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A B S T R A C T   

Power-to-X (P2X) pathways represent alternative storage technologies for utilization of surplus electricity from 
renewable energy sources (RES) and for greenhouse gas (GHG) emission reduction. These P2X pathways can be 
used to convert renewable surplus electricity and carbon dioxide from various sources into valuable products 
such as synthetic fuels and chemicals. Significant progress has been made in these processes towards replacement 
of conventional fossil fuel-based technologies in the recent years. In this paper the development of these novel 
technologies is reviewed, having a focus especially on the techno-economic analysis. Key performance indicators 
such as plant efficiency and production cost are discussed. Finally, knowledge gaps and future research outlook 
of P2X are highlighted.   

1. Introduction 

Continuously increasing energy demand and consumption, global 
population growth, and demands for mitigation of greenhouse gas 
(GHG) emissions, as well as depletion of natural resources poses a threat 
to energy security and supply. These factors are a growing concern for 
targets to achieve sustainable development. Thus, there is a call for the 
transition towards clean and renewable energy sources (RES) such as 
solar and wind energy resources. In 2020, global energy demand 
declined by 4 % which is a result of the impact of the Covid-19 
pandemic. However, the International Energy Agency (IEA) has pre-
dicted the global energy demand to increase by 4.6 % in 2021, and fossil 
fuels, in particular coal, covering 60 % of this [1]. Besides energy de-
mand and consumption continuous increase, the current world popu-
lation is projected to increase to 8.5 billion by 2030, and to 9.7 billion by 
2050 [2]. With the current trends, global energy production in 2050 is 
expected still to be dominated by fossil fuels [3]. 

Use of fossil fuels is one of the major contributors to global CO2 
emissions. In 2018, fossil fuels accounted for a 1.7 % increase in global 
energy-related CO2 emission, reaching a historic high of 33.1 Gt [4]. 
Moreover, there are growing concerns about their exhaustibility. Fossil 
fuels are finite resources, and for instance, oil is projected to reach its 
production peak already by mid-2020s [5]. 

In 2020, the RES utilization grew by 3 % and it is expected to provide 
more than half of the increase in global electricity demand in 2021 [1]. 

Policy initiatives and market forecasts revealed that RES, in particular 
solar and wind, will play important role by the years 2030 and 2050 
[6,7]. However, both solar energy and wind power are intermittent. 
Their balancing poses a myriad of challenges in guaranteeing full supply 
[8]. To address these challenges, excess energy generated by RES should 
be stored in batteries or converted into storable products via e.g., CO2 
hydrogenation. One promising energy storage technology that could 
address the imbalances of RES is power-to-X (P2X). 

P2X is an emerging technology that converts excess renewable 
electricity into hydrogen via electrochemical reaction and further on by 
reaction with carbon compounds to product ‘X’ [9]. Among these P2X 
pathways ‘X’ can address the power-to-gas (P2G), power-to-liquids 
(P2L), and power-to-chemicals (P2C) routes. Besides mentioned ones, 
power-to-methane (P2M), power-to-heat (P2H) and power-to-hydrogen 
(P2H2) are also reported as potential P2X technologies. Development of 
alternative technologies will require detailed process design and cost 
evaluation using sets of relevant input data and consistent assumptions. 
However, P2X technologies suffer not only from a significant variety of 
pathways but uncertainty about the economic drivers, inconsistent 
policies, as well as spatial and temporal distribution. 

During the last decade, studies on the techno-economic analysis 
(TEA), environmental impact assessments (EIA) as well as combined 
TEA and EIA of the P2X technologies have increased significantly. Fig. 1 
shows the amount of TEA studies for three P2X technologies (gas, liquid 
and chemicals). For instance, Lewandowska-Bernat & Desideri [10] and 
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Götz et al. [11] have reviewed TEA of P2G. Accordingly, Dieterich et al. 
[12] presented an overview of P2L including TEA of the studied process. 
These reviews have concluded that commercialization of the technology 
depends on the progress in R&D and in particular, improvement in 
system efficiency, lower production costs, and impacts of P2X. This re-
view paper summarizes and concentrates on studies made between 
January 2016 and December 2021 for TEAs of P2X systems, especially 
for the P2G, P2L, and P2C pathways. In addition to that, some research 
gaps were identified and, recommendations for future studies are dis-
cussed. Scopus database was utilized as the main search engine. The 
contents of publications are selected based on studies focusing on P2X 
pathways (P2G, P2L, P2C). The articles were collected using the 
following search criteria: For P2G: “techno-economic analysis” OR 
“economic” OR “cost analysis” AND “power-to-gas” OR “power-to- 

methane” OR “P2G” OR “PtG”. For P2L: “techno-economic analysis” OR 
“economic” OR “cost analysis” AND “power-to-liquid” OR “power-to- 
fuel” OR “power-to-methanol” OR “power-to-MeOH” OR “P2L” OR 
“PtL” OR “P2MeOH”. For P2C: “techno-economic analysis” OR “eco-
nomic” OR “cost analysis” AND “power-to-chemical” OR “power-to- 
ammonia” OR “power-to-formic acid” OR “P2C” OR “P2A” OR “P2NH3” 
OR “P2FA”. 

It should be noted that the P2X technologies are supposed to be the 
energy storage alternatives for intermittent RESs. Therefore, only the 
articles in which the intermittent electricity are used for the P2X pro-
cesses are reviewed herein. However, publications with RES as a part of 
low-carbon energy mix are also considered. As H2 is an intermediate for 
all additional processes of P2Xs, the articles concentrating on P2H2 
alone are excluded in this review. 

2. Power-to-X 

Currently, there are resurgent interests, especially in Europe, for 
widespread R&D on P2X. This is driven by EU commitment to reduce its 
GHG emissions and increase the share of RES in the European energy 
production [13–15]. As illustrated in Fig. 2, a P2X system utilizes excess 
electricity generated by RES to produce gaseous or liquid chemical en-
ergy carriers as the final products [16]. The core for the renewable P2X 
technologies utilization is the H2 production e.g., by water splitting 
electrolysis process (WE). The generated H2 can be used directly as an 
energy carrier due to its high heating value (HHV) of 142 MJ kg− 1 e.g. in 
the fuel cells [17]. However, at its standard state, H2 has low density 
(0.0813 g L− 1) which makes it difficult to store and transport as is and 
thus, additional technical and economic aspects must take into account 
[18,19]. Hence, reactions between H2 and CO2 or N2 produce variable 
‘X’s depending on the desired product. CO2 can be sourced from sta-
tionary point sources, biogenic sources, or atmosphere. The P2X 

Fig. 1. Number of articles on TEA of P2X published from 2010 to 2021 (Sco-
pus database). 

Fig. 2. Schematic representation of the P2X conversion pathways.  
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technologies have been promoted as an alternative for the reduction of 
CO2 emissions [20,21], and for electricity sector coupling [22–25]. 

2.1. Water electrolysis 

H2 supply is the first step for all the P2X systems, and this can be done 
by water electrolysis (WE). An overall electrochemical reaction for the 
splitting of water into H2 and O2 induced by a direct electric current (Eq. 
(1)) is a mature technology [26]. 

H2O(l)→H2(g)+ 1 /2O2(g) (1) 

The energy demand for the WE process can be covered by electrical 
or thermal energy. When RES's are used as a source of energy, the system 
could result in net-zero CO2 emissions. The most interesting ones elec-
trolyzer technologies are for the WE process are an alkaline electrolyzer 
based on a liquid alkaline electrolyte (AEL), a Polymer Electrolyte 
Membrane (PEM), and high-temperature electrolysis, which is promoted 
by solid oxide electrolyte (SOEC). The choice of a certain electrolyzer 
technology depends on its efficiency, flexibility, and lifetime [27–29]. 
The main characteristics of these technologies are summarized in 
Table 1. 

