will require additional 

infrastructure development. 

Considers integration into existing 

infrastructure, consider if new 

transportation methods (road transport, 

pipelines, ships) and equipment 

(combustion chambers, pressurization) 

must be developed. 

Strong objection to new infrastructure - 

Major changes required  

0 

  Low acceptance - Some changes required 1 

  Mediocre acceptance - Minor changes 

required 

2,5 

  High acceptance - Can be used in 

existing infrastructure 

4 

  Fossil fuel 

dependence 

Evaluates if the future CCU 

project will have any 

dependences on fossil fuel.  

Consider feedstocks for the CCU process, 

which cannot be replaced.  

High dependence on fossil fuels 0 

  Moderate dependence on fossil fuels  2 

  No dependence on fossil fuels  4 



 

 

C.3 Pairwise comparison matrices 
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Priority 

vector 

(wcri) 

Technical performance 1 2 2  0,49 

Economic feasibility 0,5 1 0,5  0,20 

Social & environmental 

Acceptance 
0,5 2 1 

 
0,31 
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Priority 

vector 

(wsub) 

TRL 1 0,5 2 4 3  0,27 

Chemical conversion 

efficiency  
2 1 2 3 2 

 
0,32 

Energy efficiency 0,5 0,5 1 2 5  0,22 

Flexibility in operation 0,25 0,33 0,5 1 0,5  0,08 

Competitiveness with 

other technologies 
0,33 0,5 0,2 2 1 

 
0,11 

 

 

 

 

 

 

0,58Random Index (RI) =

0,03Consistency Index (CI) =

0,05Consistency Ratio (CR) = 

Appendix Figure C.1: Criteria’s pairwise comparison matrix 

and consistency measures.  

 

 

 

0,09Consistency Index (CI) =

1,12Random Index (RI) =

0,09Consistency Ratio (CR) = 

Appendix Figure C.2: Technical performance’s sub-criteria pairwise 

comparison matrix and consistency measures.  
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Priority 

vector 

(wind) 

Business case 1 2 2  0,49 

European market value 0,5 1 2  0,31 

European market growth 
0,5 0,5 1 

 
0,20 
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Priority 

vector 

(wind) 

CO2 fixation potential  1 2 4 0,5  0,32 

Toxicity 0,5 1 2 0,5  0,18 

Infrastructure compatibility  0,25 0,5 1 0,5  0,12 

Fossil fuel dependency 2 2 2 1  0,38 

 

 

 

 

 

 

 

C.4 Scorecards per fuel synthesis pathway 

0,03Consistency Index (CI) =

0,58Random Index (RI) =

0,05Consistency Ratio (CR) = 

Appendix Figure C.3: Economic feasibility’s sub-criteria 

pairwise comparison matrix and consistency measures. 

0,06Consistency Index (CI) =

0,90Random Index (RI) =

0,07Consistency Ratio (CR) = 

Appendix Figure C.4: Social and environmental feasibility’s sub-

criteria comparison matrix and consistency measures. 



 

 

Appendix Table C.2 

DME score card

 

Criteria Score Comments 

Technology Readiness Level 1,5
TRL: 4 (Schemme, 2018)

10 to 15 years, no pilot plant currently operating

Chemical conversion efficiency 4

Main reaction: 2CO2+ 6H2 ↔ CH3OCH3 + 3H2 

1kg  of H2 leads to 3,83kg of DME

DME LHV: 8,03 kWh/kg 

H2 LHV: 33,3 kWh/kg

Product energy content: 30,78 kWh per kg of  H2

Normalized by energy input via H2: ƞcc= 0,92

Energy efficiency 3 ƞDME=80%; ƞe=55,8% (Brynolf, 2018) 

Flexibility of operation 4

Relatively easy routes to be operated under flexible conditions due to the 

high and robust selectivity of the desired product with limited sensitivity 

towards temperature variations and catalyst stability (Iglesias Gonzales, 

2015)

Competitiveness with other 

technologies
1

Competition with DME production from methanol (high TRL- comercial) 

(Chauvy, 2019)

Competition with DME production from biomass (TRL 5) (EAFO, 2020) 

BioDME demostration plant in Sweden from wood gasification

Business case 2

Conditions: "One pot synthesis": 250 °C < T < 280 °C ; 30–50 bar 

(Catizzone, 2017); bifunctional catalyst copper oxidebased and solid acid 

(Cu−ZnO−Al2O3//γ-Al2O3) (Bonura, 2017)

Investment cost:  500 €/kWfuel (5MW) (Brynolf, 2018)

Medium investment range similar to FT-diesel (Tremel, 2015)

Production Cost : 120–690 €/MWh (Brynolf, 2018), 265 €/MWh 

(Michailos, 2019)

Average production Cost: 358 €/MWh

DME LHV: 8,03 kWh/kg 

Calculated average Production cost: 2874 €/t

Market price: 550 €/t (Tremel, 2015)

Ratio: 0,19

European market value (€/y) 1

Global DME market US $5.9BN in 2018

European market size: approx. 80 kt per year (EAFO, 2020)

Market price: 550 €/t 

Calculated European market value: 44 M€/y

European market volumen 

growth (%/y)
4 8,9 % (2019)

CO 2  fixation potential 1

CO2 utilization: 1,91 tCO2 per tDME

European market size: DME demand in Europe is around 80 kton per year 

(European Alternative Fuels Observatory, 2020)

CO2 fixation potential: 0,153 Mt of CO2

Toxiticity 4
DME is non-toxic, and environmentally benign gas (Anwar, 2020)

Infrastructure compatibility 0

Requires different on board tank in cars and fuel distribution system, due 

to higher pressurisation needed

Can be utilized as additive for LPG or gasoline in small amounts 

Can be easily manufactured using LPG infrastructure with modifications. 

