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Abstract

:

Synthetic Natural Gas (SNG) is the most researched option for a Power-to-Fuel pathway in Germany after hydrogen, having the advantage of being compatible with the existing infrastructure. However, it is not clear under which conditions SNG is economically and environmentally advantageous compared to natural gas usage, since this is determined by a complex interplay of many factors. This study analyzes the technical, economic and environmental aspects of a pilot SNG plant to determine the key parameters for profitable and sustainable operation. The SNG plant was simulated in Aspen Plus® with CO2 from biogas production as a feedstock and with hydrogen provided by a 1 MWel electrolyzer unit. A life cycle analysis (LCA) was undertaken considering several impact categories with a special focus on global warming potential (GWP). An SNG cost of 0.33–4.22 €/kWhth was calculated, depending on factors such as operational hours, electricity price and type of electrolyzer. It was found that the CO2 price has a negligible effect on the SNG cost, while the electricity is the main cost driver. This shows that significant cost reductions will be needed for SNG to be competitive with natural gas. For the investigated scenarios, a CO2 tax of at least 1442 €/t was determined, calling for more drastic measures. Considering the global warming potential, only an operation with an emission factor of electricity below 121 g CO2-eq/kWhel leads to a reduction in emissions. This demonstrates that unless renewable energies are implemented at a much higher rate than predicted, no sustainable SNG production before 2050 will be possible in Germany.
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1. Introduction


In view of increased anthropogenic emissions and the imminent threat of climate change, Germany has committed to reduce its Greenhouse Gas (GHG) emissions by 2030 by at least 65% compared to 1990s levels, and achieve GHG neutrality by 2045 [1]. 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 decarbonization exist mainly isolated. In the Power-to-Fuel (PtF) concept it is foreseen to produce chemical energy carriers by using electricity and CO2, thus offering a way for storing fluctuating renewable electricity while utilizing CO2 that would otherwise be emitted into the atmosphere. In such a system, CO2 can be separated from flue gas streams of industrial processes or power plants. CO2-based fuels, also known as electro fuels, are of particular interest, since they represent climate-friendly alternatives to conventional fossil fuels, while simultaneously using the existing infrastructure and vehicles [2].



Power-to-Synthetic Natural Gas (SNG), also known as Power-to-Gas (PtG) technology, generates methane via a two-step process: H2 production by water electrolysis and CH4 generation via H2 and CO2 conversion according to the Sabatier reaction [3]. The resulting CH4 is commonly referred to as SNG, since methane is the principal component of natural gas. SNG can be injected into the existing natural gas network, used as Compressed Natural Gas (CNG) motor fuel and in all other established natural gas facilities. 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, where, after hydrogen methane, the second most researched is the Power-to-Fuel option [4,5,6,7]. Regarding methanation technology, of special importance is the Audi e-gas plant in Werlte, which is presently the largest industrial PtG plant in the world (6 MWel) and has been operating since 2013 [8]. Larger plants are under construction.



Several techno-economic analyses focusing on Power-to-SNG (PtSNG) technology have been conducted [2,8,9,10,11,12,13,14]. These studies mostly focus on different technological options within the system (e.g., electrolyzer technology and source of CO2) as well as on products and services provided (e.g., CNG for mobility or injection in the gas network) in a given regulatory context. Schiebahn, et al. [15] presented a technology overview on different PtG routes and compared power-to-hydrogen and power-to-methane in terms of future market options, with a SNG feed-in cost of 0.23 €/kWhSNG using wind energy and an 84 GWel electrolyzer. Buchholz, et al. [16] studied the integration of a methanation reactor with an alkaline electrolyzer and a lignite fired power plant to produce SNG for subsequent injection in the gas grid. The plant efficiency was estimated at 53% and the SNG cost at 0.72–1.08 €/kWh. These high prices are attributed to high electrolyzer costs. Giglio, et al. [17] examined SNG production on a plant with 10 MWel high temperature electrolysis and found SNG costs of 0.048–0.094 €/kWhSNG depending on CO2 and electricity prices. Parra and Patel [18] calculated the levelized cost of SNG (LCOES) production for different system ratings from 25 kW to 1000 MW, using different electrolyzer technologies within the Swiss context. The authors estimated a SNG LCOES at 0.13 €/kWhSNG when using a 1 MW alkaline electrolyzer and showed that for all the examined scenarios alkaline technology leads to a lower SNG cost than PEM. Overall, published literature shows a broad range of costs and a wide variety of cost calculating methodologies, therefore a study outlining the different findings and assumptions of each of the studies is of primary importance but, nevertheless, currently missing.



Regarding the environmental performance of PtG systems, a limited number of published literature has utilized the Life Cycle Analysis (LCA) method, and these have only focused on climate change without reporting on other environmental aspects [19,20,21]. Hoppe, et al. [21] compared the global warming potential (GWP) of CO2-based SNG with conventionally produced natural gas in transport and determined that SNG produced with wind power would lead to lower GWP than using natural gas in either transport or chemical production. Reiter and Lindorfer [19] used an LCA to compare PtSNG with conventional gas supply and concluded that PtSNG reduced the GWP of fuel only if renewable energy was used for electrolysis. Sternberg and Bardow [20] also performed an LCA of PtSNG technology and determined that the environmental threshold for electricity supply is 0.082 kg CO2-eq/kWhel so that SNG production is more environmentally beneficial than conventional natural gas usage. In both cases, no techno-economic analysis was performed. Collet, et al. [22] presented an economic and environmental assessment of PtSNG technology combined with anaerobic digestion. The authors found SNG costs of 0.096–0.104 €/kWhSNG for different plant configurations and determined that continuous PtSNG generates more greenhouse gases than direct injection, but intermittent operation with use of renewable electricity can significantly reduce GHG emissions. Parra, et al. [23] performed a techno-economic and environmental analysis on PtG systems participating in the Swiss wholesale electricity market, which included value-adding services in addition to fuel production. Authors determined that none of the systems is economically profitable if only selling fuels, and on an environmental level, only renewable electricity input into the electrolysis leads to environmental benefits compared to conventional natural gas production. In both studies, no detailed modeling of the technical aspects of the plant were included.