2.1.1. Alkaline electrolyte 
Alkaline Electrolyte (AEL) is the oldest and the most mature tech-

nology. An alkaline solution consisting of 30 % aqueous potassium hy-
droxide (KOH) is commonly used as an electrolyte. Besides KOH, other 
alkaline electrolytes such as sodium hydroxide (NaOH), sodium chloride 
(NaCl), and zinc hydroxide (ZnOH) have been investigated [35,36]. The 
process can be operated at a temperature of around 80 ◦C, [37] and in 
either atmospheric or elevated pressures. Higher efficiency and product 
purity are found to be the major advantages of atmospheric AEL 
compared to pressurized AELs [11]. Lower current densities, lower 
operating pressures, as well as durability and high cost of maintenance 
mainly due to corrosive nature of the alkaline are the drawbacks of the 
AEL [30,38]. Nevertheless, due to the relatively cheap material costs of 
the AEL systems as well as use of non-noble materials, there is a growing 
interest in ameliorating existing drawbacks. These improvements 
include but are not limited to an increase in current densities to reduce 
investment cost [30], and synthesis of novel catalysts such as non- 
platinum catalyst-coated membrane [39], hybrid cobalt nanosheet 

[40], NiMo alloys, and Ni3Fe oxide [41]. 

2.1.2. Polymer Electrolyte Membrane 
Polymer Electrolyte Membrane (PEM) electrolysis was initially 

conceived by Grubb in 1950s and developed in 1966 by General Electric 
[42]. In a typical PEM system, a solid polymeric membrane is used as an 
electrolyte instead of liquid [38,43]. Faster cold start, higher flexibility, 
and better coupling with dynamic and intermittent systems are the 
major advantages of PEM technology compared to AEL [11,38,44]. For 
susceptible corrosive acidic nature of proton exchange membrane, noble 
metal catalyst supports based on iridium and platinum at the anode and 
cathode are used, respectively [34]. However, the high cost of these 
materials and membrane materials has been a major challenge of PEM 
process [43,45,46]. Generally, a breakthrough in WE could be the 
development of non-noble metal catalysts for PEM with comparable 
electrochemical performance to the conventional noble metals. 

2.1.3. Solid Oxide Electrolyte Cell 
Among the electrolysis technologies, Solid Oxide Electrolyte Cell 

(SOEC) is still at an early stage of development. SOEC represents an 
electrolysis technology with an interesting feature for application in P2X 
processes. It operates at temperature range of 800–1000 ◦C [32] 
resulting in higher efficiency compared to AEL and PEM. The high- 
temperature operation in SOEC leads to a significant increase in ionic 
conductivity and the rates of electrochemical reactions on the surface of 
electrodes. Consequently, this results in a reduction of total electricity 
demand, which can be compensated by supply of thermal energy 
[29,32]. Furthermore, gases can be injected directly into SOEC, without 
requiring additional purification or separation processes [47]. In SOEC, 
a solid electrolyte, which is typically made up of ZrO2 doped with 8 % 
Y2O3 [11] is used. 

Two critical challenges of SOEC are material decomposition and 
short-term stability [28], which are caused the operation of the system 
at high temperatures. Moreover, SOEC operating with fluctuating and 
intermittent power sources could also be very challenging. This is 
because as the load changes, heat is lost, which results in changes in cell 
temperature. This phenomenon causes micro-cracks in the membrane 
material, which in turn reduces the lifespan of the electrolyzer [30]. 

2.2. Carbon dioxide sources 

From a sustainability point of view, the source of CO2 used as feed-
stock is crucial for all P2X systems. Carbon dioxide can be sourced from 
stationary sources such as power plants, petrochemical refineries, iron 
and steel processing, and cement industries. CO2 can also be sourced 
from organic materials, such as biomass, using processes as well as 
harvested from atmospheric air. However, CO2 concentrations vary a lot 
from one source to another. In Fig. 3 the possible CO2 sources and their 
corresponding concentrations are presented and compiled from the 
Intergovernmental Panel on Climate Change (IPCC) report [48]. 
Generally, CO2 emitted from any source is not generally available in its 
pure form and thus, separation, purification and upgrading steps are 
required. Carbon capture and storage (CCS) techniques such as ab-
sorption, adsorption, membrane separations, and cryogenic fraction-
ation are needed be used to separate CO2 from exhaust gases. Absorption 
is the most mature technology for CO2 separation [49] and it can be 
easily integrated into a P2X systems. The state-of-the-art CCS for CO2 is 
by absorption using mostly monoethanolamine (MEA) as solvents. But 
as absorption is relatively energy-intensive, other technologies are being 
explored to ameliorate this problem [50]. In addition, MEA is limited by 
high energy consumption for solvent desorption, low CO2 capture ca-
pacity, solvent degradation by constituent gases in flue gas, as well as 
corrosion of equipment [51–53]. 

2.2.1. CO2 from combustion and industry 
Combustion of coal, oil, and natural gas (NG) releases CO2, which 

Table 1 
Comparisons of AEL, PEM and SOEC technologies (data compiled from 
[10,27–34]).   

AEL PEM SOEC 

Electrolyte NaOH, KOH Solid polymer Yttria-stabilized 
zirconium oxide 

Electrodes Ni Pt/C/IrO2 Ni, ceramic 
Temperature 

(◦C) 
60–80 50–80 800–1000 

Pressure (bar) 1–15 1–50 1–5 
Efficiency (%) 65–75 50–75 80–90 
Power density 

(W/cm2) 
Up to 1.0 Up to 4.4 65–70 

System lifetime 
(years) 

20–30 10–20 20 

Cold start up 
(min) 

15 <15 <60 

Cost (€/kW) 1200 2320 6000 
Advantages Commercially 

available, 
Low cost 

Early stage of 
commercialization, 
Flexible 

High efficiency 

Disadvantages Low current 
density, 
High 
maintenance 
cost, 
Short lifetime. 

Low electrode and 
Electrolyte durability, 
Expensive raw 
materials. 

Early stage of 
development, 
Needs constant 
operation.  
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can be captured by certain separation technologies. However, most of 
the separation processes have high energy demand and losses. 
Depending on the type of fuel, plant, and separation technology 
employed, energy implication could increase electricity production 
costs in the power plants by 30–75 % for NG, and 40–85 % for a pul-
verized coal [54]. Furthermore, there is increasing concern on trans-
portation cost of captured CO2 to the P2X facility. For example, 
depending on the location, separation technology employed, terrain, 
construction and installation of pipeline, an average cost of CO2 trans-
ported via a 100 km pipeline is estimated to be around 3.1 € per ton CO2 
in the US [55], and 1.9–5.2 € per ton CO2 in the EU [56]. Therefore, for a 
P2X facility to be acclaimed as a sustainable technology, it should be 
located close to the CO2 source. 

Industrial processes, such as ammonia production, oil refineries, as 
well the minerals and metal processing plants, produce significant 
amounts of CO2. In ammonia synthesis, CO2 is generated by steam 
reforming of NG, which is also a process for H2 production. However, by 
direct addition of H2 for ammonia synthesis, CO2 emissions can be 
prevented [57]. Therefore, it is more reasonable to utilize produced H2 
in ammonia production process than in the carbon related P2X pro-
cesses. Moreover, from the oil refineries CO2 is emitted from various 
chemical processes. For instance, CO2 is emitted from combustion- 
related processes such as process heaters and boilers, as well as in pro-
cesses such as fluid cracking units, and sulfur recovery [58]. Besides 
that, CO2 is emitted from iron and steel production as well as in the 
production of cement, clinker, and lime. These production processes are 
one of the major industrial energy consumers and, the flue gases emitted 
from these processes can contain up to 60 % of CO2 [59]. In 2020, the 
global CO2 emissions from cement and, iron and steel productions 
accounted for 2.5 and 2.6 Gt CO2, respectively, and the trend is 
increasing [60,61]. Absorption can be employed to capture CO2 from 
these processes with an efficiency of around 90 % [62]. 

