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Abstract 15 

The electrification of chemical processes holds promise for a sustainable and climate-neutral chemical 16 

industry. This study explores pathways for electrifying syngas production, targeting its utilization in 17 

low-temperature Fischer-Tropsch (LT-FT) technology with a hydrocarbon production capacity of 222 18 

kton/yr. Three electrified scenarios are juxtaposed against a reference case of autothermal reforming of 19 

biomethane. In the first two scenarios, H2 is produced via water electrolysis, with CO obtained either 20 

through CO2 electrolysis (Electrolysis case) or electrified reverse water-gas shift (E-rWGS case). The 21 

third scenario leverages captured CO2 and biomethane for electrified combined steam and dry reforming 22 

of methane (CSDRM case), exhibiting the lowest net emissions of 0.50 tonCO2/tonproduct. All electrified 23 

scenarios achieve net negative emissions under the EU's 2030 target of 40% overall renewable energy 24 

production. A detailed techno-economic analysis reveals significant feasibility challenges with the 25 

Electrolysis, E-rWGS, and CSDRM cases exhibiting a Levelized Cost Of Production (LCOP) of $501, 26 

$457, and $251 per barrel (bbl) of Fischer-Tropsch crude, respectively. Future projections suggest 27 

considerable capital cost reductions for electrolyzers, potentially rendering the Electrolysis case feasible, 28 

particularly under extremely low electricity prices of 3.3 $/MWh. Careful consideration of green 29 

electricity and CO2 utilization scenarios is vital for implementing CO2-negative technologies effectively. 30 

1. Introduction 31 

In December 2015, the Paris Agreement was ratified, signifying a unified stance among the United 32 

Nations to cap global warming below 2 °C, with a preference for 1.5 °C, compared to pre-industrial 33 
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levels. Achieving this goal necessitates significant cuts in greenhouse gas (GHG) emissions, thereby 34 

placing pressure on the industrial sector to play its part in this collective endeavor [1]. The chemical 35 

industry, accounting for 7% of global GHG emissions, stands as one of the main industry sectors with 36 

high energy consumption and associated GHG emissions [2]. The reduction of GHG emissions in the 37 

chemical industry can be achieved via a combination of routes such as carbon capture (CC) technologies, 38 

reducing emissions through process intensification, transitioning to a circular economy, and 39 

electrification of energy-intensive processes with green electricity [3-5]. With the availability of 40 

renewable energy rapidly increasing, more options for the electrification of the chemical industry arise 41 

[3]. Nonetheless, the amount of green electricity required for such a venture is currently not available. 42 

Various strategies exist for the implementation of electrification [1]. Direct electrification involves the 43 

utilization of green electricity as a thermal energy source for chemical processes, thereby replacing the 44 

energy provided by burning conventional carbon-based fuels [3, 6]. Additionally, electricity can be used 45 

to upgrade waste heat via heat pumps in order to minimize energy losses and maximize efficiency [6]. 46 

Another path for electrification is the direct electrochemical production of chemicals, such as hydrogen 47 

(H2) through water electrolysis [6]. Electrification can also be applied to produce other commodity 48 

chemicals through electrochemical synthesis instead of thermochemical synthesis [7, 8].  49 

Synthetic fuels can serve as intermediate energy carriers to gradually integrate the, constantly increasing, 50 

intermittent renewable energy provision [9]. They also serve a purpose as reagents for the synthesis of 51 

various chemicals. Fischer-Tropsch (FT) synthesis provides a sustainable way to produce synthetic fuels 52 

and chemicals via the catalytic conversion of syngas, a mixture of H2 and carbon monoxide (CO), into 53 

a mixture of (liquid) hydrocarbons. This study investigates different possible routes for electrifying the 54 

production of syngas used in the FT technology starting from renewable carbon sources and thereby 55 

integrating complementary processes into a cohesive system. The exothermicity of the FT process allows 56 

coupling with emerging technologies, leading to a higher thermal efficiency of the synthetic 57 

hydrocarbons production [10]. Therefore, an overview of possible sustainable syngas production 58 

technologies is presented in order to identify the most suitable routes towards electrification. The 59 

sustainability of the produced syngas is ensured through the use of sustainable feedstocks such as 60 

captured CO2 and biomethane, while direct and indirect (scope 1-2-3) emissions are taken into account. 61 

Biomethane is produced via biogas upgrading and is considered an attractive alternative to natural gas, 62 

as it has a similar heating value but also a high potential to reach negative GHG emissions [11]. Biogas 63 

is a sustainable and efficient energy source that consists primarily of CH4 and CO2 along with some 64 

other gas traces [11]. However, the use of biomethane as a feedstock in this study was crucial due to the 65 

high CO2 content in the biogas as well as the inclusion of trace amounts of sulfur compounds that lead 66 

to catalyst poisoning [11]. According to IEA, the cost of biomethane includes both the cost of biogas 67 

production and the cost required for upgrading [12]. 68 



Syngas acts as a flexible starting point for the production of valuable base chemicals and consists 69 

primarily of H2 and CO and typically traces of CO2. This mixture can be used for the production of 70 

methanol, olefins (via methanol-to-olefins), ammonia, and other valuable products. The H2:CO-ratio in 71 

syngas is a crucial factor for processes that utilize syngas as a feedstock as it influences the reactions 72 

and selectivity towards the end-products. In FT, this ratio affects the choice of catalyst, as for Fe-based 73 

catalysts a low ratio (0.5-1.2) is possible due to the presence of the WGS functionality, while for Co-74 

based catalysts, a higher ratio (close to 2) needs to be selected [13]. Steam Methane Reforming (SMR) 75 

is the most common method to convert methane (CH4) and water (H2O) into syngas [14] and relies on 76 

natural gas as its primary feedstock [15]. The overall reaction is strongly endothermic and is operated at 77 

high temperatures (850-900 °C) and moderate pressures (up to 35 bar) [16]. From an environmental 78 

perspective, an SMR reformer is marked by a high carbon footprint, producing 7.5-10.0 kg CO2 per kg 79 

of H2 produced [15]. One way to provide the heat necessary for the SMR reactions is by employing the 80 

autothermal reforming (ATR) process, which combines the reactions occurring in the SMR with partial 81 

oxidation reactions. In the ATR technology, the partial oxidation of methane provides the thermal energy 82 

required for the methane reforming reaction while maintaining a high energy efficiency [11, 17, 18]. 83 