The present work combines all the aforementioned research areas. The goal is to examine the techno-economic and environmental characteristics of SNG synthesis in the frame of PtG technology, providing an in depth understanding of factors affecting the technological, economic and environmental feasibility of the proposed concept. Initially we present a model PtSNG plant using the Aspen Plus® software which considers all relevant process units and technical requirements. Next, in the economic assessment the net production cost of the product SNG is estimated utilizing the annualized cost method, and obtained results are compared to current natural gas costs and published literature values on the same process. Different scenarios are discussed in order to evaluate at which conditions the pilot plant concept would be economically competitive. Finally, we use an LCA to perform the comparative environmental analysis of PtSNG and natural gas conventional production. In the frame of the environmental assessment, emission factor values of the electricity supply, under which PtSNG is more environmentally beneficial than natural gas fossil-based production, are identified. For all three aspects, relevant data are provided in the Supplementary Materials.




2. Methodology


The system boundaries as well as the most relevant material and energy flows are shown schematically in Figure 1. In the case of the technical analysis only electricity, water, and compressed CO2 are input flows while SNG is obtained as the product. The CO2 is obtained in the Reference case from a biogas production plant. The economic and environmental analyses have a broader system boundary, in which additional electricity and fuel for the CO2 compression and transportation are considered as inputs. At the same time an additional stream of emissions from the transport is included.



2.1. Technical Assessment


This chapter describes the basic assumptions and the properties used in the simulation of the pilot PtSNG plant. The simulation was done in the Aspen Plus® v10 software [24]. Information on the characterization of the kinetic model used for the 1D pseudo-homogenous reactor modeling is also provided. Next, the product SNG is assessed to ensure it complies with standards for injection in the German natural gas network. Finally, mass and energy flows as well as performance metrics are presented and compared to literature data.



2.1.1. Process Description


In general, the production of SNG consists of three main steps: hydrogen production, methanation, and gas upgrading. In this study initially, hydrogen is generated using electrolysis. The proposed concept utilizes a commercially available 1 MWel PEM electrolyzer 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 DVGW G 260 standard [25] for subsequent injection into the natural gas network. The inputs of the process are distilled water, carbon dioxide and electricity, while the outputs are SNG and the by-products oxygen and heat. 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.




2.1.2. Simulation Model


The model in Aspen Plus® is based on pure components to describe the chemical reactions and the properties of mixtures within the process. In this work the Peng-Robinson equation of state is used to describe the thermodynamic behavior, as it is widely applied in the fields of gas processing and synthetic hydrocarbon production [9,12,26,27]. Heat losses of reactors, heat exchangers and piping are neglected.



Figure 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. The following sections discuss in detail the modeling of each of the PtSNG plant’s units. Stream tables of the Aspen Plus® simulation are available in the Supplementary Materials Section S1.



Electrolysis Unit


The PEM electrolysis unit with operation conditions of 7 bar and 80 °C, was modeled by a Gibbs reactor block (GR-1) and a Splitter block (S-1) (Figure 3). A heat stream (S11) was used to represent the electric power coming in the electrolyzer and a heat multiplier block to indicate the efficiency of the electrolyzer. 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 pressurized electrolyzer leads to the avoidance of compressor’s investments to feed the hydrogen into the pressurized 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% [28]. The 1 MWel PEM electrolyzer 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 neglected in this study.




Methanation Unit


In this section, CO2 is hydrogenated according to the Sabatier reaction, which is favored by low temperatures and high pressures. The technology used in this study to design and model the methanation unit of the plant, is based on the patent of Solar Fuel GmbH [29], 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 260 [25] 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 [30]. 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 [31].



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 (Therminol-66) 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 (R-1) 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 in heat exchanger HX-3 to 260 °C, by recovered heat from the exit gas of the second reactor stage (R-2). Similar 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.




Reactor Modeling


A pseudo-homogenous and one-dimensional equation system or plug-flow modeling approach was applied for both reactors R-1 and R-2, which are similar but have different operating conditions. In this case, axial distribution of the gas species and temperature is considered, but radial profiles are neglected. Schlereth and Hinrichsen [32] 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 study. The reactors R-1 and R-2 were modeled as Plug Flow Reactors (PFR), 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 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) [16]. Ruthenium-based catalysts are also less susceptible to poisoning by halogens and sulphur, than nickel-based ones, which may be present in CO2 from biogas [3]. The catalyst bed is characterized with the values given by 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    d P    of 2.73 mm, bulk density of 750 kg/m3 and bed voidage of 0.4.



The kinetic model developed by Falbo, et al. [34] was utilized, 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 [35], 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. [34] obtained the following rate expression:


   r    CO  2    =  k  1 + α    P   H 2  O              P    CO  2       n       P   H 2        4 n   −        P    CH  4       n       P   H 2  O       2 n          K  e q    T     n       



(1)




where, T is in °C, P in atm, n is an empirical pressure dependent constant, and  α  is a parameter which changes the kinetic dependence on H2O proposed by Falbo, et al. [34]. 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 and the chemical driving force is considered within the second part of the expression. The Arrhenius term is given as:


                                                  k =  k 0  exp   −    E A   R     1 T  −  1   T  ref          



(2)







The equilibrium constant, was calculated according to Equation (3), using the empirical correlation as reported by Lunde and Kester [35]:


   K  e q    T    = exp      1  1.987     ·     56000    r 2    +   34633  T  − 16.4 ln T + 0.00557   T   +   33.165    



(3)







The kinetic parameters utilized are reported in Table 1. These parameters were used to validate the proposed simulation, by performing a comparison between experimental results obtained by Falbo, et al. [34] and this work’s model.



The reactors R-1 and R-2 were both modeled using the same kinetics; however, their dimensions and operational parameters differ due to distinct feed gas mixtures (Table 2). The length of both reactors was calculated by setting the mean residence time to 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 [29]. The catalyst loading of both reactors was determined by considering a Gas Hour Space Velocity (GHSV) of 5 L (STP)/h/gcat [34]. Additionally, the pressure drop inside the reactors was calculated with the Ergun equation.