Biomass processes as a source for CO2 can be divided into fermen-
tation, combustion, and gasification. Technically, biomass combustion 
and gasification are similar as the fossil-based processes. However, 
biomass used as a fuel is considered to result in a zero net carbon 

emission. In biomass fermentation to biogas or bioethanol, pure CO2 can 
be sourced at no cost since it is supplied as a waste product [63]. 
Generally, integrating P2X to anaerobic digestion (AD) presents an op-
portunity for a rapid development of the technology. In the European 
Union (EU) and its Member States, biogas used for heat, electricity and 
vehicle fuel are being promoted [64]. As of 2020, there are 18,943 
biogas plants, and 725 biomethane plants in operation in the EU [65]. 
Besides AD, coupling of P2X to the biomass gasification unit is another 
alternative offering several advantages, for instance, O2 from electrol-
ysis can be utilized as gasifying agent and produced syngas in P2X 
process. This could enhance operation as well as reduce cost of the entire 
system. However, depending on the type of gasification technology, 
biomass gasification is also saddled with lower conversion efficiency 
mainly due to tar formation [66,67]. Another challenge is a high cost 
and higher energy consumption for syngas cleaning and upgrading 
[68,69]. 

2.2.2. CO2 from atmosphere 
CO2 capturing from atmosphere is readily available for the P2X 

processes, thus, the cost associated with CO2 transportation can be 
avoided. The CO2 capturing process from air is commonly referred to as 
direct air capture (DAC). This process was initially explored in 1999 as a 
means of mitigating climate change impacts [70]. CO2 captured from the 
atmosphere needs to be concentrated in pure form. A strong bases, such 
as NaOH, KOH or Ca(OH)2, can be used for this approach. However, one 
major challenge with DAC process is a low concentration of CO2 in 
ambient air (0.0412 vol% or 412 ppm) [71], thus, heat and electrical 
energy of about 1750 and 250 kWh per ton of CO2 are required, 
respectively [72]. Furthermore, depending on technical and economic 
assumptions, levelized cost of CO2 capture from atmosphere ranges from 
85 to 209 €t− 1 of CO2 [73]. Liquid solvents such as amines have the 
potential to reduce the energy input requirement of DAC. However, used 
liquid solvents also suffer the energy demand due to amines regenera-
tion, and degradation challenges, and corrosion of devices [71]. 
Nevertheless, transformation of energy systems towards RES might 
require capturing and utilization of CO2 from the atmosphere for 

CO2 sources 

CO2 from fossil fuels and minerals

Power generation Petrochemical industry

CO2 from biomass

Industrial production processes

Coal 

12-15 vol.%

Natural gas

3-10 vol.%

Fuel oil 

3-8 vol.%

Ethylene 

12 vol.%

Ammonia

Up to 100 vol.%

Refineries

3-10 vol.%

Ethylene oxide up 

to 100%

Cement

20 vol.%

Iron & steel

15 vol.%

Bioenergy

3-8 vol.%

Fermentation

Up to 100 vol.%

Fig. 3. CO2 sources and related concentrations data compiled from IPCC report [48].  
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industrial processes. 

3. Techno-economic analysis of P2X 

A techno-economic analysis (TEA) of P2X is important for develop-
ment and commercialization of the P2X methods. However, there is not 
yet any globally accepted method for TEA due to lack of consistency and 
comparability between different studies. In addition, for future alter-
native energy systems towards decarbonization goals, techno-economic 
analyses could be quite difficult to make due to scarcity of data, lack of 
detailed process description, and policy somersaults. Results on TEA are 
also often reported using different indicators with assumed input values 
making the comparison between the studies relatively difficult [74]. 
Variations from one study to another exist due to spatial and temporal 
differences and even changes in policy regulations. The most commonly 
used technical performance indicator in TEA analyses of P2X is just the 
plant efficiency. From an economic standpoint, evaluations are done in 
terms of specific production costs over the entire life cycle of the system, 
or levelized cost of energy (LCOE), i.e. cost per unit of energy stored 
[75,76]. Generally, the LCOE allows for a fair comparison on competi-
tiveness of the renewable energy technologies [77], although variations 
exist also in system configurations, lifetimes, efficiencies, and equip-
ment costs. In respective of assumptions and scope of the studies, capital 
expenditure (CAPEX) and operating expenditure (OPEX) of the plant are 
commonly evaluated. The CAPEX includes initial investment costs of 
component units and payback period. The OPEX are fixed and variable 
costs such as operating labor, payroll, and utilities raw material costs 
[78]. The CAPEX and OPEX are calculated using several variables that 
could affect the production costs. This poses difficulty in arriving at a 
generalized trend and extension of results, in particular on the TEA 
studies to another ones. Especially, there are many uncertainties asso-
ciated with prices of the input variables. Hence, sensitivity analysis in 
parallel with TEA is being performed. The sensitivity analysis identifies 
key variables affecting the production costs of the ‘X’. Furthermore, net 
present value (NPV) is another economic indicator that has been used to 
determine the profitability of a future project. NPV considers the sum of 
all cash flows over project life at a discount rate [79,80]. Thus generally, 
the positive NPV results in profit, while a negative NPV results in a loss 
and a zero NPV (break-even point) represents neither gain nor loss. All 
the cost data presented in this review are converted to Euros using the 
average currency exchange rate of 22 January 2020 (i.e., US$1 = 0.90 
EUR). In Tables 2–4, the units are presented such that the values can be 
compared, for examples as MWh, l and kg. In the following sections the 
TEA of different P2X (i.e., P2G, P2L, P2C) technologies are summarized. 

3.1. Power-to-gas (P2G) 

Power-to-gas (P2G) systems (Fig. 4) utilize excess renewable elec-
tricity to generate H2, which further combines with CO2 to produce 
synthetic natural gas (SNG), to be delivered via e.g., the existing natural 
gas piping infrastructure [11,81]. The synthesis reaction proceeds with a 
catalyst in chemical methanation (CM) or biocatalyst in biological 
methanation (BM). The reaction is generally called Sabatier reaction 
(Eq. (2)). 

CO2 + 4H2⇌CH4 + 2H2O ΔH = − 165 kJ/mol (at 298 K) (2) 

Table 2 summarizes the recent studies on the techno-economic an-
alyses of P2G. From table it can be seen that most of the studies on TEA 
of P2G have been done in Europe. The summarized articles are focused 
on all the three types of electrolyzers (AEL [82–84], SOEC [85–87] and 
PEM [88–90]). However, studies on future decarbonized energy sector 
were mostly done with PEM and SOEC. This signifies the interests in the 
development of these electrolyzer technologies. In the EU, biogas is in 
focus as carbon source as there are favorable biogas policies [91]. Be-
sides biobased carbon sources also fossil-fuel based sources are evalu-
ated [84,92]. Operation strategies and system configurations are crucial 

in determining the overall plant efficiency, reliability, and cost- 
effectiveness of the systems [44]. For example, an analysis of P2G sys-
tems with four different CO2 sources for Germany scenario has been 
evaluated [93]. The optimized processes were done with different ap-
proaches such as combination of isothermal and adiabatic reactors, as 
well as differences in operational parameters. A cost reduction of 40–65 
% was obtained by the optimized process relative to reference case as 
results of avoidance of gas liquefaction. However, the slight differences 
of the optimized processes (3.51–3.88 €kg− 1) indicates that, optimiza-
tion of raw material prices can have more favorable effects on produc-
tion cost rather than the process optimization. The overall plant 
efficiency in the range of 80.7 % to 81.5 % has been obtained for a 13.2 
MW plant capacity [93]. P2G with CO2 captured from atmosphere was 
more expensive than other sources in consideration. This is mainly due 
to a high energy requirement for the capture of CO2 from atmosphere as 
previously discussed. Similarly, optimization of H2 storage and metha-
nation capacity results in about 17 % reduction in production cost based 
on the studies by Gorre et al. [94]. This is attributed to short-term 
storage of H2 to satisfy the requirements for methanation process. 