DME can also be used as a replacement for different chemicals like 

propylene, ethylene, and chlorofluorocarbons (Anwar, 2020)

Fossil fuel dependance 4 No dependance on fossil fuel 

Technical performance

Economic feasibility 

Social and environmental compatibility 



 

 

Appendix Table C.3: 

SNG scorecard 

 

Appendix Table C.4: 

Ft-Kerosene (a) (PEM+RWGS) scorecard 

Criteria Score Comments 

Technology Readiness Level 4

TRL: 9 Actual system proven in operational environment (Jarvis, 2018)

Time to market: < 5 years (Chauvy, 2019), Audi e-gas commercial 

installation

Chemical conversion efficiency 4

Main reaction: CO2 + 4H2 ↔ CH4 + 2H2O 

1t  of H2 leads to 2t of CH4

Methane LHV: 13,9 kWh/kg 

Product energy content: 27,8 kWh/H2

Normalized: 0,83 (Billig, 2019)

Energy efficiency 3 ƞmethanation= 77%; ƞe=53,6% (Brynolf, 2018)

Flexibility of operation 2
Can be operated dynamically but might endanger catalyst stability, and 

depends on reactor design, preferable for three-phase reactors  (Götz, 2016)

Competitiveness with other 

technologies
0

Competition with biological methanation

Competition with upgraded natural gas 

Business case 2

Economic studies tend to prove that the route would be economically feasible 

and close to profitability; depends on the source of electricity

Conditions: Highly exothermic process, Self-sufficient process (energy 

integration) 200 °C < T < 550 °C ; 1–100 bar (Götz, 2016)

Etogas methanation: Fixed-bed reactor or plate reactor with steam cooling 

(Chauvy2019)

Investment cost: 300 €/kW for 50MW plant (Brynolf, 2018)

                         400€/kW for 5MW plant (Götz, 2016)

Operation & maintenance: 4% of total plant investment per year (Tremel, 

2015) 

Production Cost: 120–650 €/MWh (Brynolf, 2018), 230€/MWh 

(Schiebahn2015), 150–280 €/MWh (Benjaminsson, 2013)

Calculated average production cost: 286 €/MWh; 0,286 €/kWh

Market price EU 2019: 0,072 €/kWh for households (16,6% of grosss inland 

energy consumption), 0,031 €/kWh for non-households

Weighted average: 0,038 €/kWh

Ratio: 0,13

European market value (€/y) 4

European market size: 15 112 634,970 TJ (Gross Calorific Value) in 2018 

Price for non household: 7,7610 €/GJ

Price for household: 13,5193 €/GJ (Eurostat, 2020) 

Houselholds represent 16,6% of grosss inland energy consumption 

EU market value: 131 Billion Euros 

European market volumen 

growth (%/y)
2 4,4% (2019)

CO 2  fixation potential 4

CO2 utilization: 2,74 tCO2 per tCH4

Gross calorific value: 52,3 MJ/kg (Natural gas H)

European market size: 15 112 634,970 TJ (gross calorific value) in 2018 

(Eurostat) 28 countries ; 288 960 Mtonnes

CO2 fixation potential: 791 752 Mt of CO2

Toxiticity 4

Few sources of potential harms (hazardous subtance use, etc) have been 

identified and would require controls (Chauvy, 2019)

GHG emission reduction compared to coventional technology, reduction of 

toxic chemicals used in oil and gas drilling 

Infrastructure compatibility 4

Can utilize current gas grid and infrastructure, does not require any changes

Easy to transport and store in liquid phase

Natural gas can be used as substitute for gasoline in Otto engines (Billig, 

2019)

Fossil fuel dependance 4 No dependance on fossil fuel 

Technical performance

Economic feasibility 

Social and environmental compatibility 



 

 

 

Criteria Score Comments 

Technology Readiness Level 2,5

FT-synthesis TRL: 9 - Commercial scale (Jarvis, 2018)

RWGS TRL: 6

PEM electrolysis TRL: 8

10 to 15 years; No pilot in planning for RWGS. (Garcia Gutierrez, 2016)

No pilot/demonstration plant for the production of Power-to-Kerosene is 

in operation. 

FT-synthesis demostrated at commercial scale by Shell in Qatar and 

Malasia and Sasol - Sunfire Dresden operates syncrude plant in Germany

Chemical conversion efficiency 2

Main reaction: nCO + 2nH2 ↔ (−CH2-)n + nH2O

1t of H2 leads to 1,87t of jet fuel (Billig, 2019)

Kerosene LHV: 12,83 kWh/kg 

Product energy content: 23,99 kWh/kg H2

Normalized to H2 energy input: 0,72–68.2% (Billig, 2019); 66,8% (König, 

2015) Average ƞcc=0,69

Energy efficiency 2 ƞe= 44,6% (König2015); including all the plant 

Flexibility in operation 2

PEMEL:  Flexible operation with fluctuating power

RWGS:  According to Böltken (2020b), a flexibility of at least 50% of the 

load can be assumed. Both partial load and intermittent operation is 

possible on an MW scale. Nevertheless, current concepts require high 

temperature levels of at least 650 °C, which is likely to be accompanied 

by restrictions in flexible operation, especially with regard to economical 

operation.Normally Hydrogen storage is considered, for continous 

chemical conversion eg. cavern 

FT:  Depends on the reactor under consideration

Conventional slurry-type FT reactors are not load-flexible

Microstructured reactors can tolerate changing feed

Competitiveness with other 

technologies
3

Competition with utilization of biomass as feedstock, HEFA 

(Hydroprocessed Esters and Fatty Acids) process commercially available 

(Neullig, 2018), Direct sugar to hydrocarbons 

Methanol pathway

Very limited pathways (besides FT) have been identified to produce 

"sustainable" jet fuel

Business case  1

Hydrogen is produced via PEM electrolysis, there is hydrogen storage to 

account for electrolysis using surplus renewable energy. CO2 and H2 are 

feedstocks for endothermic RWGS reaction, and syngas is feedstock for 

FT synthesis. After FT synthesis product is upgraded via hydrocracking 

to FT-kerosene. Range of fuel products including gasoline and diesel are 

expected.