ATR shows great potential for a lower carbon footprint compared to the conventional SMR [19, 20], 84 

even though it typically has a lower H2 production yield [11]. Moreover, ATR is suited for producing 85 

syngas with an H2:CO ratio of 1.5-3, as needed for LT-FT technology [19]. SMR typically produces 86 

syngas with a high H2 yield, resulting in an H2:CO ratio of around 3 [21]. Therefore, ATR serves as the 87 

benchmark technology for sustainable syngas production for the purposes of this study. In order to 88 

evaluate the potential of syngas electrification, different routes for syngas production are proposed 89 

emphasizing the technologies that are presently prevalent or demonstrate high potential in the energy 90 

landscape.  91 

One pathway to produce sustainable syngas via electrification is the separate production of H2 and CO. 92 

According to the International Energy Agency (IEA), the H2 demand is expected to increase from 94 93 

million metric tons (Mt) in 2021 to 115 Mt in 2030, while the low-emission H2 production is forecasted 94 

to substantially increase from 1 Mt to a range of 16-24 Mt [22]. H2 has a variety of applications, as it 95 

can be used as a feedstock for chemical processes, and as a medium for energy storage [6]. H2 can be 96 

utilized in a fuel cell, which is an electrochemical device that converts H2 and O2 into water while 97 

producing electricity [11]. Fuel cells can produce electricity efficiently with very low pollution 98 

emissions [11]. Produced H2 is typically categorized by color based on the feedstock, processing 99 

technology, and associated GHG emissions [23]. For instance, green H2 is produced from water 100 

electrolysis using renewable energy, while grey H2 is produced from natural gas reforming, which can 101 

be considered blue H2 when coupled with carbon capture and storage [24]. Based on the current state 102 

regarding the trade-off between cost-effectiveness and GHG emissions, hydrogen production from 103 

hydrocarbons develops as the predominant method [23]. 104 



Currently, SMR stands as the predominant method for H2 production [15], with an energy efficiency in 105 

the range of 74–85% [16] and a high carbon footprint as mentioned above. Green H2, on the other side, 106 

is produced by H2O electrolysis, where the direct splitting of water in high purity H2 and oxygen (O2) is 107 

achieved by applying an electrical current originated from renewable sources such as wind and solar 108 

energy [16, 25]. Three major technologies for H2O electrolysis are discussed: alkaline water 109 

electrolyzers (AWE), proton exchange membrane (PEM) cells, and solid oxide electrolysis cells (SOEC) 110 

[26]. AWE is a commercially available technology that employs an aqueous KOH solution [27] and 111 

operates within a temperature range of 60-90 °C and a pressure range of 1-30 bar [28]. These types of 112 

electrolyzers typically operate with an energy efficiency in the range of 60%-80% [26, 29]. PEM 113 

operates under similar temperature conditions as AWE but in a higher pressure range of up to 85 bar 114 

[27]. PEM electrodes utilize noble metals such as Pt, Ir, and Ru as active materials making it a more 115 

expensive reactor technology compared to AWE [28, 30]. Nevertheless, PEM achieves a higher energy 116 

efficiency of 80% [26], while compared to AWE, it demonstrates an improved dynamic operation but 117 

has lower durability [28]. In contrast to AWE and PEM technologies, SOEC operates at elevated 118 

temperatures in the range of 500-1000 °C, demonstrating very high energy efficiency of up to 100% 119 

[31]. SOEC technology has the advantage of using non-noble metal catalysts. Nonetheless, it is not 120 

commercialized yet, as it comes with high costs and low durability due to exposure to high temperatures 121 

[28]. Hydrogen can be also produced through water splitting by means of photo-electrolysis and 122 

thermolysis [32]. In photo-electrolysis, semiconductors are used as photocatalysts in a 123 

photoelectrochemical cell to produce H2 with solar energy, which constitutes the highest advantage of 124 

the technology [32]. Thermolysis is a solar thermal technique that splits the H2O into H2 and O2 through 125 

high temperatures [32]. However, both technologies are currently associated with high costs and lower 126 

efficiency compared to water electrolysis [32]. Biomass gasification also provides a promising, well-127 

established approach for sustainable production of hydrogen-rich syngas in a cost-effective, efficient 128 

and environmental way [33]. Current limitations however persist regarding catalyst deactivation, 129 

required energy and variety in feedstock composition, leading to the need for optimal development and 130 

selection of catalyst, operating parameters, and reactor type [33]. 131 

The other key component of syngas, CO, can be produced from CO2 via various pathways. One possible 132 

path that has been broadly explored is the conversion of CO2 to CO via the reverse water-gas shift 133 

(rWGS) reaction. RWGS is an endothermic reaction that is thermodynamically favored at high 134 

temperatures and involves the conversion of CO2 and H2 into CO and H2O [34]. If excess H2 is used and 135 

water and CO2 are removed, the process leads to a mixture of CO and H2 [34]. At lower temperatures, 136 

other side reactions are favored, such as the Sabatier reaction, methanation, and the Boudouard reaction, 137 

all resulting in a decrease in CO yield [34]. At present, considerable efforts are taking place in developing 138 

thermally stable catalysts to enhance selectivity towards CO at lower temperatures [35]. Active metals 139 

such as Cu or Ni have emerged due to their relatively low cost compared to noble metals and high 140 



activity and selectivity, even though Cu-oxide and Ni-oxide tend to deactivate at high temperatures [36]. 141 

The development of alternative metal-based catalysts is being explored. For instance, the use of Mo2C 142 

catalyst is another promising catalyst enhancing the CO2 conversion and CO yield [37, 38]. The 143 

development of a thermal catalyst for low-temperature rWGS that could be applicable for integration 144 

with the FT reactor for a two-step conversion of CO2 in a single reactor would be of significant interest 145 

[34]. Nevertheless, the rWGS is not practiced on an industrial scale yet as a standalone process [36]. 146 

Brown et. al assessed the environmental impact of the process, showing that it is indeed possible to 147 

achieve a net CO2 consumption by using blue or green sources of H2 and captured CO2 without taking 148 

into account emissions from process heating [36]. From an economic standpoint, the primary 149 

impediment is the price of green H2. However, it is anticipated that green H2 prices will considerably 150 

reduce to below 4 $/kg H2 by 2040 [39], creating opportunities for CO generation via the rWGS reaction. 151 