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 [36]. The cooling process of the fixed-bed reactors R-1 and R-2 is performed by thermo-oil (Therminol-66 with a heat transfer coefficient of 500 W/m2 K [37]) 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.




Gas Upgrading Unit


Before injecting the obtained SNG into the local distribution gas network, some technical specifications must be verified. The product SNG must be within the acceptability boundaries specified by the DVGW G 260 standard [25]. 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. According to the results, no further purification steps are required to ensure compliance with injection standards.




Thermal Integration


To perform the thermal integration, the methodology of pinch analysis was used [38]. The target function chosen was the minimization of external heat requirement, and the minimum temperature difference     Δ  T  min       between hot and cold fluids, which was selected to be 20 °C. For the analyzed system it was assumed that for external cooling, water at 15 °C inlet temperature and maximum outlet temperature 25 °C were available. Figure 2 represents the flowsheet of the pilot plant after the thermal integration was carried out. Before thermal integration, the PtSNG plant required external heating and cooling during steady-state operation.





2.1.3. Definition of Performance Parameters


The performance of the proposed concept was evaluated in terms of PtSNG efficiency, the fuel synthesis efficiency and the carbon conversion rate in the reactor, as defined in Table 3. Similar parameters are defined in literature [9,12,14,39,40,41]. The PtSNG 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 [12].





2.2. Economic Assessment


To calculate the net cost of production per kWhth of SNG produced, the annualized cost method was used. This approach is briefly described in this section and more in detail in the Supplementary Materials Sections S2–Section S5. The annualized cost method 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 [42]. The accuracy of the cost estimation is expected to be ±30% according to class three and four of the cost classification system of the Association of the Advancement of Cost Engineering (AACE) [43]. The calculation of the product’s costs followed three steps:




	
Estimation of total capital and operational expenditures (CAPEX and OPEX);



	
Determination of total annualized cost (TAC);



	
Calculation of net production cost (NPC).








2.2.1. Calculation of 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. [44] in Equation (7).


  TCI = FCI +  WC     



(7)







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 [42]. According to Peters, et al. [44] 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 FCI was calculated according to Equation (8), by multiplying the cost of each equipment e, by defined Lang-factors    F j   , and by summing all the capital cost items. The Lang-factors    F j    are based on typical values for fluid processing plants in the chemical industry, as reported by Peters, et al. [44] and are summarized in the Supplementary Materials Section S2.


  FCI =   ∑   k = 1  m    EC  e    1 +   ∑   j = 1   12    F  e , j      



(8)







Equipment costs (EC) were evaluated by utilizing cost estimation charts reported by Ulrich and Vasudevan [37] as well as the equipment’s operating parameters such as pressure and temperature. 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:


   C  v , r  0  =  C  u , r  0       v u     a  ,  



(9)




where    C  v , r  0    is the purchase price of the equipment in question, which has a capacity v in year r and    C  u , r  0    is the purchase price of the same type of equipment but with capacity u. The scaling factor is represented by the parameter a. Equipment sizing methodology and estimations are detailed in the Supplementary Materials Section S3.



To account for inflation, the Chemical Engineering Plant Cost Index (CEPCI) [45] was used to adjust prices to the chosen reference year, as shown in Equation (10). In this study, the reference year is 2018 and equipment prices given in U.S. Dollar ($) basis were first converted to Euro (€) utilizing the average exchange rate of 2018 which is equal to 0.8476 €/$ [46].


   C  v , 2018 , €  0  =  C  v , 2004 , $  0          CEPCI   2018       CEPCI   2004       ·   0.8476  



(10)








2.2.2. Calculation of OPEX


Operation costs can be broken down into variable costs of production (direct OPEX) and fixed costs of production (indirect OPEX) [42]. Variable costs of production are proportional to the plant output and include raw materials, utilities, and consumables (e.g., catalyst). 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 4. The price of utilities and raw materials were obtained from the German BEniVer “Begleitforschung Energiewende im Verkehr” initiative [47], 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. Analogous to Viebahn, et al. [48], the separation costs are set to zero since CO2 is an unwanted by-product of biogas treatment. Nevertheless, compression and transportation costs must be considered. Brynolf, et al. [39] and Fu, et al. [49] 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 Reference 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.



Fixed production costs were estimated by utilizing typical valuations based on historical data from the chemical industry [44]. Fixed cost production items include insurance and taxes, operating labor, maintenance, operating supplies, administrative costs, and plant overhead costs. To estimate a fixed production cost item   y ,   a corresponding ratio factor    W y    was multiplied by a defined basis    B y   . Used ratio factors    W y    were obtained from Peters, et al. [44] and are detailed in the Supplementary Materials Section S4. The annual costs for operating labor (OL) were determined based on typical labor requirements for process equipment, as suggested by Ulrich and Vasudevan [37] and the average specific labor 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 labor costs [26]. Lastly, all fixed production costs items were summed in order to estimate the total indirect operational expenses.




2.2.3. Total Annualized Cost


To determine the total annualized cost of production (TAC) the annual capital charge (ACC) is added to the total operating costs as per Equation (11). The annual capital charge (ACC) is in turn calculated by multiplying the annual capital charge ratio (ACCR), by the fixed capital investment Equation (12).


  TAC = ACC +  direct   OPEX  +  indirect   OPEX   



(11)






  ACC = ACCR · FCI  



(12)







Considering the amortization of a capital investment, 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 [42]. The capital charge ratio (ACCR) can be calculated as shown in Equation (13).


  ACCR =  A P  =     i     1 + i    n            1 + i    n  − 1      



(13)








2.2.4. Net Production Cost


The net production cost (NPC) was calculated according to Equation (14):


   C  SNG   =   TAC     m ˙   SNG   ·   HHV   SNG   · h      



(14)







The mass flow rate   (   m ˙   SNG   )    and the higher heating value (    HHV   SNG    ) of the product SNG were extracted from the process simulation. The annual operational hours of the plant,  h , were set to 8000 h for the Reference case. A detailed NPC calculation for the Reference case is provided in the Supplementary Materials Section S5. In economic calculations     HHV   SNG     was used, since natural gas is priced on this basis [50]. Nevertheless, for technical calculations, since heat balances are involved, SNG’s lower heating value (LHV) was employed for more accurate results.