High capital costs of Fischer-Tropsch synthesis may largely be attributed

to the complexity of the overall process and high number of unit 

operations involved.

Investment cost: 4890 €/kW @50 MW scale, including H2 storage

Operation & maintenance:  0,40 €/kWh

Production Cost: 457 €/MWh ;  5863 €/t

Market price EU: 452 €/t (Billig, 2019)

Ratio: 0,08

Currently not competitive with fossil fuel technology, main limitation of 

the technology is described as cost (Panzone, 2020)

European market value (€/y) 3

EU  market size: 58,3 Mt Jet Fuel (Fuels Europe, 2020)

EU price: 452 €/t (Billig, 2019)

EU market value: 26,35 Billion € 

European market volumen 

growth (%/y)
4 5,2% (2019) (Globenewswire, 2020)

Technical performance

Economic feasibility 



 

 

 

Appendix Table C.5: 

Ft-Kerosene (b) (HTCE) scorecard 

 

 

 

Criteria Score Comments 

CO 2  fixation potential 4

CO2 utilization: 2,6t CO2 /t liquid fuel (Jarvis, 2018)

EU  market size: 58,3 Mt of Jet fuel per year (2016)

Calculated CO2 fixation potential: 137Mt CO2

Toxiticity 4

RWGS:  Catalysts used in studies are mostly based on copper, platinum 

and rhodium (Daza2016). Nickel catalysts are seen as the main ones for 

comemrcial use (König, 2016; CO2RRECT). Catalysts based on precious 

metals, especially Ru-, Pt- and Rh-based systems, are characterized by 

excellent activity and high coking resistance, but are much more 

expensive than the former. 

No hazardous substances are used. 

FT:  PtL need a negligible amount of water compared to biofuels. GHG 

emissions can be significantly reduced using renewable energy 

technologies, compared to fossil technologies (Panzone, 2020). Fuels are 

sulphur-free. FT SPK fuel is less irritating than JP-8 (Mattie, 2018) 

The area-specific fuel yield of Power-to-Liquid is generally high and 

superior to the yields achieved with biofuels. even taking into account PV 

and Wind installations. Also lowest GHG emisisons compared to biomass 

technologies (LBST2016)

Infrastructure compatibility 4
Totally compatible with today’s infrastructures and health

and environmental risks are already known (Panzone, 2020)

Fossil fuel dependance 4 No dependance on fossil fuel 

Social and environmental compatibility 

Criteria Score Comments 

Technology Readiness Level 2

FT-synthesis: TRL: 9 - Commercial scale 

Co-electrolysis: TRL: 5 (Brynolf, 2018) 

Time to market: 10 years; Sunfire Dresden using co-electrolysis to 

produce syncrude (Chauvy, 2019)

Chemical conversion efficiency 2

FT Main reaction: nCO + 2nH2 ↔ (−CH2-)n + nH2O

1t of H2 leads to 1,87 t of jet fuel (Billig, 2019)

Kerosene LHV: 12,83 kWh/kg 

Product energy content: 23,99 kWh/kg H2

Normalized to H2 energy input: 0,72–68.2% (Billig, 2019); 66,8% (König, 

2015) Average ƞcc=0,69

Energy efficiency 3
Co-electrolysis: ƞ =81% (Sunfire, 2019)

ƞe= 51% including Co-electrolysis and FT synthesis (Becker, 2012) 

Flexibility in operation 0

Co-electrolysis:  Ramping up and down decrease the efficiency and 

increase stack wear, minimum part load 3% of capacity  (Brynolf2017)

Not suited for fluctuating system (Götz, 2016). Due to the high operating 

temperatures, the cold start time is over 600 minutes (Smolinka, 2018)

FT: Depends on the reactor under consideration

Conventional slurry-type FT reactors are not load-flexible

Microstructured reactors can tolerate changing feed

Competitiveness with other 

technologies
3

Competition with utilization of biomass as feedstock, HEFA 

(Hydroprocessed Esters and Fatty Acids) process commercially available 

(Neullig, 2018), Direct sugar to hydrocarbons 

Methanol pathway

Very limited pathways (besides FT) have been identified to produce 

"sustainable" jet fuel

Technical performance



 

 

 

 

 

 

 

 

 

 

Business case 1

Syngas is produced via high temperature co-electrolysis. Syngas is 

feedstock for FT synthesis. After FT synthesis product is upgraded via 

hydrocracking to FT-kerosene. Range of fuel products including gasoline 

and diesel are expected.