In general, the economic viability of a P2G system strongly depends 
on the CAPEX and OPEX. When evaluating the gas production costs or 
LCOE of certain P2G system, a distinction has to be made between 
purchased electricity from the grid mix with RE and standalone RE 
supply. Hence, used electricity sources have a significant influence on 
LCOE. Under current market conditions, the economic viability of P2G 
could be improved with a combination of renewable electricity and 
wholesale market electricity rather than electricity from stand-alone 
renewables [97]. The wholesale market electricity could compensate 
for short-term imbalances of intermittent RES. A similar conclusion was 
drawn by Gorre et al. [105] who analyzed the influence of operating 
strategies and system configurations of P2G for 2030 and 2050 sce-
narios. Gorre et al. [105] demonstrated that the gas production cost can 
be reduced by operating electrolysis and methanation subsystems 
separately. This can be achieved by adjustment of the methanation unit 
size, which could increase the workload of methanation. Decoupling of 
these two subsystems could reduce storage demand for hydrogen as 
results of the adaptation of fluctuating electricity load profile of elec-
trolyzer relative to methanation. Hence, the higher gas production cost 
of P2G coupled to RES relative to combine electricity mix is attributed to 
large storage tanks required for H2 and CH4 gases. Attempts were done 
to simplify the analysis with regards to cost of electricity for H2 pro-
duction by WE unit [96,102,106,107]. Hence, some operating strategies 
were analyzed by allocating a cost on H2 supply relative to electrolyzer 
unit. For example, LCOE of CH4 from a wind-powered electrolyzer 
producing 40,000 kgd− 1 of H2 is 267.3 €MWh− 1. H2 is supplied at 6.3 
€kg− 1 of H2 with 78 % overall plant efficiency [92]. In a similar study, 
LCOE of renewable CH4, with H2 supplied at 5.5 €kg− 1, using a wind- 
powered electrolyzer is 230 €MWh− 1 [93]. This corresponds to gas 
production cost with CO2 sourced from a power plant as in Becker et al. 
[92]. In the study by McDonagh et al., the LCOE of renewable methane 
production for 2020, 2030 and 2050 scenarios in Ireland have been 
evaluated. They found that 56 % of the LCOE is dominated by electricity 
cost [89]. LCOEs of 124 €MWh− 1, 105 €MWh− 1 and 93 €MWh− 1 were 
obtained for 2020, 2030 and 2040 scenarios, respectively. However, the 
authors did not consider possibility of heat recycling from the metha-
nation step, which could improve the system performance. Catalytic 
methanation is an exothermic reaction (Eq. (2)), which releases signif-
icant amounts of heat. Therefore, the process efficiency can be improved 
by heat management [38,97]. However, the recovery and utilization of 
waste heat also increase costs, which has to be also considered in the 
analysis. 

In chemical methanation (CM), the source of CO2 is vital for the 
process. Deterrent factors such as catalytic deactivation require that CO2 
should be supplied in a pure form [92]. Depending on the source and 
size of the plant, CO2 needs to be separated and purified before 
methanation reaction. This, in turn, could add to the final gas production 
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Table 2 
Summary of TEA of P2G published from 2016 onwards. CH4 except Ref. [95] CH4 and MeOH.  

Ref. Year of start, 
Location 

System units: 
-Electrolyzer 
-CO2 source 
-P2X reactor 
-Catalyst 

Remarks Sensitivity analysis Product and cost of 
X [€MWh− 1]a 

Becker et al. [92] 2009 
USA 

-n.s. 
-Coal power plant 
-Fixed-bed 
-Ni 

Plant capacity: 40,000 kgd− 1 H2. 
Plant lifetime: 40 years. 
Overall plant efficiency: 78.1 %. 

H2 feedstock costs, capacity factor on SNG 
production costs. 

CH4: 119 

Peters et al. [93] 2014 
Germany 

-n.s. 
-Biogas, power plant, 
gas supplier, CO2 from 
air 
-Fixed beds 
-Ni 

Plant capacity: 13.2 MW. 
Plant efficiency: 80.7–81.5 % 

No CH4: 
230–250 
350b 

Collet et al. [83] 2015 
France 

-AEL 
-Biogas 
-Fixed bed 
-Ni 

Biogas plant capacity: 230 m3h− 1 Electricity consumption for H2 production. CH4: 
84–130(amine) 

79–107(membrane) 

78–105(direct 

methanation) 

Pääkkönen et al. 
[96] 

2015 
Finland 
Denmark 

-AEL/PEM 
-Biogas 
-n.s. 
-n.s. 

Biogas plant capacity: 500 m3d− 1. 
Electrolyzer lifetime: 30 years. 
Electrolyzer efficiency. 70 % 

Electrolyzer efficiency, payback time. BioCH4: 
DK: 46–66 
FI: 51–67 

Hassan et al. [97] 2015 
Germany 
Switzerland 

-PEM 
-Air, biogas 
-n.s. 
-n.s. 

Capacity: 10 MW. 
Methanation efficiency: 80 % 

P2G to future investment costs and efficiency 
improvements. 

CH4: 
Air: 216–306 
Biogas:149–294 

Chiuta et al. [84] 2016 
South Africa 

-AEL 
-Coal-to-liquid-facility 
-Fixed-bed 
-n.s. 

Electrolyzer capacity. 760 Nm3h− 1 

Lifetime. 25 years 
Electrolyzer investment, methanation 
investment, electricity price, operation & 
maintenance, CO2 tax/credit price. 

CH4: 43–125 

Reznicek & Braun 
[85] 

2016 
USA 

-SOEC 
-n.s. 
-Fixed-bed 
-Ni 

Capacity: 50 MW electrolysis stack 
Lifetime: 20 years 
Efficiency: 81.1 %. 

Stack current density, stack pressure, reactant 
utilization. 

CH4: 70 

Leonzio [98] 2017 
Germany 

-SOEC 
-Biogas 
-3 adiabatic fixed-bed 
-Ni-silica-alumina 

Capacity: plant designed to produce 
2500 kWth and 1000 kWel by 
combusting CH4 in a cogeneration 
system. 
Plant lifetime: 17 years. 
Cogeneration system efficiency: 40 
%. 
Electrolyzer efficiency: 84 %. 

Influence of T and P on Sabatier reaction. CH4: 260 

Sarić et al. [99] 2017 
Western 
Europe 

-PEM 
-Biomass gasification 
-Multiple adiabatic 
fixed-bed 
-Ni 

Capacity: 6 th− 1H2. 
Project lifetime: 10 years. 
Overall plant efficiencies: 69 %(PEM), 
61–72 %(SOEC). 

Room for electrolyzer investment. CH4: 42–126 

Crivellari & Cozzani 
[95] 

2018 
North Sea 

-PEM 
-Offshore NG facility, 
onshore market 
-Hybrid 
-n.s. 