An alternative route for CO production is through the direct electrochemical reduction of CO2. The 152 

electrochemical CO2 reduction reaction (CO2RR) process can be considered a utilization technique for 153 

converting captured CO2 into sustainable fuels and chemicals using renewable energy [40]. The process 154 

has gained a lot of attention for its potential for practical CO2 reduction, controllability, and optimization 155 

[40, 41]. To meet industrial requirements, the development of efficient electrolyzers is necessary [41]. 156 

Notably, the electroreduction of CO2 is a complex process due to the high stability of the molecule, 157 

leading to low energy efficiencies [42]. Various methods have been proposed, with high-temperature 158 

electrolysis in SOEC emerging as the sole approach nearing commercialization [43]. Nevertheless, the 159 

technology is facing many challenges in terms of selectivity and activity. A deeper understanding of the 160 

reaction mechanism is needed to improve the electrocatalysts [44], while focus should be also given to 161 

the design of multi-stack CO2 electrolysis cells [45]. 162 

Besides a separate production of H2 and CO, direct syngas production processes are also a possibility. 163 

Dry reforming of methane (DRM) has been developed on a commercial scale to produce CO and H2 164 

from CH4 and CO2. However, undesired CO2 can still be formed due to the WGS reaction, while other 165 

side reactions such as methane decomposition and the Boudouard reaction occur as well [46]. A major 166 

downside of DRM for syngas production for LT-FT is that it provides an H2:CO-ratio of 0.8-1.0 [47]. 167 

Moreover, one of the main drawbacks of DRM has been the coke formation that leads to catalyst 168 

deactivation [48]. The development of catalysts suitable to commercialize the technology has been a 169 

huge challenge [46]. Apart from designing novel catalyst supports and promoters, coke formation can 170 

be potentially suppressed by adding another oxidizing reactant, such as H2O to the feedstock [48]. In the 171 

presence of H2O, surface carbon can gasify into gaseous products, reducing the catalyst deactivation 172 

[48]. This is a valid alternative that integrates the SMR and DRM into an advanced process named 173 

combined steam and dry reforming of methane (CSDRM). This process relies on CO2 sequestration, 174 

offering the potential to result in a positive environmental impact [49, 50]. CSDRM merges the benefits 175 

of DRM and SMR resulting in a high H2:CO-ratio. Depending on the steam to methane ratio, an H2:CO-176 



ratio between 1-10 can be achieved. Thermodynamic CSDRM simulations have been conducted to 177 

identify the optimum conditions for suppressing carbon deposition while ensuring high conversion 178 

yields and a desired H2:CO-ratio [51, 52]. The main drawback of the process is the high sensitivity to 179 

catalyst deactivation due to carbon deposition [50, 51]. Therefore, substantial efforts have been devoted 180 

to identifying the appropriate catalyst for the system, with the interest being mainly focused on the use 181 

of Ni-based catalysts [52].  182 

In this work, a comparative analysis of sustainable electrified syngas production is performed focusing 183 

on the economic and CO2 emissions impact. The reference year for the CO2 emissions stemming from 184 

the electricity grid is 2023 at the EU level[53]. A conventional ATR serves as a benchmark here, where 185 

biomethane is processed to ensure the input of renewable carbon. This is compared to a total of three 186 

high-potential cases which are identified for the electrified syngas production. The overall target for all 187 

cases is to achieve an H2:CO-ratio of 2.15. The “Electrolysis” case refers to the use of electrolyzers to 188 

produce H2 from H2O, and CO from CO2. Specifically, the AWE technology has been chosen for water 189 

electrolysis, and the SOEC for CO2 reduction. The “E-rWGS” case studies the potential of the electrified 190 

reverse water-gas shift reaction for CO production combined with AWE technology for H2 production. 191 

The H2 produced is used both as a feedstock for the rWGS and in the syngas composition to obtain the 192 

desired H2:CO-ratio. The “CSDRM” case refers to the use of electrified CSDRM technology for syngas 193 

production, utilizing biomethane as well. An overview of the different cases is presented in Table 1 194 

Table 1. Overview of the selected cases for syngas production. 195 

Case no. Case Name Technology  Product 

Reference ATR Autothermal reforming (ATR) Syngas 

1 Electrolysis Alkaline Water Electrolyzer (AWE) H2 

Solid Oxide electrolysis Cells (SOEC) CO 

2 E-rWGS Alkaline Water Electrolyzer (AWE) H2 

Reverse water-gas shift (rWGS) CO 

3 CSDRM Combined steam and dry reforming of biomethane (CSDRM) Syngas 

 196 

2. Methodology 197 

2.1. General basis of Design 198 

The basis of design follows the outline of a typical FT plant across all cases. The feedstock was converted 199 

into a syngas stream in the syngas generation section followed by the FT reactor where syngas was 200 

subsequently converted into a mixture of hydrocarbons (FT crude). The annual syngas (in terms of H2 201 

and CO) capacity was targeted at 500 kton, aligning with industrial scale norms. This would result in an 202 

annual production of 222 kton of hydrocarbons, or equivalent to 25.5 ton per hour, assuming an annual 203 

time-on-stream of 8700 hours. 204 



2.1.1. Feedstock 205 

Table 2 provides details on the assumed available feedstock prices along with their conditions. In line 206 

with the study’s sustainability focus, biomethane has an average price of 19 $/MMBtu [12]. CO2 207 

originated from carbon capture facilities with a relatively modest cost of 29 $/ton [54], assuming that it 208 

was locally captured and used, while the O2 stream was derived from a cryogenic air separation unit 209 