High capital costs of Fischer-Tropsch synthesis may largely be attributed 

to the complexity of the overall process and high number of unit 

operations involved. Co-electrolysis capital costs are higher than PEM 

electrolysis. Co-electrolyser stack degradates faster and has operating 

temperatures between 600-100°C

Investment cost: 10944 €/kW @ 50 MW scale

Operation & maintenance:  0,35 €/kWh

Production Cost: 556 €/MWh; 7133 €/t

Market price EU: 452 €/t

Ratio: 0,06

Currently not competitive with fossil fuel technology, main limitation of 

the technology is described as cost (Panzone, 2020)

European market value (€/y) 3

EU  market size: 58,3 Mt Jet Fuel (Fuels Europe, 2020)

EU price: 452 €/t (Billig, 2019)

EU market value: 26,35 Billion € 

European market volumen 

growth (%/y)
4 5,2% (2019) (Globenewswire, 2020)

CO 2  fixation potential 4

CO2 utilization: 2,6t CO2 /t liquid fuel (Jarvis, 2018)

EU  market size: 58,3 Mt of Jet fuel per year (2016)

Calculated CO2 fixation potential: 137Mt CO2

Toxiticity 4

Co-electrolysis:  Critical raw materials yttrium and scandium are needed. 

Yttrium for the electrolyte and scandium for the anode and dopping 

yttrium (Smolinka, 2018). No hazardous substances are present. 

FT:  PtL need a negligible amount of water compared to biofuels. GHG 

emissions can be significantly reduced using renewable energy 

technologies, compared to fossil technologies, (Panzone, 2020)

ommonly sulphur-free. Accordingly, 1.3 m
3
 of water are required for 1 

metric ton of synthesis gas. 

FT SPK fuel is less irritating than JP-8 (Mattie, 2018) 

The area-specific fuel yield of PtL is generally high and superior to the 

yields achieved with biofuels. even taking into account PV and Wind 

installations. Also lowest GHG emisisons compared to biomass 

technologies (LBST, 2016)

Infrastructure compatibility 4
Totally compatible with today’s infrastructures and health

and environmental risks are already known (Panzone, 2020)

Fossil fuel dependance 4 No dependance on fossil fuel 

Economic feasibility 

Social and environmental compatibility 



 

 

Appendix Table C.6: 

FT-Kerosene (c) (DMR+SMR) 

 

Criteria Score Comments 

Technology Readiness Level 2,5

FT-synthesis  TRL: 9 - Commercial scale 

DMR TRL: 6  (Chauvy, 2019)

SMR  TRL: 9

Time to market: DMR 10 years (Chauvy2019). FT-synthesis demostrated 

at commercial scale by Shell in Qatar and Malasia and Sasol

Chemical conversion efficiency 4

Syngas production does not require hydrogen feedstock

1t of CH4 leads to 0,97t of FT-Fuel (Baltrusiatis2015)

Liquid fuel LHV: 12,06 kWh/kg 

Natural gas LHV: 13,1 kWh/kg

Product energy content: 11,69 kWh/kg CH4

Normalized by energy input via natural gas: 0,89

Energy efficiency 3 ƞsys= 52% (thermal) (Szima, 2018) 

Flexibility in operation 4 Flexible operation (Szima, 2018)

Competitiveness with other 

technologies
3

Competition with utilization of biomass as feedstock, HEFA 

(Hydroprocessed Esters and Fatty Acids) process commercially available 

(Neullig, 2018), Direct sugar to hydrocarbons 

Methanol pathway

Very limited pathways (besides FT) have been identified to produce 

"sustainable" jet fuel

Business case  2

Syngas is produced via combination of DMR and SMR. DMR is limited 

to the production of syngas with H:CO ratio 1, and SMR produces syngas 

with H:CO ratio 3. Feedstocks for DMR+SMR are methane, CO2 and 

water. Syngas is feedstock for FT synthesis. After FT synthesis product 

is upgraded via hydrocracking to FT-kerosene. Range of fuel products 

including gasoline and diesel are expected.

High capital costs of Fischer-Tropsch synthesis may largely be attributed 

to the complexity of the overall process and high number of unit 

operations involved. DRM has high energy requirements, operating 

temperatures 800–1000 °C and pressures 4–5bar

Investment cost: 856 €/kW @50 MW scale

Operation & maintenance: 0,18 €/kWh

Production Cost: 204 €/MWh ;  2617 €/t

Market price EU: 452 €/t

Ratio: 0,18

Methane and carbon dioxide are fairly inexpensive, hence, converting 

these two compounds into higher-value chemical products has the 

potential for substantial economic benefits operational expenditure 

dominated by fixed costs of production (Mondal, 2016)

European market value (€/y) 3

EU  market size: 58,3 Mt Jet Fuel (Fuels Europe, 2020)

EU price: 452 €/t (Billig, 2019)

EU market value: 26,35 Billion € 

European market volumen 

growth (%/y)
4 5,2% (2019) (Globenewswire, 2020)

CO 2  fixation potential 4

CO2 utilization: 2,6t CO2 /t liquid fuel (Jarvis, 2018)

EU  market size: 58,3 Mt of Jet fuel per year (2016)

Calculated CO2 fixation potential: 137Mt CO2

Toxiticity 2

DMR+SMR : DMR requires around 1,6 times more heat than conventional 

SMR, but it is environmentally advantageous in that it results in 

significantly reduced CO2 emissions (Jarvis, 2018) 

Noble metal catalyst, uses same technology as conventional (SMR)

Infrastructure compatibility 4
Totally compatible with today’s infrastructures and health

and environmental risks are already known (panzone2020)

Fossil fuel dependance 0 Fully dependant on methane feedstock for syngas production 

Technical performance

Economic feasibility 

Social and environmental compatibility 



 

 

Appendix D  

D.1 Aspen Plus® simulation results 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure D.1: Flowsheet of PtSNG plant before thermal integration. 