Capacity: 50 MW electrolyzer 
Lifetime: 10 years 
Energy efficiency: about 40 % (P2G) 
and 44 % (P2L). 

CAPEX of wind farm, OPEX of wind farm, 
CAPEX of electrolyzer, OPEX of electrolyzer, 
market price of MeOH electricity market price, 
discount rate. 

CH4: 89–125 
MeOH: 123–177 

Bassano et al. [82] 2018 
Italy 

-AEL 
-Coal/biomass 
gasification 
-2 Fixed-bed 
-n.s. 

Capacity: 8500 Nm3h− 1 CH4. 
Efficiency: 51.2 % with CCS and 52 
% w/o CCS. 
Lifetime: 30 years. 

Fuel price, annual plant availability, electric 
tariffs, total production cost. 

CH4: 47–49 

Chauvy et al. [88] 2018 
Germany 

-PEM 
-Cement 
4 multi-tubular 
adiabatic 
-Ni/MgAl2O4 

Capacity: 90 MW electrolyzer. 
Lifetime: 20 years 
Overall efficiency: 72.6 %. 

Electricity price, electrolyzer efficiency, 
additional expenses & CAPEX, CO2 credit tax, 
O2 price. 

CH4: 115 

Gutiérrez-Martín 
et al. [100] 

2020 
Spain 

-AEL 
-Biogas 
-Cooled fixed-bed, 
adiabatic fixed-bed 
-Ru/γ-Al2O3 

Capacity: 22.4 m3s− 1 

Lifetime: 10 years. 
Plant efficiency: 

Biogas price, electricity price. CH4: 48.2–52.7 

Choe et al. [101] 2020 
South Korea 

-AEL, PEM 
-Chemical plant, power 
plant 
-Ni/MgAl2O 

Capacity: 1000 td− 1 

Lifetime (CM): 10 years 
Electrolyzer efficiency: 52.5–55.4 % 
CO2 conversion efficiency: 76.7 % 

Analytic hierarchy process based on technical, 
economic and environmental perspectives. 

CH4. 97.2–143.1 

Vo et al. [102] 2020 
Ireland 

-n.s. 
-Biogas 

Electricity price. 

(continued on next page) 
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cost. As an example, CO2 captured from industrial exhaust gases is in the 
range of 25 to 135 €t− 1 of CO2 [59]. 

Furthermore, utilizing CO2 from biogas could result in economic 
viability of the P2G system since additional cost for separation units can 
be avoided [93,108]. However, Collet et al. [83] analyzed P2G coupled 
to 230 m3h− 1 biogas plants for French scenario. Amine and membrane 
biogas upgrading technologies were compared with P2G. They found 
that P2G integrated into biogas facilities can be competitive with con-
ventional upgrading methods at an average electricity price of 38 
€MWh− 1. Sensitivity analysis reveals that electricity has a strong effect 
on gas production costs. They also emphasized that economic incentives 
for renewables use will improve the viability of P2G. In contrast, an 
analysis of a P2G based on SOEC technology for German scenario is also 
presented [98]. The proposed system is a plant designed to produce 
2500 kWth and 1000 kWel by combusting CH4 in a cogeneration system. 
In this contribution, P2G was found to be economically viable without 
considering incentives for RES use. This is due to higher incentive values 
for the use of wind power relative to economic incentives for gas-use in a 
cogeneration system (Table 2). However, Leonzio [98] did not investi-
gate whether the obtained data commensurate with environmental im-
pacts of the studied system over its entire process chains. 

Besides CM, coupling of P2G to biological methanation (BM) is 
gaining increased attention due to several benefits such as low operating 
temperature (37–65 ◦C) and pressure (15 bar) [109], and high tolerance 
to contaminates [11]. BM process can be performed by direct intro-
duction of H2 into the main AD reactor (in-situ) [110,111]. Alterna-
tively, H2 and CO2 may react in a separate reactor filled with 
hydrogenotrophic archaea (ex-situ) [112]. Higher volumetric methane 
production rates of about 98 % can be achieved by ex-situ relative to ca. 
75 % in-situ [102]. Hence, in the in-situ method, injection of H2 needs to 
be adapted to CO2 production in AD reactor, which requires more 
expensive gas measurement and automation equipment relative to ex- 
situ [112]. In this context, direct biogas upgrading through ex-situ BM 
offers more economical benefits than through in-situ method [102,112]. 
Moreover, bioCH4 slippage can be avoided by P2G BM relative to con-
ventional upgrading methods [113,114]. Besides the methods 
mentioned above, the type and source of feedstock used in biological 
P2G have a significant effect on gas production cost. For example, by 
integrating P2G to BM, renewable bioCH4 can be produced at 30 and 
138 €MWh− 1 from organic fraction of municipal waste and seaweed, 
respectively [102]. The high cost of seaweed could be ascribed to 
additional costs needed for feedstock maintenance. Specifically, 

Table 2 (continued ) 

Ref. Year of start, 
Location 

System units: 
-Electrolyzer 
-CO2 source 
-P2X reactor 
-Catalyst 

Remarks Sensitivity analysis Product and cost of 
X [€MWh− 1]a 

-Batch, CSTR 
-Methanogenic 
archaea 

Capacity: 125 m3h− 1 

Lifetime: 15 years 
Electrolyzer efficiency 75 %. 

BioCH4: 
30–138c 

138–246d 

Ipsakis et al. [103] 2021 
Greece 

-AEL 
-Cement 
-Fixed-bed 
-Ni/CeO2 

Capacity. 500,000 ty− 1 

Lifetime: 25 years 
AEL efficiency. 75 % 

CO2 penalty costs. CH4: 32.3–100 

McDonagh et al. 
[89] 

2020 
2030 
2040 
Ireland 

-PEM 
-Biogas 
-n.s. 
-Ni 

Capacity: 10 MWe electrolyzer 
Lifetime: 30 years. 
Overall efficiency 52.2 % (2020), 55.8 
%(2030), 59 %(2040). 

Electricity cost, run hours, total CAPEX, 
discount rate, and fixed OPEX. 

CH4: 
107–143(2020) 

89–121(2030) 

81–103(2040) 

Gorre et al. [94] 2030 
Switzerland 
Germany 

-AEL 
-n.s. 
-Fixed-bed 
-n.s. 

Capacity: 10 MW (electrolyzer), 
0.1–7.5 MW (methanation) 
Electrolyzer efficiency: 75 % 
Methanation efficiency: 69 % 
Lifetime: 20 years both AEL and 
methanation. 

CAPEX of electrolyzer, H2 storage, 
methanation. Standby cost, restart level, 
restart time. 

CH4: 128 

Eveloy & 
Gebreegziabher 
[104] 

2030–2050 
United Arab 
Emirates 

-AEL, SOEC 
-Coal power plant 
-n.s. 
-n.s. 

Lifetime: 10–30 years. 
Efficiency: 54.7 % (AEL-P2G), 63.7 
% (SOEC-P2G). 

Investment, electricity cost, operation & 
maintenance, capacity factor, H2O, discount 
rate. 

CH4: 114.3 

Gorre et al. [105] 2030 
2050 
Switzerland 

-n.s. 
-n.s. 
-n.s. 

Plant capacity: 10 MWel. 
Plant lifetime (excluding 
electrolyzer and SNG storage): 20 
years. 
Electrolyzer efficiency: 75 % (2030), 
78 % (2050). 
Methanation efficiency: 78 %. 

Continuous operation, flexible electricity. CH4: 
53–169(2030) 

28–93(2050) 

Salomone et al. 
[87] 

2050 
Germany 

-SOEC 
-Biogas 
-Fixed-bed 
-Ni/Al2O3 

Plant capacity: 1289 ta− 1 SNG. 
Lifetime: 20 years 
Plant efficiency: 77 %. 