(ASU), with a cost of 90 $/ton [55]. The FT-crude price was determined based on the levelized cost of 210 

production (LCOP), a metric that is elaborated in the following section. 211 

Table 2. Feedstock conditions and prices. 212 

Feedstock Temperature (°C) Pressure (bar) Price 

Oxygen 0.1 4.7 90 $/ton 

Biomethane 40 40 19 $/MMBtu 

Water 20 1 3.99 $/ton 

Carbon dioxide 120 1 29 $/ton 

 213 

2.1.2. Utilities 214 

Natural gas is widely used for heat production. However, it is associated with undesired CO2 emissions, 215 

and, therefore, the heating of the reactors in the electrified cases was achieved by electrical heating. A 216 

full pinch analysis was performed to achieve heat integration using the Elsevier Pinch Analysis Tool 217 

including all heating and cooling duties [56]. A minimum temperature approach of 10°C was assumed, 218 

and a correction factor of 90% was applied to ensure practicality. After heat integration was completed, 219 

the remaining required heat duty was delivered by assuming the combustion of natural gas with a boiling 220 

efficiency of 85%. Electricity was also available to all cases to power compressors and pumps. The 221 

prices and associated CO2 emissions of the utilities are summarized in Table 3. The electricity and 222 

natural gas prices have been derived from the average values in the period between 2018 and 2022 for 223 

non-household consumers in the EU [57, 58]. The CO2 emissions associated with electricity generation 224 

were assessed for the year 2023 at the EU level [53].  225 

Table 3. Utilities prices and associated emissions. 226 

Utility Price CO2 emissions (gCO2/kWh) 

Natural gas 38.8 $/MWh 181 

Electricity 113 $/MWh 242 

Cooling water (at 15 °C) 0.050 $/ton - 

2.2. Process description 227 

The process of each case is described in detail below. First, the syngas generation part is described, 228 

followed by the Low-Temperature FT (LT-FT) synthesis. The LT-FT process section remained the same 229 

for all cases since similar syngas throughput (in terms of H2 and CO) was targeted to meet the 230 



specification of an annual hydrocarbon production capacity of 222 kton. The syngas generation section 231 

was simulated in Aspen Plus. For the cases in which electrified heating was required, a heat transfer 232 

efficiency of 90% was applied, while a pressure drop value of 0.3 bar was assumed for the reactors, 233 

aligned with common practices found in the literature [59, 60]. In Fig. 1, the methodology is 234 

summarized.  235 

 236 

Fig. 1. System’s boundaries and block flow diagram for the electrification of syngas production for the 237 

LT-FT process. 238 

2.2.1. Reference case: ATR 239 

The autothermal reforming technology is a combination of steam methane reforming and partial 240 

oxidation that requires steam, O2, and CH4 as feedstock, as described by the following reactions (R1-241 

R9) [17].  242 

CH4 + H2O ⇌ CO + 3H2 (ΔΗ298 = 206.2 kJ/mol) (R1) 

CH4 + 2H2O ⇌ CO2 + 4H2 (ΔΗ298 = 164.9 kJ/mol) (R2) 

CO + H2O ⇌ CO2 + H2 (ΔΗ298 = -41.1 kJ/mol) (R3) 

CH4 + 2O2 ⇌ CO2 + 2H2O (ΔΗ298 = -802.7 kJ/mol) (R4) 

CH4 +
1

2
 O2 ⇌ CO + 2H2 (ΔΗ298 = -36 kJ/mol) (R5) 

CH4 + O2 ⇌ CO2 + 2H2 (ΔΗ298 = -71 kJ/mol) (R6) 

CH4 + CO2 ⇌ 2CO + 2H2 (ΔΗ298 = 247 kJ/mol) (R7) 

2CO ⇌ C + CO2 (ΔΗ298 = -172 kJ/mol) (R8) 

CH4 ⇌ C + 2H2 (ΔΗ298 = 75 kJ/mol) (R9) 



The ATR reactor was simulated as a Gibbs reactor in Aspen Plus, where the Gibbs free energy is 243 

minimized so that the equilibrium compositions are calculated. The process flow diagram (PFD) is 244 

shown in Fig. 2. The reactor operated at a temperature of 1050 °C and pressure of 40 bar, utilizing a Ni-245 

based catalyst. The process is exothermic, and therefore external cooling water was needed to maintain 246 

isothermal conditions. The mixture exiting the reactor was cooled down to 50 °C and sent into a flash to 247 

remove condensed water before it entered the FT reactor. 248 

 249 

Fig. 2. Process flow diagram of the ATR case (Reference case). 250 

2.2.2. Case 1: Electrolysis 251 

Two separate electrolyzers were considered for the electrolysis of H2O and the electrolysis of CO2. For 252 

this system, the feedstock was H2O and CO2. The electrolyzers were simulated as black boxes. In the 253 

case of AWE, based on an equilibrium potential of 1.23 V [61] and a reported energy efficiency of 73% 254 

[62], the electricity consumption was calculated as 45.2 kWh/kg H2. For the SOEC, based on an 255 

equilibrium potential of 1.34 V [63] and a lower energy efficiency of 40% due to the technology’s early 256 

stages, the energy consumption was found equal to 6.4 kWh/kg CO. 257 

The operating conditions and assumptions are summarized in Table 4, while the process flow diagram 258 

for the Electrolysis case is presented in Fig. 3. The generated syngas was cooled down to meet the FT 259 

reactor’s operating conditions. The amount of O2 that was produced in the electrolyzers was considered 260 

sold as a byproduct.  261 

Table 4. Operating conditions and assumptions for the AWE and SOEC units. 262 

Parameter AWE SOEC 

Operating temperature (°C) 90 800 

Operating pressure (bar) 20 20 

Energy efficiency (%) 73 40 

Electricity consumption 45.2 kWh/kg H2  6.4 kWh/kg CO 



 263 

 264 

Fig. 3. Process flow diagram of the Electrolysis case. 265 

2.2.3. Case 2: E-rWGS 266 

The rWGS case required CO2 and H2, with the latter being derived from H2O electrolysis, as described 267 

in the previous case. Therefore, the feedstock in this case was CO2 and H2O. The rWGS reaction is 268 

highly endothermic, and the reaction was conducted at 750 °C and 5 bar, implemented as an equilibrium 269 

reactor. The reactions that were considered are the rWGS reaction (R10) and the Sabatier reaction (R11) 270 

as the main side reaction.  271 

CO2 + H2 ⇌ CO + H2O (ΔΗ298 = 41.1 kJ/mol) (R10) 

CO2 + 4H2 ⇌ CH4 + 2H2O (ΔΗ298 = -165 kJ/mol) (R11) 