 

 

Appendix Table D.1 

Stream tables of PtSNG plant’s simulation 

Stream 

name 
From To Phase 

Temperature 

[°C] 

Pressure 

[bar] 

Molar 

vapor 

fraction 

Molar 

liquid 

fraction 

Mass flow 

[kg/h] 

Volume 

flow [m3/h] 

Mole fractions 

H2O CO2 H2 CH4 
T-

OIL 
O2 

H2O   PEM Liquid 20 7 0 1 150,58 0,15 1 0 0 0 0 0 

H2 PEM K-2 Vapor 80 7 1 0 16,85 35,06 0 0 1 0 0 0 

O2 PEM   Vapor 80 7 1 0 133,73 17,53 0 0 0 0 0 1 

CO2   K-1 Vapor 20 55 1 0 91,95 0,93 0 1 0 0 0 0 

S3 K-1 K-2 Vapor 20 7 1 0 91,95 7,28 0 1 0 0 0 0 

S4 K-2 HX-1 Vapor 65,17 7 1 0 108,80 41,98 0 0,20 0,80 0 0 0 

S5 HX-1 R-1 Vapor 270 7 1 0 108,80 67,40 0 0,20 0,80 0 0 0 

S6 R-1 HX-2 Vapor 337,81 6,99 1 0 108,80 46,73 0,62 0,01 0,05 0,31 0 0 

S7 HX-2 ST-1   120 6,99 0,52 0,48 108,80 15,70 0,62 0,01 0,05 0,31 0 0 

S8 ST-1   Liquid 120 6,98 0 1 55,58 0,06 0,99 0,00 0,00 0,00 0 0 

S9 ST-1 HX-3 Vapor 120 6,98 1 0 53,22 15,67 0,28 0,02 0,10 0,60 0 0 

S10 HX-3 R-2 Vapor 260 6,98 1 0 53,22 21,25 0,28 0,02 0,10 0,60 0 0 

S11 R-2 HX-3 Vapor 281,99 6,98 1 0 53,22 21,31 0,33 0,01 0,03 0,64 0 0 

S12 HX-3 HX-4 Vapor 142,06 6,98 1 0 53,22 15,94 0,33 0,01 0,03 0,64 0 0 

S13 HX-4 ST-2   30 6,98 0,67 0,33 53,22 7,78 0,33 0,01 0,03 0,64 0 0 

S14 ST-2   Liquid 30 6,98 0 1 19,40 0,02 0,99 0,00 0,00 0,01 0 0 

S15 ST-2 CO-1 Vapor 30 6,98 1 0 33,82 7,75 0,00 0,01 0,04 0,95 0 0 

S16 CO-1 HX-5 Vapor 107,11 16 1 0 33,82 4,24 0,00 0,01 0,04 0,95 0 0 

SNG HX-5   Vapor 30 16 1 0 33,82 3,38 0,00 0,01 0,04 0,95 0 0 

A1 R-1 HX-1 Liquid 337,21 1 0 1 1000 1,28 0 0 0 0 1 0 

A2 HX-1 HX-

R1 
Liquid 311,56 1 0 1 1000 1,25 0 0 0 0 1 0 

A3 HX-

R1 
R-1 Liquid 200 1 0 1 1000 1,13 0 0 0 0 1 0 

A4 HX-

R2 
R-2 Liquid 250 1 0 1 100 0,12 0 0 0 0 1 0 

A5 R-2 HX-

R2 
Liquid 281,64 1 0 1 100 0,12 0 0 0 0 1 0 

 

 



 

 

Appendix E  

E.1 Cost estimation  

Appendix Table E.1 
Lang-factors for estimating FCI on the basis of EC, adapted from Peters et al. (2003) 

Capital cost item j 
Electrochemical equipment 

Lang-factor 𝑭𝒋 

Thermochemical 

equipment Lang-factor, 𝑭𝒋 

Direct costs     

  Installation 1 0,47 0,47 

  Instrumentation 2 0,00 0,36 

  Piping 3 0,00 0,68 

  Power supply 4 0,00 0,11 

  Building 5 0,00 0,18 

  Yard improvements 6 0,10 0,10 

  Service facilities 7 0,00 0,70 

Indirect costs  
  

  Engineering and supervision 8 0,00 0,33 

  Construction expenses 9 0,00 0,41 

  Legal expenses 10 0,04 0,04 

  Contractor's fee 11 0,22 0,22 

  Contingency 12 0,44 0,44 
 

Lang-factors’ values shown in Appendix Table E.1 are also recommended within the BEniVer 

“Energiewende im Verkehr” funding initiative to standardize techno-economic assessments of 

electricity-based fuels. 

 

Appendix Table E.2 

Heat exchangers size estimation 

Unit 
 �̇�, Duty 

(kW) a 

𝜟𝑻𝐥𝐧 , Logarithmic 

mean temperature 

difference 

𝒌, Heat transfer 

coefficient (W/m2K) b 

𝑨, Heat 

transfer area 

(m2) 

Heat Exchanger 1 (HX-1) 18,995 122,663 385,478 0,40 

Heat Exchanger 2 (HX-2) 48,905 185,963 228,952 1,15 

Heat Exchanger 3 (HX-3) 5,231 21,996 550,682 0,43 

Heat Exchanger 4 (HX-4) 16,541 37,729 228,952 1,91 

Heat Exchanger 5 (HX-5) 1,714 29,898 542,648 0,11 
a
 Data extracted from Aspen Plus® process simulation 

b
 Values calculated on the basis of Table 4-15a from Ulrich and Vasudevan (2004) 

 



 

 