2.2.5. Scenario Definition


To obtain an overview of how the SNG net production cost may vary according to the business model of the PtSNG plant, different scenarios were developed and evaluated. The characteristics of the operation of the 1 MWel PtSNG plant in each of the five scenarios is detailed below.



	
Taxed Ref 2020: Previously described Reference case but considering EEG taxation;



	
AEL 2020: Analogous to the Reference case but operation with an alkaline electrolyzer;



	
Wind 2020: The pilot plant only utilizes offshore wind energy for hydrogen production in 2020, assuming a direct coupling between the offshore wind turbine and the PtSNG plant. Standby consumption from electrolyzer is assumed to be 1%;



	
Surplus 2030: The PtSNG plant only operates with surplus electricity coming from renewable generation in Germany in 2030. Electricity costs during surplus hours equal zero, as the plant consumes electricity that would otherwise be curtailed. At all other times the electrolyzer is shut down and standby operating mode is not considered;



	
Cement-CC 2030: The PtSNG plant operates with electricity from the grid in 2030 and benefits from carbon trading. A cement company is assumed to pay the pilot plant to consume its CO2.






Table 5 summarizes the framework conditions assumed in each scenario. The Reference case was also included to enhance the comparability of results; however in this instance the EEG levy was incorporated.



Mid-term (2030) scenarios consider electrolyzer cost reduction due to technological developments and market effects. 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 more 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).





2.3. Environmental Assessment


An attributional life cycle analysis (LCA) is performed to assess the environmental impacts of the defined SNG scenarios in comparison to conventional natural gas supply. The LCA aims to identify operational conditions resulting in reduced greenhouse gas emissions and by this means also to point to critical components or flows, e.g., source of CO2 or electricity. The system boundary is defined as cradle-to-gate with SNG as a functional unit based on its energy content using the LHV as depicted in Figure 1. To solve any multifunctionality problem, the substitution approach is applied for the CO2 sources, whereas by-products such as O2 and surplus heat are neglected to be consistent with the techno-economic analysis. Life cycle inventory data are based on the process simulation of this paper (see Supplementary Materials Section S8) and the ecoinvent 3.7.1 cut-off database [56] with, wherever possible, a focus on Germany as geographic area and a temporal coverage of 2020. The ILCD Midpoint method yields the environmental impacts for each scenario considering the climate change category. In addition, the categories acidification, freshwater eutrophication, human toxicity (cancer and non-cancer effects), ionizing radiation, marine eutrophication, ozone depletion, photochemical ozone formation and terrestrial eutrophication are discussed. A future electricity grid mix for Germany in 2030 is defined as in the Revolution Scenario in EWI Energy Research and Scenarios [57] with details provided in the Supplementary Materials Section S8. The different CO2 and H2 sources for all scenarios are described in Table 6.





3. Results and Discussion


3.1. Technical


The simulation yields around 34 kg/h of synthetic natural gas 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 7.



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.



The pilot plant’s main material flows, energy flows and process performance parameters are summarized in Table 8. Approximately 34 kg/h (3.38 m3/h) of synthetic natural gas are produced from 92 kg/h of CO2 and 150 l/h of distilled water. The by-products oxygen (17.53 m3/h) and district/industrial heat (1.55 kJ/kgSNG or 0.525 MJ) are also available. Since the methanation process is highly exothermic, there is significant waste heat potential integration. Even after the heat integration via Pinch analysis was performed, 0.15 MJ of heat at temperatures 114–338 °C are available from the heat exchangers. Additional 0.38 MJ waste heat from the PEM electrolyzer at 80 °C are also available for further utilization. The excess produced heat could be integrated into other processes and/or used for district heating; nevertheless, such waste heat recuperation is not considered in the present work.



The CO2 conversion in R-1 matches with the value given in the patent from Solar Fuel GmbH [29] (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.



The plant’s Power-to-SNG efficiency is 46%, implying that less than half of the input power is converted into fuel. The value obtained in this work lies in the upper range of published values (30–50%) collected through a literature review by Brynolf, et al. [39]. The same authors found fuel synthesis efficiencies in literature to be 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 good performance, and comparable to literature values.




3.2. Economic


First, the equipment costs are presented based on the technical parameters defined in Section 2.1.2 and the economic approaches for the CAPEX defined in Section 2.2.1. Using the defined parameters for the reference case, the total capital investment for a 1 MWel PtSNG plant was estimated to be 4.86 M€. The full results of equipment costs can be found in the Supplementary Materials Section S3. As shown in Figure 5, more than half of the capital investments are incurred by expenses associated with the plant equipment (53%) and almost a quarter by indirect capital costs (26%). The most significant expenditure concerns the PEM electrolyzer, 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.



The annual operational expenses amount to 843 k€/y, considering the aforementioned Reference case, and their cost distribution is illustrated in Figure 6. The cost of electricity used for electrolysis is significant, representing 42% (400 k€/y) of the total operational expenses. Both electricity and cooling water are used in the plant, and since the 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 (operating labor (OL) plus indirect operational costs, in Figure 6), 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 OL cost which amounts to 200 k€/y and 21% of the total operational costs. The Reference 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 integrated in a larger chemical complex.



The SNG net production cost is estimated at 0.32 €/kWhth for the Reference case, without considering taxes. This number rises to 0.45 €/kWhth, once the EEG levy is considered in the Taxed Ref 2020 scenario (Figure 7). 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). The large contribution of the CAPEX to the SNG NPC exhibits a capital-intensive manufacturing process, where the electrolyzer is a significant player. Furthermore, the electricity used for hydrogen production represents a significant amount (22%) of the SNG cost. Other operational costs represent the remaining 31% of the SNG net production cost. When considering the sale of by-products oxygen and heat at 35 €/t and 26 €/MWh, respectively, a SNG NPC reduction of 0.03 €/kWhth is achieved. Rationale for the pricing of the by-products can be found in the Supplementary Materials Section S5.