The reactor was assumed to be a multi-tubular fixed-bed reactor with a Ni-based catalyst; while the 272 

electrical heating was carried out by using resistive heating rods. The process flow diagram of this case 273 

is given in Fig. 4. 274 

 275 

Fig. 4. Process flow diagram of the E-rWGS case. 276 

2.2.4. Case 3: CSDRM 277 

The most important reactions occurring are presented below and include the dry reforming (R12), the 278 

steam reforming (R13-R14), and the WGS (R15) reactions [64]. 279 



 In this case the feedstock consisted of CH4, H2O, and CO2, as shown in Fig. 5. The CSDRM operated 280 

at a temperature of 780 °C and pressure of 2.9 bar. A multi-tubular fixed bed reactor with a Ni-based 281 

catalyst was assumed, while the CSDRM reactor was implemented as an RGibbs reactor in Aspen Plus. 282 

The reactions occurring inside the CSDRM reactor are overall endothermic, so external, electrical 283 

heating was required to ensure isothermal conditions. 284 

 285 

Fig. 5. Process flow diagram of the CSDRM case. 286 

2.2.5. Fischer-Tropsch synthesis 287 

FT is a widely investigated process. This study focuses on the LT-FT technology utilizing a Co-based 288 

catalyst which prohibits the occurrence of the WGS reaction. The LT-FT reactor was assumed to be an 289 

isothermal multi-tubular fixed-bed reactor that operates at 240 °C and 20 bar. The overall reaction (R16) 290 

is exothermic, and therefore external cooling was required. 291 

CO + 2.15H2 → HCs + H2O (ΔΗ298 = -165 kJ/mol)  (R16) 

As stated before, the required syngas H2:CO-ratio was set at 2.15 as a specification in the syngas 292 

production part for all cases. Additionally, in some of the cases, CO2 and CH4 were present in the syngas 293 

stream, resulting in different final syngas flow rates among the cases. More information about the 294 

composition of the syngas stream can be found in the Supplementary Information (SI). Nevertheless, as 295 

long as their concentration is less than 20 mol% and 10 mol% respectively, they can be considered 296 

diluents with a negligible impact on the production capacity [65, 66].  297 

The distribution of the chain lengths of the produced hydrocarbons can be estimated by using the 298 

Anderson-Schulz-Flory (ASF) distribution, given by Eq. (1) [67]. 299 

Wn = n(1 − α)2αn−1 (1)  

Wn presents the weight fraction of the formed hydrocarbons with chain length n. The growth probability, 300 

α, can be estimated using the empirically determined correlations deduced by Song et al. [68] which 301 

depends on the H2:CO-ratio and the operating temperature. The growth probability equals 0.762 for an 302 

LT-FT process at 240 °C, and an H2:CO-ratio equal to 2.15 [68]. Table 5. presents the resulting 303 

CH4 + CO2 ⇌ 2CO + 2H2 (ΔΗ298 = 247 kJ/mol) (R12) 

CH4 + H2O ⇌ CO + 3H2 (ΔΗ298 = 206.2 kJ/mol) (R13) 

CH4 + 2H2O ⇌ CO2 + 4H2 (ΔΗ298 = 164.9 kJ/mol) (R14) 

CO + H2O ⇌ CO2 + H2 (ΔΗ298 = -41.1 kJ/mol) (R15) 



distribution of the formed hydrocarbons. It is concluded that most of the formed hydrocarbons are in the 304 

LPG-, light naphtha- and kerosene range. In practice, a fraction of the hydrocarbons are olefines; 305 

however, the amount is small and is further neglected in this study, where only paraffins were 306 

considered. Further information on the FT process can be found in the literature [13, 67]. 307 

Table 5. Product distribution of the formed hydrocarbons in the LT-FT synthesis. 308 

Product Methane Ethane LPG Light naphtha Kerosene Waxes Total 

Mass fraction 0.06 0.09 0.20 0.26 0.34 0.06 1.00 

3. Economic and environmental evaluation 309 

3.1. Capital expenditure 310 

The capital expenditure (CAPEX) was estimated prior to heat integration. To obtain a cost estimation 311 

for implementation, the sizing of equipment was performed based on correlations presented in the works 312 

of Guthrie [69] and Coulson and Richardson [70] unless mentioned otherwise. An update factor of 7.17 313 

was used to account for the inflation between the studied (2022) and the reference year (1968). The 314 

installation costs were also included to obtain the inside battery limits (ISBL) costs using a module factor 315 

for each kind of equipment. The costs associated with offsites, engineering, and contingency were 316 

included by multiplying the ISBL with a factor of 1.82 to find the total fixed capital costs as reported in 317 

other studies and common methodologies [71, 72].  318 

The cost associated with the first load of the catalysts was considered as capital cost, at a price of 16.0 319 

$/kg for nickel- [73] and 23.5 $/kg for cobalt-based catalysts [74] respectively. For the electrolyzers, an 320 

investment cost of 865 $/kW was chosen based on the literature [75] and the assumption that the cost of 321 

the SOEC was the same as the AWE. As a wide range of electrolyzers’ investment costs is provided in 322 

the literature, the value that was chosen is in the lower end, reflecting an optimistic perspective for the 323 

current study. 324 

The CAPEX was then estimated by adding the working capital as 10% of the total fixed capital costs. 325 

More information about the detailed CAPEX estimation for each equipment can be found in the 326 

Supporting Information (SI).  327 

3.2. Operational expenditure 328 

The operational expenditure (OPEX) consists of a fixed and variable OPEX. The fixed annual OPEX 329 

includes the maintenance and personnel costs and was assumed to be 5% of the CAPEX. The variable 330 

OPEX was derived from the feedstock, utilities, and CO2 tax for each case. Operational costs regarding 331 

the replacement of the catalysts were considered minor and were further neglected. The European 332 

trading system (ETS) CO2 price in Europe has rapidly increased over the last years, therefore for the 333 

current study its price was considered equal to 88 $/ton of CO2 produced [76].  334 



3.3. Economic Analysis 335 

To evaluate the commercial feasibility of each case, the Net Present Value (NPV) at the end of the 336 

project lifetime (i.e. after 20 years) was estimated, given by Eq. (2) for each year i:  337 

NPVi = NPVi−1 +
cash flowi

(1 + discount rate)i
 

 (2) 

Where NPV0 = −CAPEX. A discount rate of 10% and a tax rate of 25% were taken into account. 338 

The cash flow for each year i is given by Eq. (3) 339 

Cash flowi = Ri − OPEXv − OPEXf − Ti (3) 