Appendix Table E.3 

Summary of plant equipment sizing 

Unit Characteristic input 1 Characteristic input 2 Characteristic input 3 

Compressor       

Gas compressor (CO-1) a Fluid power: 10kW   

 Shaft power: 1,805 kW    

Electrolyser        

PEM Electrolyser 
Nominal power: 1000 

kW 
  

Heat Exchangers        

Heat Exchanger 1 (HX-1) Surface area: 0,40 m2 Pressure: 7 bar  

Heat Exchanger 2 (HX-2) Surface area: 1,15 m2 Pressure: 7 bar  

Heat Exchanger 3 (HX-3) Surface area: 0,43 m2 Pressure: 7 bar  

Heat Exchanger 4 (HX-4) Surface area: 1,91m2 Pressure: 7 bar  

Heat Exchanger 5 (HX-5) Surface area: 0,10 m2 Pressure: 16 bar  

Rectors       

Methanation Reactor 1 (R-1) Surface area: 3,86 m2 Pressure: 7 bar  

Methanation Reactor 2 (R-2) Surface area: 2,12 m2 Pressure: 7 bar  

Separators       

Separator 1 * Length: 2,75 m Diameter: 0,91 m Pressure: 7 bar 

Separator 2 * Length: 2,75 m Diameter: 0,91 m Pressure: 7 bar 

*Characteristic values for equipment sizing were extracted from Aspen Plus® process simulation 

Appendix Table E.4 

Equipment cost estimation parameters 

Unit 

Base 

equipment cost 

2004, 𝐶2004 
0 ($) 

Base 

equipment cost 

2018, 𝐶2018
0  (€) d 

Material 

factor 𝐹𝑀
𝑠𝑠 

Pressure 

factor 𝐹𝑃 

Equipment 

cost 2018, 

𝐶2018
𝑠𝑠 (€) 

Compressor a         

Gas compressor (CO-1)   $15.000,00   17.262,07 €  4,4 1,0 
 76.419,20 €    $270,00   310,72 €    

Electrolyser       

PEM Electrolyser      1.460.000,00 €  

Heat Exchangers b      

Heat Exchanger 1 (HX-1)  $1.600,00   1.841,29 €  3,0 1,0  5.523,86 €  

Heat Exchanger 2 (HX-2)  $1.900,00   2.186,53 €  3,0 1,0  6.559,59 €  

Heat Exchanger 3 (HX-3)  $1.600,00   1.841,29 €  3,0 1,0  5.523,86 €  

Heat Exchanger 4 (HX-4)  $2.500,00   2.877,01 €  3,0 1,0  8.631,04 €  

Heat Exchanger 5 (HX-5)  $1.600,00   1.841,29 €  3,0 1,0  5.523,86 €  

Rectors b      

Reactor 1 (R-1)  $3.500,00   4.027,82 €  3,0 1,0  12.083,45 €  

Reactor 2 (R-2)  $3.500,00   4.027,82 €  3,0 1,0  12.083,45 €  

Separators c      

Separator 1   $3.500,00   4.027,82 €  2,5 1,5  15.104,32 €  

Separator 2   $3.500,00   4.027,82 €  2,5 1,5  15.104,32 €  

All data was extracted from Ulrich and Vasudevan (2004), details of the exact source are given below: 

a Compressor cost is divided in driver (motor) cost and the compressor cost. Driver cost was extracted from 

Figure 5.20 and an installation factor of 1,5 was considered. The compressor cost was obtained from Figure 

5.30. 
b Values were gathered from Figure 5.36 
c Values were extracted from Figure 5.44 and Figure 5.45 
d Calculated utilizing CEPCI2004 = 444,2 € and CEPCI2018 = 603,1 € 



 

 

Appendix Table E.5 

Method for the estimation of fixed production costs 

Fixed production cost item   𝒚 Factor 𝑾𝒚 Basis  

Insurance and taxes 
 

1 0,02 FCI 

Maintenance labour (ML) 
 

2 0,01 FCI-CAPEXelectrolyser 

Maintenance material (MM) 3 0,01 FCI-CAPEXelectrolyser 

Maintenance electrolyser 
 

4 
 

12,50 €/kW* 

Operating supplies (OS) 
 

5 0,15 ML+MM 

Operating labour (OL) 6   

Operating supervision (OV) 7 0,15 OL 

Laboratory charges 
 

8 0,20 OL 

Plant overhead costs (PO) 9 0,50 OL+OV+OS 

Administrative costs 
 

10 0,25 PO 

Distribution and selling costs 11 0,00 NPC 

Research and development costs 12 0,00 NPC 

*Maintenance of electrolyser amounts to 12,50 €/kW for PEMEL and 18 €/kW for AEL in 2018 

 (NOW GmbH, 2018) 

  



 

 

Appendix Table E.6 

Base case NPC estimation summary 

 

 



 

 

E.2 SNG cost literature comparison  

Appendix Table E.7 

Compilation of literature utilized for the SNG cost comparison  

Source 
Operating 

hours  
Assumptions Year  

SNG Cost 

(€/kWhSNG) 

CAPEX 

(€/kWSNG) 
OPEX (€/kWSNG) Cost estimation method  

Becker et al. 

(2018) 
7740 66 MWH2 / 51 MWSNG capacity 2013 0,06–0,18 1045 80,7 H2A tool developed by the 

National Renewable Energy 

Laboratory. 15% working 

capital  

5590 No electrolysis   0,15  4,14 M€ 

3440 Free electricity   0,132  8,4% of total installed cost 

  40y plant lifetime       
Benjaminsson 

et al. (2013) 
8600 1 MWel capacity 2014 0,14–0,24 6500–8666 468–624 Based on cost estimated on 

contact with equipment 

suppliers 

 Alkaline electrolysis   7,8 –10,4 M€ 234–312 k€ 
 Electricity 30 €/MWh    Maintenance and service 3% 

of investment    Free CO2      
De Saint Jean 

et al. (2015) 
4500 1 MWel capacity 2014 0,42–0,58 7070–9630 664–9144 The Chauvet method  

 SOEC electrolysis    Maintenance 4% of 

investment, tax 2. 0,2 

operators required 

excluded working capital  

  
Electricity 0–50 €/MWh 

     

    

Giglio et al. 