Scenario AEL 2020 achieves a SNG NPC of 0.41 €/kWhth, which represents a 10% cost saving compared to the Taxed Ref 2020. This cost reduction is entirely attributed to the capital cost decrease, which in turn is associated with the replacement of the PEM electrolyzer with an alkaline one. The capital cost of the alkaline electrolyzer is 70% less than that of the PEM electrolyzer, but its maintenance cost, including stack replacement, is 36% higher than of the PEM electrolyzer. Considering this, and the fact that electricity supply cost represents 56% of AEL 2020’s SNG NPC, only a limited cost reduction is achieved by replacing the PEM electrolyzer with an alkaline one.



Scenario Wind 2020 employs only offshore wind power to generate SNG at 0.59 €/kWhth, representing a 31% increase from the Taxed Ref 2020. Electricity in this scenario is provided at 102 €/MWh, connoting a 13% reduction in the cost of electricity supply compared to the Taxed Ref 2020 scenario (considering 117 €/MWh). It should be mentioned that no EEG is paid in Scenario Wind 2020, since the electricity comes from renewable generation. The increase of the SNG NPC in the Wind 2020 scenario is therefore attributed to the reduction in annual full-load operating hours, which are limited to 3800 h.



The Surplus 2030 Scenario, which only utilizes surplus electricity in 2030 to generate SNG, has a fuel cost of 4.22 €/kWhth, which is approximately nine times more expensive than the Taxed Ref 2020 Scenario. This dramatic SNG cost increase is due to the extremely low annual full-load operating hours (203 h), which are not sufficient to amortize either the CAPEX or the fixed OPEX.



Lastly, the Cement-CC 2030 scenario produces SNG at an NPC of 0.33 €/kWhth in 2030, considering carbon trading and electricity supplied by the grid. This fuel cost is 27% lower than the SNG NPC of the Taxed Ref 2020 and can be attributed to the consideration of a price reduction of the electrolyzer, electricity cost decrease in 2030, and carbon trading. Nevertheless, it is visible that carbon trading only has a small impact on the overall NPC of SNG, since the additional CO2 revenue only contributes with a minor saving of 1 €-cent/kWhth (3%).



The market price of natural gas is used as a reference for contextualizing SNG cost in the current economic environment in Germany. In 2021 the estimated SNG cost is approximately five times higher than the price private customers pay for natural gas (0.06 €/kWhth) and eight times higher than the price for industrial customers (0.04 €/kWhth); for further information see Supplementary Materials Section S7. If compared to the 2021 cross-border natural gas price, which excludes taxes, SNG is almost 18 times more expensive than natural gas (0.02 €/kWhth). In 2030, natural gas price is expected to increase by 35% leading to a mean price of 0.06–0.8 €/kWh for household consumers [61]. If compared to the best performing scenario Cement-CC 2030, natural gas in 2030 will be four to eight times more economical than SNG. Even additional CO2-taxes do not have a significant effect, as will be discussed at the end of Section 3.2.



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 (0.08 €/kWh in 2019) [62]. Nevertheless, additional compression and purification of the SNG would be necessary for suitable use in the automotive industry. Since electricity costs and annual operating hours are crucial for the economic performance of the PtSNG plant, an optimization of these parameters can be undertaken. For example, when assuming that the plant is connected to the electricity grid and will always be operated at times with the cheapest electricity prices, a limit to the electricity price can be set. Store & Go [63] calculated separate average electricity price for each full-load hour in 2030. These data were used to find the optimum combination of price limit and annual full-load operating hours, which resulted in a price limit of 73.3 €/MWh (36 €/MWh electricity mean price), 6000 h/y and a SNG cost of 0.30 €/kWh. Thus, portraying the importance of achieving the highest possible number of operating hours while maintaining a relatively low electricity price and labour cost. Furthermore, when we consider a long-term scenario in 2050, where Direct Air Capture (DAC) and renewable electricity would be employed, the electricity would have to be provided for a very low cost and maximum full-load operating hours in order to be able to amortize the additional capital investment of the DAC system.



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, in the Ref scenario every ton of released CO2 will have to be taxed between 2159 € and 2374 €, to make SNG price competitive depending on the natural gas tariff used. Considering all the investigated scenarios a minimum CO2 tax of 1442 €/t will be required for SNG’s and natural gas’ price to be equal. The current CO2 price is 25 €/t and it is estimated to rise to 55 €/t by 2030 [54,55]. It appears, therefore, that taxing the CO2 emitted from natural gas combustion is an unviable way to make SNG economically competitive. The calculated capital, operational and SNG net production costs were compared to values published in eleven studies analyzing Power-to-SNG plants [8,10,14,15,18,26,41,64,65,66,67]. Figure 8 illustrates the values collected from the literature review and the ones calculated in this work. A detailed compilation of the expenses and assumptions from the aforementioned studies is provided in the Supplementary Materials Section S6.



Reviewed capital expenses ranged from 590 €/kWSNG to 9630 €/kWSNG. Low CAPEX results either did not account for hydrogen production or had a large plant capacity (>10 MWSNG) [41,65]. In contrast, higher CAPEX costs of 7070–9630 €/kWSNG mostly considered smaller plants of 0.5 MWSNG capacity [8,10]. Of the eleven reviewed analyses, nine neglected the working capital as part of capital investment. The two studies that included the WC, estimated it at 15% of the FCI [26,41]. The estimated capital investment in this study is 9473 €/kWth and, when neglecting the WC, the capital investment amounts to 8052 €/kWth. This CAPEX value lies in the upper range within literature ranges and coincides with values obtained with a small plant capacity. Differences among 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 [8,10,14,15,18,65,67]. In this study, the operational costs amount to 1642 €/kWth and O&M expenses to 11% of the CAPEX. This cost difference is connected to the conservative cost estimation method used in this work.