Where R is the revenue, OPEXv is the variable OPEX, OPEXf is the fixed OPEX and Ti represents the 340 

taxes paid including the depreciation. 341 

The levelized cost of production (LCOP) is a key performance indicator (KPI) that determines the 342 

economic viability of each process. This indicator was defined as the minimum value that the FT crude 343 

product can be sold so that the NPV is equal to $0 after 20 years of the project’s lifetime.  344 

3.4. Environmental Analysis 345 

An environmental evaluation was performed, accounting for direct and indirect CO2 emissions related 346 

to each case. Net CO2 emissions is a KPI that indicates the net environmental impact of the process in 347 

terms of emitted CO2. This indicator accounted for (1) the sum of the CO2 emissions, ∑ CO2,emitted, 348 

caused by the electricity grid, heating via natural gas combustion, and the unreacted CO2 amount in the 349 

syngas, and (2) the consumption of CO2 as a feedstock, CO2,consumed, and is given by Eq. (4): 350 

Net CO2 emissions = ∑ CO2,emitted − CO2,consumed (4) 

Negative values of net CO2 emissions indicated that the process consumed more CO2 than it emitted and 351 

was therefore overall net negative. 352 

4. Results and Discussion 353 

4.1. Energy demand  354 

The results of the energy balance are shown in Fig. 6a. The Electrolysis case demonstrates a high demand 355 

for electricity for this capacity, reaching 673 MW. This substantial requirement is attributed to the AWE 356 

and SOEC units selected for syngas production, representing 51% and 47% of the total electricity 357 

consumption, respectively. Similarly, the E-rWGS case exhibits a significant electricity consumption of 358 

585 MW, with AWE contributing to 96% of this demand. The CSDRM case presents a notably lower 359 

electricity need of 110 MW, mainly attributed to the electrified heating of the reactor. The ATR case 360 

shows a minimal electricity requirement of 2.9 MW, due to the autothermal nature of the ATR reactor. 361 

Following heat integration, the heating and cooling duties can be presented in Fig. 6b. The hot and cold 362 

composite graphs for each case can be found in the SI. 363 



 364 

          365 

Fig. 6. (a) Electricity consumption and (b) residual heating and cooling duty after heat integration  366 

4.2. Economic and Environmental Evaluation 367 

The economic evaluation reveals a high CAPEX associated with the electrolyzers in the Electrolysis and 368 

E-rWGS cases (Fig. 7). The electrolyzers have an estimated investment cost (ISBL) of 865 $/kW. While 369 

this value currently reflects an optimistic perspective, it is justified due to the large scale of the unit 370 

while the technology will benefit from the economy of scale [77]. According to 2030 projections, 371 

AWE’s direct cost could be expected to further drop at 420 €/kW (~47% reduction compared to the 372 

current study) due to technological improvements and optimizations [78]. This can reduce the CAPEX 373 

for both the Electrolysis and E-rWGS cases, bringing them closer to the Reference and CSDRM cases. 374 

The use of electrolyzers affects the operational costs as well, due to their high electricity demand. It 375 

should be noted that the electricity price chosen in this study, set at 113 $/MWh, is relatively high 376 

compared to other recent studies which typically report a value within the range of 40-80 $/MWh [71, 377 

79, 80]. However, the selected value derives from a five-year average (2018-2022) for non-household 378 

EU power pricing, providing a realistic perspective [57]. Based on current estimations, both the 379 

Electrolysis and E-rWGS cases show large CAPEX and OPEX for such a large-scale system (>500 380 

MW). Regarding the ATR (Reference) and the CSDRM case, a lower OPEX is reported, while the major 381 

costs are associated with the high biomethane price and consumption. The biomethane sector is expected 382 

to significantly evolve, particularly after the recent energy crisis [81]. Nevertheless, a long-term 383 

assessment of the profitability of biomethane production remains challenging due to the uncertainty 384 

related to its production cost [81]. 385 



  

Fig. 7. (a) Breakdown of CAPEX and (b) Detailed breakdown of OPEX for all cases. 386 

Fig. 8a illustrates the environmental impact analysis in terms of CO2 emissions across all the cases. The 387 

CSDRM case shows the lowest net CO2 emissions compared to all other cases, reaching 0.50 388 

tonCO2/tonproduct. The ATR case also reports low emissions of 0.58 tonCO2/tonproduct, yet unavoidable since 389 

they originate from the CO2 that is produced in the syngas section. Integration with Carbon Capture and 390 

Storage (CCS) technologies could mitigate these emissions [79], but increase the overall cost of the 391 

process. On the contrary, it is shown that the emissions related to the other three cases stem from the 392 

production of the electricity that is used in the processes. This shows the potential of all three cases to 393 

achieve net negative emissions if renewable electricity is used instead of electricity with the current grid 394 

average. Therefore, evaluating the impact of electricity emissions on the net CO2 emissions is 395 

imperative, as depicted in Fig. 8b. The calculated data correspond to the base case (242 gCO2/kWh), a 396 

50% reduction (121 gCO2/kWh), a 100% reduction (0 gCO2/kWh), and a 50% increase (363 gCO2/kWh) in 397 

the electricity emissions. The vertical dashed line indicates the EU’s 2030 target for 40% overall 398 

renewable energy, according to which the electricity emissions would drop to 100 gCO2/kWh. If this 399 

target is met, all the cases except for the ATR case would achieve net negative emissions. However, it 400 

should be noted that the chosen value for electricity emissions for the base case corresponds to an 401 

average EU level. Therefore, it does not uniformly represent all European countries, as for instance, on 402 

a 2018 basis, Sweden’s emissions were 16 gCO2/kWh, based on a hydro and nuclear network [82]. This 403 

highlights that net negative CO2 emissions can be achievable under certain conditions.  404 



   405 

  

   Fig. 8. (a) CO2 emissions breakdown and (b) variation of the net CO2 emissions with the electricity 406 

emissions for all cases. 407 

4.3. Levelized Cost of Production and Sensitivity Analysis 408 

Fig. 9 presents the LCOP for all the cases over a range of electricity prices considering an 80% reduction 409 

of the base case, i.e., an electricity price of 23 $/MWh up to a 20% increase, i.e., 136 $/MWh. A 410 

benchmark value of FT crude oil price of 69 $ per barrel (bbl) for the OPEC Basket oil from 2018 to 411 