(2015) 

  

  

  

8000 10 MWel capacity 2011 0,05–0,11 590–670 38–40 Methodology developed by 

NETL, several levels of 

capital cost were calculated. 

Includes capital for 

inventory 

 Steam and co-electrolysis    Maintenance: 2% of total 

plant cost, considers one 

plant operator 

 Electricity 0–65 €/MWh    
  CO2 cost 4–88 €/t 

     
Jentsch et al. 

(2014) 

 
6-12 GW capacity  2014 0,05 750 Fixed Operating costs 4% of 

investment costs  

Investment cost, fixed 

operating costs, interest rate, 

depreciation method  

Source 
Operating 

hours 
Assumptions Year 

SNG Cost 

(€/kWhSNG) 

CAPEX 

(€/kWSNG) 
OPEX (€/kWSNG) Cost estimation method 



 

 

Mohseni et al. 

(2013) 
8000 2,5 MWel or 1,2 MWSNG 

capacity 
2014 0,13 1516 1095 Uses cost estimation tool 

CAPCOST, a set price for 

SNG is determined 

 Alkaline electrolysis   1,82 M€ O&M are 5% of investment 
 Sale of heat and oxygen     

  Free CO2      
Parra and 

Patel (2016) 

  

  

  

  

8000 0,01–1000 MWel capacity 2016 0,1–0,25 0,07–141 M€ O&M cost is 5% of CAPEX 

for methanation and 2% for 

electrolyser, BoP OPEX is 

7% 

Calculated total levelized 

cost. Used the cost curve 

method to account for scale 

dependencies 

 PEM electrolyser    
 Revenue for frequency control    
 Sale of heat and oxygen     

  Free CO2      

(Peters et al., 

2019) 

  

  

8000 13,2 MWSNG capacity 2019 0,25–0,47 649–1274 2140–3827 Cost of manufacture by 

using Lang factors and 

initial equipment cost. 

Working capital 15% 

 No electrolysis     

 

  
CO2 cost 80–800€/t 

     

  

Schiebahn et 

al. (2015) 

  

  

3000 84 GWel capacity 2015 0,23 1809 Operation and maintenance 

are 3% of total investment  

Cost estimated based in 

component scaling and 

process design  
 PEM Electrolysis     

  Free CO2      
Tremel et al. 

(2015) 

  

  

6000 32 MWSNG capacity 2015 0,17 1000 Operation and maintenance 

are 4% of total investment 

per year 

Used cost curve method to 

account for scaling effects.  
 No electrolysis     

        
Tichler et al. 

(2014) 

  

  

  

5630 1–10 MWel capacity 2013 0,26–0,44 1500–2197       

 Alkaline electrolysis   €/kWel 

 

   

 Electricity 33–105 €/MWh        

  CO2 cost 30–90 €/t            



 

 

E.3 CO2 tax requirement calculation 

To calculate the value that CO2 tax should reach in order to make natural gas price equal SNG NPC, 

first the CO2 emissions caused by combustions must be determined. Since SNG is a synthetic fuel 

produced from CO2, its emissions during combustion are disregarded. On the other hand, natural 

gas emissions cannot be neglected and those are subject to further emission taxation.  

Natural gas’ main constituent is methane, therefore in the following calculations only methane is 

considered. Stoichiometric methane combustion is a multiple step reaction, which is represented 

as:  

 CH4 + 2 O2 → CO2 + 2H2O    (∆H = −891 kJ/mol). ( 9.1 ) 

 

Therefore, for every kilogram of methane combusted there are 2,75 kg of CO2 released to the 

atmosphere. The following Appendix Table E.8 shows the CO2 price that natural gas emissions 

should be charged so that the price of natural gas equals SNG NPC in the base case (4,34 €/kg). 

For these calculations, a HHV of 10,92 kWh/m3 (13,65 kWh/kg) for natural gas in Germany is 

assumed (BDEW, 2019).   

Appendix Table E.8 

Calculated CO2 tax so natural gas price equals SNG NPC  

 

E.4 Scenario definition 

In the following subheadings, the parameters and assumptions of the four scenarios are discussed 

in detail.  

Scenario A 

The plant operates 8000 h/y, which leads to a steady operation, and hence the utilization of a PEM 

electrolyser is unnecessary. A less dynamic and more economic alkaline electrolyser is employed. 

The cost of AEL is 700 €/kW in 2018 (NOW GmbH, 2018). All the other parameters were kept the 

same as in the base case.  

Natural gas tariff 
Price 2019 

 (€-cent/kWh) 

Price 2019  

(€-cent/kg) 
CO2 price (€/t) 

Private customers 0,0610 0,8324 1275,47 

Industrial customers  0,0396 0,5402 1381,71 

Cross-border 0,0176 0,2411 1490,47 



 

 

Scenario B 

The plant operates only with surplus electricity coming from renewable generation. Because of the 

volatile renewable generation structure, a dynamic PEM electrolyser is employed. In 2030, the 

PEM electrolyser has a cost of 810 €/kW and produces hydrogen at 20 bar (NOW GmbH, 2018). 

No hydrogen storage is considered. The operating hours are defined by forecasted full-load 

downtime hours of wind turbines in Germany in 2030 (Fraunhofer IWES, 2015). Electricity costs 

during surplus hours is equal to zero, as the plant consumes electricity that would otherwise be 

curtailed. At all other times the electrolyser is shut down and not standby operating mode is 

considered. No further SNG compression is accounted for, as the production is so low that the fuel 

can be easily injected in the local gas grid. 