SNG production costs in literature range from 0.05 €/kWhth to 0.58 €/kWhth. Higher fuel production costs of 0.42–0.58 €/kWhth assume low annual operating hours (4500 h) and small plant capacity (1 MWel) [10]. Very economical SNG costs either do not consider water electrolysis or have a large plant capacity (>10 MWSNG) [41,65]. Mohseni, et al. [66] consider a plant with 1.2 MWSNG capacity, which accounts for revenues from by-products (oxygen: 55 €/t and heat: 31 €/MWh) and leads to a break-even SNG price of 0.12 €/kWh. This SNG price is the lowest study average cost found in literature and is associated with operational expenses amounting to 5% of the capital investment and also with low capital costs, which consider a specific alkaline electrolyzer equipment cost of 261 €/kWel in comparison to the present work with an equipment cost of 700 €/kWel [28]. In their work Giglio, et al. [64] accounted for a PtSNG plant operating 8000 h with and h 10 MWel SOEC electrolyzer and varying electricity price. At an electricity price of 50 €/MWh the SNG cost amounted to 0.07 €/kWhSNG under target scenario conditions which assumed a low electrolyzer cost, low stack replacement rate and almost negligible CO2 cost. Under a state-of-art scenario which considers the already achieved best operating parameters for SOEC electrolysis and 88 €/t CO2 cost, the SNG cost at an electricity price of 50 €/MWh is 0.14 €/kWhSNG. Additionally, the authors calculated a specific capital investment of 700 €/kWSNG for steam electrolysis and 800 €/kWSNG for co-electrolysis, both of which represent the lowest specific capital costs within the reviewed literature. Furthermore Parra, et al. [23] showed that the levelized cost of SNG substantially decreases with the size of the system. A 33% cost decrease by increasing the electrolyzer capacity from 1 MW to 1 GW was shown to be due to better efficiency and economies of scale.



The calculated SNG production cost of 0.32 €/kWhth (0.28 €/kWhth if considering by-product’s sales) is in line with the study of Benjaminsson, et al. [8], which found a SNG cost of 0.24 € /kWhth for a 1 MWel PtSNG plant and utilized cost and technical parameters from commercially available equipment. Overall, the estimated costs in this work are in good agreement with literature values; however it is important to highlight that these values represent a big range of operating conditions, production rates, and different levels of detail, as discussed above.



This work’s cost estimation method ensures that the economic findings are closely related to the current framework conditions in Germany and if, for example, the regulatory frame in Germany changes in the future, and economic incentives for PtSNG technologies are enforced, the SNG cost and the profitability of the concept could vary. Additionally, the scenario analysis for 2030 only considered capital costs’ variations associated with the electrolyzer and not with the chemical plant. This assumption is a source of uncertainty that could be reduced in future studies by considering the forecasted cost increase of material.




3.3. Environmental


The global warming potential (GWP) of natural gas, excluding its combustion, amounts to 0.04 kg CO2-eq/kWhth, while the GWP of SNG ranges between −0.17 kg CO2-eq/kWhth and 1.13 kg CO2-eq/kWhth (Figure 9). It has to be stressed that the negative GWP is no indication of a CO2 sink, since the combustion of SNG is not included in the system boundary. The results of the impact assessment indicate that electrolysis plays a crucial role in the environmental performance of PtSNG. Therefore, the global warming impact of the produced SNG strongly depends on the generation of the electricity used in the electrolyzer. In comparison to natural gas, only the scenarios Surplus 2030, and Wind 2020 achieve a GWP reduction (217 g CO2-eq/kWhth decrease) as a result of the exclusive use of renewable electricity from offshore wind power. On the contrary, if the German electricity mix is used (Scenario Ref 2020 and AEL 2020), it leads to a 26-times higher GWP than conventional production, with a slightly higher GWP contribution by the alkaline electrolyzer than the PEM one, due to their specific energy demand (see Table 6). If the forecasted German electricity mix from 2030 is used (Scenario Cement-CC 2030), also higher GWP than conventional production (670 g CO2-eq/kWhth increase) is 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 on the overall fuel GWP. This impact of the CO2 source changes, when the renewable share in electricity production increases. In Scenario Cement-CC 2030, the selected CO2 source reduces the total GWP only by 6%, whereas the impact of electrolysis using 2030s German electricity mix is higher than that of natural gas extraction and distribution. The process steps of the methanation unit itself, the SNG upgrading step and potential CO2 transport (i.e., 50 km distance between the CO2 capture and SNG plant was assumed) have a negligible impact on the GWP.



Thus, Power-to-SNG processes which do not utilize a primary renewable electricity supply are expected to lead to larger GHG emissions than conventional natural gas production in 2020 and even in 2030, mainly due to the high emission factor of the electricity supply. In general, the SNG upgrading unit, the CO2 compression step, and the methanation unit of the Power-to-SNG process contribute only on a minor extent to the global warming potential.



For a holistic view of the environmental consequences of Power-to-SNG, further impact categories should be considered. In Figure 10, the categories acidification, eutrophication (freshwater, marine, and terrestrial), human toxicity (cancer effects and non-cancer effects), ionizing radiation, and ozone depletion are depicted for all scenarios relative to the highest result in each category. As with the GWP, the electricity source is also decisive for the performance in other impact categories. For instance, the scenarios using the current electricity grid mix (Ref 2020, AEL 2020) or the electricity grid mix forecast for 2030 (Cement-CC 2030) result in the highest environmental impacts, except for the category ozone depletion. This can be mainly attributed to the electricity production using lignite and hard coal, which still has a share of 18.8% in the 2030 grid mix forecast, or to the nuclear share of electricity production in case of the ionizing radiation potential (Ref 2020, AEL 2020). For the former, the treatment of spoil from lignite mining in surface landfills is the main cause for the impact categories of eutrophication (freshwater, marine) and human toxicity (cancer and non-cancer effects). By selecting wind power as electricity source (Wind 2020, Surplus 2030), the environmental effect on each investigated impact category is reduced. In this case, the copper, steel and concrete demand for wind power construction impacts the considered categories the most. However, only in the category of ozone depletion is the environmental impact of Power-to-SNG with wind power below that of natural gas. In addition, this is the only category where the electricity source is not the main cause of the impact, since the Nafion content (and its tetrafluoroethylene precursor) in the PEM stack has a similar share in case of Wind 2020 or Surplus 2030 scenario.