2022 is also included in the graph [83]. For the base case electricity price, i.e., 113 $/MWh, ATR shows 412 

the lowest LCOP equal to 229 $/bbl; nonetheless more than three times higher than the current 413 

benchmark price. The CSDRM case reports a slightly higher LCOP of 251 $/bbl. This value is 414 

competitive to the LCOP of the ATR (which serves as the reference case), demonstrating the potential 415 

of CSDRM as an alternative path for sustainable FT-crude production. On the other side, the E-rWGS 416 

and Electrolysis cases have a high LCOP, of 457 $/bbl and 501 $/bbl, respectively. These high values 417 

can be attributed to the elevated CAPEX of the electrolyzers and the high electricity demand (OPEX). 418 

Conducting a sensitivity analysis of the electricity price is crucial since the levelized cost of electricity 419 

(LCOE) of renewable energy sources fluctuates significantly among different kinds of sources [84, 85] 420 

and locations [86]. As an indicator, the LCOE of solar PV has dropped by 89% from 2010 to 2022 down 421 

to 49$/MWh, while onshore wind LCOE has dropped down to 33 $/MWh, both falling below the price 422 

of electricity obtained by the combustion of fossil fuels while being associated with much less CO2 423 

burden [87]. Regarding geographic considerations, the location chosen can affect the cost of the 424 

renewable electricity used and therefore significantly impact the OPEX of the process. Specifically, a 425 

favorable location can shift the LCOE by 50%, while also decreasing the uncertainty regarding this cost 426 

[86]. 427 

ATR shows minimal sensitivity to the electricity price and, therefore, the lowest potential for OPEX 428 

reduction. In contrast, the CSDRM case has the potential to reduce its LCOP to approximately 200 $/bbl 429 

at the lower end of the electricity cost range. Both the E-rWGS and Electrolysis cases show significant 430 



potential for cost reduction, achieving an LCOP below 200 $/bbl with an 80% reduction in electricity 431 

price. However, even at an 80% reduction in electricity price, all cases demonstrate a ~3 times higher 432 

LCOP compared to the benchmark price, albeit still lower than ATR’s LCOP. The revenues of all cases 433 

derive from selling the FT crude product. In addition, for the Electrolysis and E-rWGS cases, extra 434 

revenue is taken into account by considering that the O2 produced is also sold as a by-product. For the 435 

base case, this additional O2 sell reduces the LCOP of the Electrolysis and E-rWGS cases by 7.4% and 436 

8.84%, respectively. 437 

 438 

Fig. 9. Levelized cost of production (LCOP) of all cases over a range of electricity prices (-80%, base 439 

case, +20%). 440 

As the different cases show a variance in cost drivers, a sensitivity graph (Fig. 10) has been constructed 441 

to evaluate the economic viability of each case under different scenarios. These scenarios have been 442 

selected based on optimistic prospects and future projections regarding the cost drivers of the processes. 443 

The main cost driver of the ATR and the CSDRM cases is the biomethane price. Therefore, two scenarios 444 

have been studied for each case, i.e., a 20% and a 40% reduction in biomethane price. Notably, at a 40% 445 

reduction in biomethane price, the price aligns with the reference natural gas price in this study. 446 

Regarding the Electrolysis and the E-rWGS cases, a main cost driver is the CAPEX of the electrolyzers. 447 

The two scenarios chosen for each of these cases correspond to a 25% and 50% reduction of the 448 

electrolyzers' CAPEX. At 50% electrolyzers CAPEX decrease, the CAPEX approaches the previously 449 

reported value of the 2030 projection [78]. The LCOP of all scenarios is reported over the same 450 

electricity price range as in Fig. 9, i.e. considering the base case (electricity price of 113 $/MWh), an 451 

80% reduction (23 $/MWh), and a 20% increase (136 $/MWh). The CSDRM case appears to have a 452 

stronger sensitivity to the electricity price compared to the ATR case, which is only affected by the 453 

biomethane price. Within the specific biomethane price values, the CSDRM case emerges as more 454 

economically feasible than the ATR case when the electricity price drops around 40%, reaching a value 455 

of approximately 60-70 $/MWh. Under the most optimistic scenario for CSDRM in terms of both 456 



biomethane price (40% reduction) and electricity price (80% reduction), the LCOP is twice as high as 457 

the benchmark price.  458 

A similar conclusion can be drawn for the Electrolysis and E-rWGS cases. These cases showcase a 459 

heightened sensitivity to electricity prices due to the use of electrolyzers. However, for an 80% reduction 460 

in the electricity price, they reach the same level of LCOP as the CSDRM’s case. The E-rWGS case 461 

appears to constantly have a lower LCOP than the Electrolysis case for the base case of electricity price. 462 

However, under the most optimistic scenario in terms of electrolyzers' CAPEX (50% reduction) and 463 

electricity price (80% reduction), the Electrolysis case shows the lowest LCOP reported within the 464 

chosen economic parameters, reaching 134 $/bbl. Utilizing the dataset depicting a 50% reduction in 465 

electrolyzer CAPEX we extrapolate the electricity price necessary to achieve the benchmark price 466 

(highlighted in the graph by red dashed lines). Economic feasibility for the Electrolysis case is attained 467 

when the electricity price falls below 3.3 $/MWh. 468 

  469 

Fig. 10. Variation of the levelized cost of production (LCOP) of all cases over a range of electricity 470 

prices (-80%, base case, +20%) under various scenarios.  471 

A SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis is performed (Table 6), summarizing 472 

the findings of this study. The ATR case shows high stability in terms of emissions, while its economics 473 

are strongly affected by the biomethane price. The calculated LCOP is the lowest among all cases, at 474 

229 $/bbl. However, this case does not show any potential benefits for electrification transition or major 475 

cost reductions. One interesting approach to reducing the emissions associated with ATR technologies 476 



would be coupling the process with CCS technologies. Nonetheless, such venture would increase the 477 

LCOP of the process. Notably, a considerable weakness of autothermal reforming is the need for pure 478 