P2G plant capacity, SOEC deficit coverage 
period, H2 storage time. 

CH4: 60–225 

Prabhakaran et al. 
[86] 

2050 
Germany 

-SOEC 
-Air, biogas, fossil fuels 
-n.s. 
-n.s. 

Plant capacity: 100 MW 
Plant efficiency: 85 %. 
Lifetime: 20 years. 

Effect of equilibrium price. CH4: 42–58 

Di Salvo & Wei [90] 2050 
USA 

-PEM 
-Cement 
-3 adiabatic reactors 
-Ni 

Plant lifetime: 30 years. 
Overall plant efficiency: 62 % with 
and 59 % w/o thermal energy 
supplied. 

Plant capacity factor, PEM efficiency, 
electricity price, PEM system cost, plant 
installed power capacity, CO2 commodity 
price. 

CH4: 173–379 

n.s: not specified. 
a Average exchange rate 1$ = 0.90€ on 22 January 2020. 
b P2G with CO2 captured from air. 
c Depends on biogas feedstock and excluding H2 production cost. 
d Including compression costs. 
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Table 3 
Summary of TEA of different P2L pathways published from 2016 onwards. Liquids fuels except Ref. [130] CH4 and liquid fuel.  

Ref. Year of 
start, 
Location 

System units: 
-Electrolyzer 
-CO2 source 
-P2X reactor 
-Catalyst 

Remarks Sensitivity analysis Product and cost 
of X (€l− 1)a 

Albrecht et al. 
[142] 

2014 
Germany 

-PEM 
-Air, Industrial process 
Biogenic 
-Fixed-bed 
-Co 

Plant capacity: 2,900–11,000 
th− 1. 
Lifetime. 30 years 
Plant efficiency: 50.6 %. 

Plant capacity, electricity price, CAPEX for electrolyzer, 
gasifier, and maintenance labor costs. 

Alkanes: 
2.75–2.85b 

2.64–2.74c 

Rivera-Tinoco 
et al. [143] 

2015 
France 

-PEM, SOEC 
-n.s. 
-Plug-flow 
-CuO/ZnO/Al2O3 

Plant capacities: 16,300 ta− 1 

P2G/PEM, 19,200 ta− 1 P2G/ 
SOEC. 
Lifespan: 20 years. 
Energy efficiency: 45.3 % 
(MeOH/PEM), 54.8 % (MeOH/ 
SOEC). 

Electricity price, electrolyzer cost, electrolyzers' lifespan, 
actualization rate, non-overnight investments, 
maintenance costs, low-cost power electrolyzer, high 
equipment lifespan. 

MeOH: 
PEM: 0.59–0.71 
SOEC: 1.39–2.36 

Zech et al. [144] 2015 
Germany 

-AEL 
-n.s. 
-n.s. 
-n.s. 

Plant capacity: 500,000 ta− 1 

hydrotreatment vegetable oil. 
Lifetime: 30 years. 
Energy efficiency: 41.6 %. 

Investment hydrotreatment of vegetable oil plant, 
electrolyzers' investment, electricity price, jatropha price, 
diesel price. 

Biojet fuel: 
1.18–1.24 

Rahbari et al. 
[124] 

2016 
Australia 

-PEM 
-Algae biomass 
-Low-T F-T reactor 
-Co 

Solar thermal capacity: 50 MW. 
Plant lifetime: 30 years. 
Overall carbon efficiency 71 %. 
Mass conversion rate of algae to 
gasoline: 45.5 %. 

Capital cost, variable cost, discount rate. Paraffins: 
2.20 

Michailos et al. 
[128] 

2016 
Germany 

-PEM 
-Cement plant 
-Fixed-bed 
-CuO/ZnO/Al2O3 

Plant capacity: 740 td− 1. 
Lifetime: 20 years. 
Overall energy efficiency: 44.4 
%. 

Electricity price, electrolyzer efficiency, O2 price, CAPEX 
electrolyzer, interest rate, tax rate, CAPEX of capture, 
synthesis, and utilities. 

DME: 1.42 

Shirazi et al. 
[129] 

2016 
Australia 

-n.s. 
-Algae biomass 
-n.s. 
-Ni/Al2O3, Co, Pt 

Solar thermal capacity: 50 MW. 
Lifetime: 30 years. 
Solar field optical efficiency: 72 
%. 

Capital cost, variable cost, discount rate, reactor ramping 
periods. 

Gasoline and 
diesel: 
2.25 

Zhang et al. 
[145] 

2017 
Italy 

-SOEC 
-n.s. 
-n.s. 
-CuO/ZnO/Al2O3 

Plant capacity: 100,000 ta− 1. 
Lifetime: 25 years. 
Efficiency: 68 % (minimum cost 
point), 69.4 % (maximum 
efficiency point). 

Prices of electricity, CO2, SOEC stack, SOEC stack lifetime. MeOH: 
0.40–0.42 

Hank et al. 
[135] 

2017 
Germany 

-PEM 
-Biogas, NH3 plant 
-Ideal adiabatic tube 
-Cu/ZnO/Al2O3 

Plant capacity: 12–19 td− 1. 
Plant lifetime: 10 years. 

MeOH selling price, electrolyzer cost, electricity price. MeOH: 
0.48–1.56 

Schemme et al. 
[146] 

2017 
Germany 

-PEM 
-Cement plant 
-Fluidized-bed (gasoline), 
F-T reactor for F-T 
synthesis, 
-MeOH: CuO/ZnO/Al2O3, 
F-T: Co 

Plant size: 300 MW fuel output. 
Lifetime: 20 years. 
Efficiency: 30–60 %. 

H2 cost, CO2 cost, CAPEX, interest rate, process steam, 
cooling H2O, operating electricity. 

EtOH: 2.22 
1-BuOH: 2.53 
2-BuOH: 2.60 
i-Octanol: 2.85 
DME: 1.85 
MeOH: 1.89 
F-T fuels: 2.30 
OME1: 2.63d 

OME3–5: 
3.46–4.00e 

Gasoline: 1.88 
Albrecht & 

Nguyen [147] 
2017 
Denmark 

-PEM 
-Cement plant 
-Fixed-bed 
-Co-based 

Plant capacity: 116,300 ta− 1 F- 
T fuels. 
Lifetime: 30 years. 
Energy efficiency: 92.4 %. 

Power cost, electrolyzer investment, F-T reactor, 
maintenance, interest rate, plant lifetime. 

-Kerosene, diesel: 
2.01 

Nieminen et al. 
[148] 

2018 
Finland 

-AEL 
-n.s. 
-adiabatic, isothermal 
-Cu/ZnO 

Capacity: 30 MW wind farm. 
Lifetime: 20 years. 
Efficiency: 81–88 %. 

Hydrogen cost, oxygen price, CO2 cost, CAPEX, solvent 
cost. 

MeOH. 
0.76–1.07 

Meunier et al. 
[149] 

2018 
Belgium 

-AEL 
-Cement plant 
-n.s. 
-CuO/ZnO/Al2O3 

Capacity: 1546 td− 1 of MeOH. 
Lifetime: 30 years (AEL). 
MeOH conversion yield: 93.4 
%. 

Electricity cost, MeOH, CO2 tax value. MeOH: 0.64 

Habermeyer 
et al. [150] 

2019 
Finland 

-AEL 
-Biomass gasification 
-Slurry bubble column 
-Co.− Re/Al2O3 

Capacity: 100–200 MW. 
Lifetime: 20 years. 
Process efficiency: 73.6–79 %. 

Electricity price, capacity factor, biomass price, 
electrolyzer investment cost, investment costs for the 
biomass-to-liquids plant. 