3.4. Sensitivity Analysis


This section shows how the SNG net cost of production is affected by economic assumptions and how the emissions change with the underlying emission factor for the electricity, by means of sensitivity analyses. Several parameters were varied to determine SNG production cost considering the Reference case. Figure 11 illustrates the obtained results for a plant operating 8000 h annually.



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 0.22 €/kWhth, representing a 31% decrease from the reference value. By contrast, for a cost of electricity of 120 €/MWh, which represents an electricity supply cost including German electricity taxes, the fuel cost rises by 40%. As a result 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 12%, whereas a project lifetime of 30 years decreases SNG cost by 13%. Similarly, an augmented interest rate of 10% leads to a SNG cost increase of 13%. In terms of revenues from by-products, heat provision has a larger potential for cost reduction than O2 sales. Heat provision can achieve a 17% fuel cost reduction when charging 90 €/MWh, while oxygen sales at a maximum market price of 50 €/t only reduce 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 NPC. Considering an SNG compression to 200 bar, for which only a more powerful compressor and no additional equipment is required, 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 optimization considering all the aforementioned economic parameters permits an extensive SNG cost reduction.



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 12 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 Wind 2020 and Surplus 2030 are not considered in this analysis, since they operate 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 114 g CO2-eq/kWhel for Scenario AEL 2020 and 121 g CO2-eq/kWhel for Scenarios Ref 2020 and Surplus 2030. Scenario Cement-CC 2030 requires a “less pollutant” electricity supply (threshold of 46 g CO2-eq/kWhel) 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 after 2050, based on the forecast for the German electricity mix [69]. Thus, in this timeframe PtSNG utilizing German electricity from the power grid would be environmentally beneficial than natural gas production with regard to the GWP.



Reiter and Lindorfer [19] utilized 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 [20] 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 utilized. 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 [19,20,21,23,70]. Overall, this environmental assessment showed that the proposed PtSNG plant concept is environmentally beneficial to conventional natural gas production with regards to the global warming potential when renewable energy is used or when the electricity supply has an emission factor lower than 121 g CO2-eq/kWhel.



The following findings can be summarized from the sensitivity analyses: the electricity cost is the main cost component, but even when assuming electricity at no charge comparatively high costs are obtained. This is an indication that much more severe financial support or taxation of conventional processes are necessary to enter a regime of cost competitiveness. Concerning the environmental impact, an almost entirely PV or wind powered operation is required to achieve a reduction of emissions. However, this comes with significant limitations in the operational hours and would require batteries, shifting the focus to the economic aspect again.





4. Conclusions


SNG plants are the second most analyzed PtG option in Germany after hydrogen, which is supported by its technical feasibility and efficiency, as shown in this study. However, considering that none of the plants is operated profitably and many are still in the demo stage, questions arise regarding if and when this technology will be widely employed. In addition, its environmental footprint is a major criterion to avoiding additional damage to the atmosphere than the status quo.



Thus, we aimed to answer two open points in this context: First, what is the cost of a 1 MWel SNG plant and what are the sensitive parameters? Second, what is the environmental footprint of such a plant and at which electricity footprint is it more sustainable than natural gas?



The economic analysis shows that the impact of the CO2 price is negligible while the electricity cost is the main component. However, even when considering electricity at no charge and 8000 full-load operational hours, the cost for a 1 MWel plant is far from being competitive (0.22 vs. 0.02–0.06 €/kWhth), making a de-centralized deployment unlikely. Taking the results from Parra, et al. [18] as a reference, an increase from 1 MW to 1 GW would decrease this price by 33% to 0.15 €/kWhth. 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 [71]. As a result of the high capital intensity of the technology, the financial risk for first movers entering the competitive gas market is significant and therefore discouraging for 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. A further option could be to address the demand side with a defined quota for the usage of SNG instead of natural gas. Additionally, the EU emissions trading system (EU ETS) could serve as a mechanism to generate funds, but under no circumstances would the taxation of natural gas solely increase the competitiveness of SNG.



The technical analysis shows that the process can be considered as quite mature. Thus, future studies should shift their focus to a system analysis concerning the future energy and feedstock supply rather than on the methanation technology itself. This will help to identify the sectors and processes, where going away from natural gas as a feedstock is very hard to achieve. Considering biogas as the major alternative to SNG, covering the high demand will in the long run turn out in favor of SNG—especially based on CO2 from fossil sources or captured from the atmosphere. This is particularly true considering that in many regions of the world the availability of biomass and biogas is limited, and also taking into account that other forms of renewable energy, in particular solar energy, exhibit capacities and area specific yields which are significantly higher than those of biogenic resources.



The first priority should be to use the SNG in the chemical industry as a raw material or in industry applications where hydrocarbons will still be an essential feedstock for several reasons (reducing atmospheres required, specific flame properties needed, carbon takes part in a reaction or is part of the product, etc.), but where fossil fuels cannot be used anymore in the mid-to-long-term. Industry is already searching for options to replace the currently used fossil fuels or to even replace the technology entirely. Only as a second priority should such fuels be used for mobility.



The environmental analysis shows that currently only scenarios for operation with wind energy decrease the emissions compared to natural gas, while PV has a limited impact. However, in such cases the operational hours would decrease significantly, or batteries would have to be employed, making the operation highly uneconomical. Thus, the only solution to cover the demand while having high operational hours is the decarbonization of the electricity grid. The sensitivity study shows that the emission factor of the electricity has to decrease below 121 g CO2-eq/kWhth to match the footprint of natural gas. A similar value was found by other studies. This level will be reached in Germany after 2050 [69], which can be considered as the time horizon to scale up all the relevant technologies.
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Figure 1. Schematic representation of considered system boundaries for the technical, economic and environmental assessment in the Reference case. 
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Figure 2. Flowsheet of the PtSNG plant. Flowsheet of the PEM hierarchy block is shown in Figure 3. 
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Figure 3. Flowsheet of the PEM electrolyzer. 
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Figure 4. Schematic of reactor R-1. Adapted from Kuznik [33]. 
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Figure 5. 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. 
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Figure 6. Operational expenses distribution for the Reference case. * Raw materials and supplies include distilled water and catalyst; however, they exclude CO2 supply. + All indirect operational costs, except for operating labour are included. 
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Figure 7. SNG net cost of production per scenario. 
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Figure 8. 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 Supplementary Materials Section S6. Examined works include Becker, et al. [68], Benjaminsson, et al. [8], De Saint Jean, et al. [10], Giglio, et al. [64], Jentsch, et al. [65], Mohseni, et al. [66], Parra and Patel [18], Schiebahn, et al. [15] Peters, et al. [26], Tremel, et al. [14], Tichler, et al. [67]. 
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Figure 9. GWP of fuel in conventional and CO2-based pathways. Life cycle inventory is stated in the Supplementary Materials Section S8. 
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Figure 10. Life cycle impact assessment (cradle-to-gate) of all scenarios in comparison to natural gas. The values are relative to the highest impact of a scenario for each impact category. 
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Figure 11. Sensitivity analysis of the PtSNG plant’s Reference case. 
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Figure 12. Global warming potential of PtSNG scenarios 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 as described in the Supplementary Materials Section S8. 
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Table 1. Kinetic parameters for reactor modeling. Extracted from Falbo, et al. [34].
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	     k 0     