Scenario C 

The plant operates only when the electricity price is below 67,5 €/MWh, this leads to 5000 full-

load annual operating hours and a mean price of electricity of 28 €/MWh (Store & Go, 2019). In 

2030, The EEG levy will reach 3,5 €-cent/kWh (Agora Energiewende, 2020). The electrolyser used 

is one alkaline because of its more economical than other electrolyser technologies and has enough 

flexibility to operate within the specified hour window. Its standby consumption is 1%. The 

electricity during standby operation is supplied at average electricity price in 2030 of 93 €/kWh 

(Agora Energiewende, 2020). Alkaline electrolyser technology in 2030 amounts to 450 €/kW 

(NOW GmbH, 2018).  

Scenario D 

The plant operates only when the electricity price is below 73,3 €/MWh, this leads to 6000 full-

load annual operating hours and a mean price of electricity of 36 €/MWh (Store & Go, 2019). he 

electrolyser used is one alkaline because of its more economical than other electrolyser 

technologies and has enough flexibility to operate within the specified hour window. Its standby 

consumption is 1%. The electricity during standby operation is supplied at average electricity price 

in 2030 of 93 €/kWh (Agora Energiewende, 2020). To reach Paris agreement targets, CO2 price 

should reach 55 €/t in 2030 (Lewis, 2018). The cement company is assumed to pay this price for 

carbon credits, and CO2 transportation to the PtSNG by pipeline is considered at a price of 5 €/t.  

 

 



 

 

Appendix F  

F.1 Cradle-to-grave environmental assessment 

Appendix Table F.1 

GWP of SNG in the Base case and Scenario A 

Base case and Scenario A         

Process 
CO2 compression         

(1 to 55 bar) 
CO2 transport Plant electricity  Combustion  

Requirement  11,55 kW 44 km 1001,81 kW 4106744,13 kWhSNG 

  92400 kWh 735,64 t CO2/y 8014441,36 kWh     

Emission factor  427 g CO2/kWhel 62 g CO2/t km 427 g CO2/kWhel 0 g CO2/kWhSNG 

CO2 emissions  39454800 g CO2/y 2006815,01 g CO2/y 3422166461 g CO2/y     

  39,45 t CO2/y 2,01 t CO2/y 3422,17 t CO2/y 0,00 t CO2/y 

       Total CO₂ Emissions 3463,63 t CO2/y 

       Specific CO2 emissions 843,40 g CO2/kWhSNG 

 

 

 



 

 

Appendix Table F.2 
GWP of SNG in Scenario B 

Scenario B                

Process CO2 compression  

(1 to 55 bar) 
CO2 transport Plant electricity  Combustion  

Requirement  11,55 kW 44 km 1001,80 kW 105235,32 kWhSNG 

  2367,75 kWh 18,85 t CO2/y 205370,06 kWh     

Emission factor  14,46 g CO2/kWhel 62 g CO2/t km 14,46 g CO2/kWhel 0 g CO2/kWhSNG 

CO2 emissions  34237,665 g CO2/y 51424,63458 g CO2/y 2969651,065 g CO2/y     

  0,03 t CO2/y 0,05 t CO2/y 2,97 t CO2/y 0,00 t CO2/y 

         Total CO2 Emissions 3,06 t CO2/y 

         Specific CO2 Emissions 29,03 g CO2/kWhSNG 

 

Appendix Table F.3 

GWP of SNG in Scenario C 

Scenario C               

Process 
CO2 compression 

(1 to 55bar) 
CO2 transport Plant electricity Combustion  

Requirement  11,55 kW 44 km 1009,90 kW 2566715,08 kWhSNG 

  57750 kWh 459,77 t CO2/y 5049500 kWh     

Emission factor  162,5 g CO2/kWhel 62 g CO2/t km 162,5 g CO2/kWhel 0 g CO2/kWhSNG 

CO2 emissions  9384375 g CO2/y 1254259,38 g CO2/y 820543750 g CO2/y     

  9,38 t CO2/y 1,25 t CO2/y 820,54 t CO2/y 0,00 t CO2/y 

         Total CO2 Emissions  831,18 t CO2/y 

         Specific CO2 emissions 323,83 g CO2/kWhSNG 

 



 

 

Appendix Table F.4 
GWP of SNG in Scenario D 

Scenario D                   

Process CO2 Capture Cement 
CO2 compression  

(1 to 55 bar) 
CO2 transport Plant electricity Combustion 

Requirement  730 MJel/tCO2 Captured  11,55 kW 83 km 1001,81 kW 3080058,10 kWhSNG 

  551,73 t CO2/y 69300 kWh 551,73 t CO2/y 6010831,02 kWh     

  402760,71 MJel/y                 

  111877,98 kWhel/y                 

  3700 MJth/tCO2 Captured                  

  2041389,90 MJth/y                 

  567052,75 kWhth/y                 

Emission 

factor  

  

162,5 g CO2/kWhel 
162,5 g CO2/kWhel  62  g CO2/t km 162,5  g CO2/kWhel 0  g CO2/kWhSNG 

107 g CO2/kWhth 

CO2 

emissions  

  

78854815,19 g CO2/y 11261250 g CO2/y 2839187,14 g CO2/y 976760040,8 g CO2/y     

78,85 t CO2/y 11,26 t CO2/y 2,84 t CO2/y 976,76 t CO2/y 0,00 t CO2/y 

             Total CO2 emissions  1069,72 t CO2/y 

             Specific CO2 emissions 347,30 g CO2/kWhSNG 
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