MEOH: 0.66–1.08 

Fasihi et al. 
[132] 

2030 
Several 
locations 

-AEL 
-Air 
-n.s. 
-n.s. 

Capacity: 31,170 bd− 1 liquid 
fuel. 
Lifetime: 30 years. 
Plant efficiency: 57.5 %. 

Economic changes, change in OPEX, geographical 
changes, plants' energy efficiency. 

Diesel: 0.44–0.75 

No 

(continued on next page) 
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inhibitory substances such as ammonia [115], H2S [116] and volatile 
fatty acid [117] need to be controlled. 

3.2. Power-to-liquids (P2L) 

Transport sector has a significant contribution to global GHG emis-
sions. In 2018, it accounted for 25 % of total energy-related CO2 emis-
sions [118]. The global demand for transport is increasing annually. 
Power-to-liquid (P2L) technologies produce liquid fuels directly from 
renewable electricity, water, and CO2 [119]. The two main pathways for 
liquid fuel production by P2L are Fischer-Tropsch (FT) and MeOH syn-
theses (Fig. 5). P2L produces synthetic fuels such as hydrocarbons, 
MeOH and dimethyl ether (DME). In the F-T reaction, CO2 is initially 
converted to CO via reverse-water-gas shift (RWGS) reaction, and H2 is 
generated by WE. Then H2 and CO react in a classical F-T synthesis to 
generate hydrocarbons for instance paraffins (Eq. (3)), olefins (Eq. (4)), 
and alcohols (Eq. (5)) [120]. 

Methanol (MeOH) is an essential chemical to produce several in-

dustrial and consumer products, as well as an alternative fuel for 
transportation. Over the last decade, the global installed production 
capacity has been growing at an average annual rate of 10 % [121]. 
Additionally, MeOH is considered as an effective liquid energy carrier, 
which is easier to handle and transport than solid or gas materials [122]. 

Paraffins : nCO+(2n+ 1)H2 ↔ CnH(2n+2) + nH2O (3)  

Olefins : nCO+ 2nH2 ↔ CnH2n + nH2O (4)  

Alcohols : nCO+ 2nH2 ↔ CnH2n+2OH +(n − 1)H2O (5)  

3.2.1. Techno-economic analysis of P2L 
F-T fuels and MeOH are the most studied TEAs of P2L processes 

(Table 3). However, few studies were also done on DME and liquid 
hydrocarbons. In contrast to P2G, PEM electrolysis is majorly used for 
the TEAs of the P2L processes. Additionally, TEAs were performed using 
carbon sources from biogenic [123,124], air [125,126] and industrial 
processes [127,128]. These three sources could be the available CO2 

Table 3 (continued ) 

Ref. Year of 
start, 
Location 

System units: 
-Electrolyzer 
-CO2 source 
-P2X reactor 
-Catalyst 

Remarks Sensitivity analysis Product and cost 
of X (€l− 1)a 

Trieb et al. 
[123] 

2015 
2025 
2050 
Egypt 

-AEL 
-Biogas 
-n.s. 
-n.s. 

Capacity: 100 bd− 1 liquid fuel. 
Lifetime: 20 years. 
Overall efficiency 50 %. 

Hydrocarbons: 
2015: 1.58 
2025: 1.13 
2050: 0.90 

Hombach et al. 
[125] 

2015 
2030 
Germany 

-AEL, SOEC 
-Air 
-n.s. 
-n.s. 

AEL capacity 68–133 kgh− 1 H2 

(2015–2030). 
Lifetime: 26–30 years 
(2015–2030). 
Overall conversion efficiency: 
71 %. 

Electricity cost, CO2 cost, electrolysis investment cost, 
capacity utilization. 

Diesel: 
4.97(2015) 

3.24(2030) 

Chen et al. 
[136] 

2030 
China 

-PEM 
-Coal gasification, 
biomass gasification 
-Fixed-bed 
-CuO/ZnO/Al2O3 

MeOH plant capacity: 6 * 105 

ta− 1. 
Plant lifetime: 20 years. 

PV electricity price, MeOH cost, carbon tax. MeOH: 
0.52–0.83 

Fasihi & Breyer 
[126] 

2030 
Several 
locations 

-AEL 
-Air 
-n.s. 
-n.s. 

Lifetime: 30 years. 
Overall efficiency: 52.5 %. 
(MeOH), 54.3 % (DME). 

No MeOH: 0.23 
DME: 0.29 

Zhang et al. 
[130] 

2030 
South 
Korea 

-n.s. 
-n.s. 
-n.s. 
-Hybrid 
FT: Fe-based, CM: Ni- 
based 

Plant capacity: processing 3.7 * 
105 ta− 1 of CO2. 
Lifetime: 20 years. 
Energy efficiency: 67.7–75.9 %. 

H2 price, CO2 price, CAPEX, utility cost. Syncrude: 
1.52–1.84 
CH4: 87–91 € 
MWh− 1 

Decker et al. 
[127] 

2030 
Germany 

-PEM 
-Industrial waste stream 
-n.s. 
-MeOH: Cu/ZnO/Al2O3 

Hydrocarbons: Co 

MeOH plant capacity: 8000 
ha− 1. 
Lifetime: 20 years. 
Plant efficiency: 84.5 % 
(MeOH), 74 % (FT). 

Wind turbine, PEM cost, indirect OPEX, CO2 cost. MeOH: 1.32–2.19 
FT: 1.65–2.58 

Lee et al. [151] 2050 
South 
Korea 

-AEL, PEM, SOEC 
-Coal power plant 
-n.s. 
-Cu/ZnO/Al2O3 

Capacity: 100 td− 1. 
Lifetime (electrolyzers): 8–11 
years. 
Energy efficiency: 45.6 %. 

No MeOH: 0.57–0.84 

Adnan & Kibria 
[152] 

2018 
2050 
Canada 

-AEL, PEM 
-Coal gasification 
-adiabatic fixed-bed 
-Cu/ZnO/Al2O3 

Capacity: 1100 td− 1. 
Lifetime: 20 years. 
CO2 conversion efficiency: 
46–51 %. 

Current density, energy efficiency, electrolyzer cost, 
electricity price, natural gas price, O2 selling price. 

MEOH: 0.30–1.14 

Isaacs et al. 
[153] 

2030 
USA 

-PEM 
-Air, biomass gasification 
-n.s. 
-Co 

Capacity: 159 m3d− 1. Electricity cost, F-T Alpha Value, valuation period, 
biomass price, weighted average cost of capital, 
electrolysis. 

F-T fuels: 
1.98–3.15 

n.s.: not specified. 
a Average exchange rates 1$ = 0.90€, 1RMB = 0.13€ on 22 January 2020. 
b Small-scale P2L with and without heat utilization. 
c Large-scale P2L with and without heat utilization. 
d OME1: oxymethylene dimethyl ether. 
e OME3–5: poly(oxymethylene) dimethyl ether. 

A.R. Dahiru et al.                                                                                                                                                                                                                               



Journal of Energy Storage 56 (2022) 105861

10

Table 4 
Summary of various TEA of chemicals produced by P2C pathways articles published from 2016 onwards.  

Ref. Year of start, 
Location 

System units: 
-Electrolyzer 
-N2/CO2 source 
-P2X reactor 
-Catalyst 

Remarks Sensitivity analysis Product and cost of X 
(€kg− 1)a 

Aldaco et al. [161] 2016 
North West 
Europe 

-ER Cell 
-Coal power plant 
-ER reactor 
-n.s. 

Plant capacity: 17,000 ta− 1. 
Lifetime: 25 years. 
Faradaic efficiency: 98 %. 