       mol  / ( s ·  g  cat   · atm      
	     E A     

      kJ / mol      
	   n   

     −     
	  α  

      1 / atm      
	    T  ref     

      ° C      





	95.43
	75.3
	0.152
	0.91
	350
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Table 2. Design and process parameters from reactors R-1 and R-2.
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	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
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Table 3. Definition of process performance parameters.
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Name

	
Formula






	
Power-to-SNG efficiency

	
    η  PtSNG   =     m ˙   SNG   ·   LHV   SNG        P  el       

	
(4)




	
Fuel synthesis efficiency

	
    η  syn   =     m ˙   SNG   · L   HV   SNG         m ˙    H 2    ·   LHV    H 2        

	
(5)




	
CO2 conversion in reactor

	
    X    CO  2    =     CO   2 ,    in    −   CO   2 , out         CO   2 ,  in        

	
(6)
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Table 4. Reference case market price for variable costs items.
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Variable Cost Item

	
Market Price






	
Electricity

	
50

	
€/MWh




	
Cooling water

	
0

	
€/t




	
Distilled Water

	
1

	
€/t




	
CO2

	
20

	
€/t




	
0.5 wt.% Ru/Al2O3 Catalyst

	
1288

	
€/kg











[image: Table] 





Table 5. Framework conditions for each scenario.
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	Taxed Ref. 2020
	AEL

2020
	Wind

2020
	Surplus

2030
	Cement-CC 2030





	Electrolyzer
	PEM
	Alkaline
	PEM
	PEM
	PEM



	Annual full-load hours
	8000
	8000
	3800 [51]
	205 [52]
	8000



	Electricity source
	German grid b
	German grid b
	Offshore wind
	Offshore wind
	German grid (2030) c



	Electricity cost (€/MWh)
	50
	50
	102 [53]
	0
	58



	EEG levy (€/MWh)
	67 [54]
	67 [54]
	0
	0
	35 [54]



	CO2 source
	Biomethane

plant
	Biomethane

plant
	Biomethane

plant
	Biomethane

plant
	Cement

plant



	CO2 cost (€/t)
	20
	20
	20
	20
	5 a



	CO2 credits (€/t)
	-
	-
	-
	-
	55 [55]



	Plant operators
	3
	3
	2
	1
	3







a This cost covers CO2 transportation by pipeline from the cement plant to the PtSNG plant. Cost of carbon capture technology at the cement plant is not included, since it is deemed that said cost will be covered by the cement producer. b According to the ecoinvent 3.7.1 database, the values are based on the year 2017 (see Supplementary Materials Section S8 for details). c Details are given in the Supplementary Materials Section S8.
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Table 6. Boundary conditions used for the life cycle analysis.
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Source

	
Process

	
Description

	
Reference






	
CO2

	
Biomethane

	
Burden-free CO2

	
[56]




	
Cement plant

	
Electricity: 0.103 kWh/kg CO2 captured

	
[58]




	
Steam: 1.03 kWh/kg CO2 captured

	
[58]




	
MEA: 0.013 kg MEA/kg CO2 captured

	
[56]




	
Capture efficiency: 85%

Emissions are divided between cement and CO2 production by applying substitution

	
[58]




	
H2

	
AEL

	
Alkaline electrolyzer stack inventory and balance of plant inventory

	
[59]




	
Electricity: 58.27 kWh/kg H2

Source according to scenario

	
Process simulation




	
Water, deionised: 8.94 kg H2O/kg H2

	
Process simulation




	
PEM

	
Balance of plant inventory

BOP lifetime: 20 years

	
[60]




	
PEM stack inventory for 2017

Stack: 1 MW;

Stack lifetime: 7 years

	
[60]




	
Electricity: 55 kWh/kg H2

Source according to scenario

	
[60]




	
Water, deionised: 8.94 kg H2O/kg H2

	
Process simulation




	
PEM (2030)

	
Balance of plant inventory

BOP lifetime: 20 years

	
[60]




	
PEM stack inventory for ‘near future’

Stack 1 MW; Stack lifetime: 10 years

	
[60]




	
Electricity: 55 kWh/kg H2

Source according to scenario

	
[60]




	
Water, deionised: 8.94 kg H2O/kg H2

	
Process simulation
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Table 7. Comparison of produced SNG and German gas injection requirements. Values according to the DVGW G 260 standard [25].
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	Characteristic
	Required Gas Value
	SNG Value





	Wobbe Index [kWhth /m3]
	13.6–15.7
	13.7



	Calorific Value [kWhth /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
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Table 8. PtSNG plant material flows, energy flows and performance parameters with a 1 MWel electrolyzer.
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	Parameter
	Value





	Material flows [kg/h]
	



	 CO2
	91.96



	 Distilled water for electrolysis
	150.58



	 Cooling water
	5788.57



	 Oxygen
	133.73



	     SNG ,      m ˙    SNG     
	33.83



	Energy flows
	



	    Electricity ,    P  el     [MW]
	1.002



	 Waste heat [MJ]
	0.525



	 SNG output [MW]
	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%
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