O2 [11]. ASU can be an energy-intensive process [88] that should be taken into account in a 479 

comprehensive life cycle assessment (LCA) that initiates from raw materials. In this study, the CO2 480 

emissions from the ASU were not considered. An alternative approach could include a water electrolyzer 481 

to provide the required O2 through a hybrid process that couples the ATR technology with electrolysis 482 

while producing an excess amount of H2 [89]. 483 

The three electrified cases showcase a high potential for negative emissions, as well as a high sensitivity 484 

to their respective cost drivers. CSDRM appears to be the most promising option under the current 485 

circumstances. It has the lowest LCOP (251 $/bbl) and the lowest net CO2 emissions (0.50 486 

tonCO2/tonproduct) while being sensitive to the electricity price. On the downside, it has a high dependency 487 

on biomethane, whose future is yet unpredictable. Although the Electrolysis and E-rWGS scenarios 488 

currently lag behind in terms of economic viability and environmental impact, future trends suggest a 489 

shift in their favor. Anticipated advancements in renewable energy production and the scaling-up of 490 

electrolyzers are poised to enhance the competitiveness of these processes relative to the CSDRM case. 491 

Given sufficiently low electricity prices, the Electrolysis scenario could even approach the current 492 

benchmark price. However, it is important to acknowledge that none of the electrified scenarios currently 493 

exhibit a significant edge in terms of economic feasibility. Future progress in scaling up electrolyzers, 494 

increasing the supply of renewable energy, expanding biomethane production, and innovating catalysts 495 

will play a pivotal role in determining which scenario, if any, emerges as a standout option. As access 496 

to green electricity expands and carbon capture technologies rapidly evolve, prudent consideration of 497 

these alternative resources becomes increasingly imperative. 498 

Table 6. SWOT analysis with strengths, weaknesses, opportunities, and threats of the selected cases for 499 

the electrification of syngas production. 500 

 Strengths Weaknesses Opportunities Threats 

ATR ➢ Mature Technology 

➢ Low LCOP 

➢ Low carbon footprint 

compared to SMR  

➢ Not suitable for 

electrification 

transition 

➢ Need for O2 

➢ Biomethane sector 

acceleration 

➢ Coupling with CCS 

➢ Coupling with 

water electrolysis 

➢ Unpredictable 

biomethane price 

Electrolysis ➢ Good integration with 

electrification transition 

➢ Low/Negative net CO2 

emissions 

➢ High purity syngas 

➢ Cost-competitive in 

future projections 

➢ Upgrade CO2 from CCU 

➢ High LCOP 

➢ High dependency 

on electricity price 

and energy source 

➢ Low durability of 

electrolyzers 

➢ Small scale 

electrolyzers 

➢ Increasing 

availability of 

renewable energy 

➢ Carbon circularity 

➢ Increasing 

availability of CCS 

➢ Need for 

electrolyzers scale-

up and CAPEX 

reduction 

➢ Further research is 

needed on CO2 

electrolyzers  



E-rWGS ➢ Good integration with 

electrification transition 

➢ Low/Negative net CO2 

emissions 

➢ Upgrade CO2 from CCU 

➢ Technological 

development of 

electrolyzers 

➢ Further research is 

needed on catalyst 

development 

➢ Need for 

electrolyzers scale-

up and CAPEX 

reduction 

CSDRM ➢ Lowest LCOP among 

electrified cases 

➢ Low/Negative net CO2 

emissions 

➢ Upgrade CO2 from CCU 

➢ Dependency on 

biomethane 

➢ Biomethane sector 

acceleration 

➢ Carbon circularity 

➢ Increasing 

availability of CCS 

➢ Unpredictable 

biomethane price 

➢ Further research on 

catalyst development 

 501 

5. Conclusions 502 

Three distinct pathways for electrified and sustainable syngas production, integrated with low-503 

temperature Fischer-Tropsch synthesis for generating 222 kton of FT crude annually, were investigated. 504 

An exhaustive energy assessment preceded a high-level evaluation of techno-economic factors and GHG 505 

emissions impact. 506 

In the first scenario, termed "Electrolysis," electrolyzers were solely utilized to produce syngas, resulting 507 

in an LCOP of 501 $/bbl and net CO2 emissions of 3.39 tonCO2/tonproduct, based on current electricity grid 508 

data. The second scenario, "E-rGWS," combined a water electrolyzer with the reverse water-gas shift 509 

reaction, showcasing an LCOP of 457 $/bbl and net CO2 emissions of 2.30 tonCO2/tonproduct. These cases 510 

incurred excessive costs attributed to the substantial CAPEX of the electrolyzers and elevated electricity 511 

demands leading to increased OPEX. 512 

The third scenario, "CSDRM," entailed combined steam and dry reforming of biomethane, boasting the 513 

lowest LCOP at 251 $/bbl and the least net CO2 emissions of 0.50 tonCO2/tonproduct, emerging as the most 514 

promising option presently. Additionally, the autothermal reforming of biomethane (ATR) served as a 515 

reference case, yielding an LCOP of 229 $/bbl and net CO2 emissions of 0.58 tonCO2/tonproduct. 516 

The techno-economic analysis revealed that the feasibility of the CSDRM case surpasses the reference 517 

case when electricity prices drop below 60-70 $/MWh. However, its LCOP remains higher than the 518 

benchmark due to biomethane's costly nature. Nevertheless, future trends indicating the 519 

commercialization and cost reduction of electrolyzers could enhance the viability of other electrified 520 

cases. Projections suggest that the Electrolysis and E-rGWS cases could compete with the reference 521 

case, especially if electricity prices plummet to 3.3 $/MWh. Such prices, albeit unrealistic currently, 522 

hinge on substantial advancements or potential price increases of the benchmark product.  523 

A sensitivity analysis underscored the potential of electrified cases across various scenarios. From a 524 

CO2-emission standpoint, achieving the EU target of 40% overall renewable energy production by 2030 525 



would render all three electrified cases net-negative in CO2 emissions, with the E-rWGS case exhibiting 526 

the most significant decrease. 527 

The feasibility of electrified processes hinges on several distinct factors. Technological advancements, 528 

particularly in cell stack development for electrolyzers and catalysts for rWGS and CSDRM, are 529 

paramount. Globally, increased availability and reduced costs of renewable energy and biomethane 530 

production capacity are vital. Political support, in the form of rewarding ETS regulations rather than 531 

burdensome CO2 emission taxes, is imperative for transitioning to electrified, net-zero, or net-negative 532 

emission technologies. 533 
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