CO2 price. Formic acid: 
1.05–7.08 

Sánchez & Martín 
[168] 

2017 
Southern 
Europe 

-AEL 
-Air 
-Packed-bed 
-n.s. 

Plant capacity: 300 td− 1. Effect of panels cost on NH3 production cost. NH3: 
1.35–1.38 

Palys et al. [169] n.s. 
USA 

-PEM 
-Air 
-n.s. 
-n.s. 

Capacity: 40.3 ta− 1. 
Lifetime: 11.34 years. 
Efficiency: 12.7 %. 

Capital cost, energy efficiency. NH3: 
1.67b 

Rumayor et al. 
[158] 

2017 
Spain 

-ER Cell 
-Coal power plant 
-ER reactor 
-Cathode: Sn/C- 
GDC. 
Anode: DSA-O2 

Cathode lifetime: 210 h. 
Anode lifetime: 10 years. 
Faradaic efficiency: 42 %. 

Cathode lifetime, electricity sources, raw material 
costs, H2O cost, steam cost. 

Formic acid: 
0.16–1.4c 

Rumayor et al. 
[160] 

2017 
North West 
Europe 

-ER Cell 
-n.s. 
-ER reactor 
-Cathode: Sn/C- 
GDC. 
Anode: DSA-O2 

Plant capacity: 12,000 ta− 1. 
Cathode lifetime: 2.5–4.45 years. 
Anode lifetime: 10 years. 
Faradaic efficiency: 42.3 %. 

Electric power consumption of ER. Formic acid: 
1.4–1.5 

Zhang et al. [170] 2017 
China 

-SOEC 
-Air 
-3-Bed quench 
converter 
-Fe-based 

Plant capacity: 50,000 ta− 1. 
Lifetime: 25 years. 
System efficiency: 43.6–75.3 %. 

No NH3: 
0.03–0.60 

Li et al. [171] 2018. 
USA 

-n.s. 
-Air 
-Low-pressure 
reactor 
-n.s. 

Plant capacity: 1500 td− 1. (centralized 
WE), 8.2 td− 1. (decentralized WE). 
Lifetime: 12 years. 

CO2 credit, electricity, modular fixed capital 
investment, low pressure reactor, O2 credit. 

NH3: 
0.75–1.27d 

Gomez et al. [167] 2019 
South 
Central USA 

PEM, SOEC 
-Air 
-ER reactor 
-Noble metal- 
based 

Plant capacity: 140 td− 1. 
Plant lifetime: 20 years. 
Faradaic efficiency: 80 %. 

Electricity price. NH3: 
0.89(PEM) 

0.87(SOEC) 

Lin et al. [172] 2020 
USA 

-AEL 
-Air 
-H-B reactor 
-Fe 

Capacity: 20,000 t. 
Lifetime. 20 years. 
Efficiency: 67–78 %. 

LCOE, LCOA, operating pressure. NH3: 0.45–0.93 

Armijo & Philibert 
[173] 

2020 
Argentina 
Chile 

-AEL 
-Air 
-Haber-Bosch 
(H–B) reactor 
-n.s. 

Lifetime: 30 years. 
Electrolyzer efficiency: 70 %. 

No NH3: 
0.44–0.64e 

0.44–0.51f 

Nosherwani & 
Neto [174] 

2019 
2030 
Germany 

-AEL, PEM 
-Air 
-H-B reactor 
-Fe-based 

Capacity: 300 td− 1. 
Lifetime: 20 years. 
Conversion efficiency: 80–95 %. 

No NH3: 
0.62–1.19(2019) 

0.57–0.74(2030) 

Fernando & 
Purwanto [175] 

2019 
2030 
2050 
Indonesia 

-AEL 
-Coal power plant 
-3 adiabatic fixed- 
bed 
-Fe 

Capacity: 13,000 ty− 1. 
Lifetime: 25 years 
Overall system efficiency: 7.9 %. 

No Urea: 1.51–2.11 

Jouny et al. [159] 2030 
USA 

-AEL 
-Air, Flue gas 
-n.s. 
-n.s. 

Capacity: 100 td− 1. 
Lifetime: 20 years. 
Faradaic efficiency: 90 %. 

Electricity price, selling price, selectivity, 
electrolyzer cost, CO2 cost, voltage, current 
density, conversion. 

Formic acid: 0.3 
MeOH: 0.52 

Ikäheimo et al. [8] 2050 
Nordic 
countries 
Baltic 
countries 
Germany 
Poland 

-PEM 
-Air 
-H-B reactor. 
-n.s. 

Capacity: 20.1 million ta− 1. 
NH3 synthesis unit: 20 years. 
Electrolyzer efficiency: 71 %. 

Electricity cost, PV cost, electricity transmission 
capacity. 

NH3: 0.43–0.53 

n.s: not specified. 
a Average exchange rate 1$ = 0.90€ on 22 January 2020. 
b Based on annual net present cost. 
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sources in the anticipated decarbonized transportation sector regime. 
Similar to P2G, analyses of P2L vary from one study to another due to 
evaluation methods, assumptions, plant scales, and other factors 
(Table 3). For example, Trieb et al. [123] presented a preliminary design 
and performance evaluation of 100 barrels per day solar liquid-fuels in 
Aswan, Egypt with an overall efficiency of 50 %. The system was 
designed to take advantage of full load operation, avoidance of 
hydrogen storage, as well as optimize mass and energy flows. From an 
economic point of view, production costs of synthetic liquid hydrocar-
bons like diesel and kerosene for 2015, 2025 and 2050 were estimated at 
1.58 €l− 1, 1.13 €l− 1, and 0.90 €l− 1, respectively. Trieb et al. identified 
high potential for a large-scale implementation of P2L relative to small- 
scale plants (<100 barrel/day). This is attributed to subsidies that may 
be required to cover for higher specific investment costs associated with 
small scale units. Similarly, production cost of gasoline and diesel by P2L 
is being investigated in Australia [129] and can be produced at about 
2.25 €l− 1. Furthermore, 69 % of the annualized cost is originated from 
CAPEX and 31 % from OPEX. Also, a one-day-ahead syngas dispatch 
strategy reduces the production cost compared to immediate dispatch 
strategy. This dispatch strategy can minimize the frequent shutdowns of 
F-T reactor. Hence, additional production costs as a result of long start- 
ups of the reactor for product stabilization can be reduced. Also, sensi-
tivity analysis indicated that the cost of farmed microalgae covers 
almost half of the operational costs in Australia [129]. In contrast to a 
region with low potential of solar irradiation, syngas storage tank and F- 
T unit dominated the capital cost rather than solar PV unit. It is evident 
that the feasibility of P2X could be influenced significantly by spatial 
distribution of RES. 

Moreover, liquid fuel production costs can be reduced by hybrid 
combined P2X for the simultaneous production of liquids and gas, as 
well and recycling of unconverted feed gas from a synthesis reactor. For 
the latter, it means to reduce demand for unit operation and cost asso-
ciated with H2 production by WE. From a technical and economic point 
of view, the energy efficiency and capital investment of hybrid P2L/P2G 
decreases as recycle ratios of unconverted feed gases were increased 
[130]. The hybrid process results in higher energy efficiency, and lower 
CO2 emissions and reduction costs compared to P2L process. However, 
the efficiency of the hybrid process decreases as the recycle ratio of 
unconverted fed gas is increased. Therefore, it can be concluded that 
recycling of uncovered feed gas can improve system performance. But 
the recycling ratio needs to be carefully adjusted to avoid further 
accumulation of inert gaseous hydrocarbons from the downstream 
process. Furthermore, TEA of a hybrid power system consisting of PV- 
wind has also been investigated. In the future, this hybrid system 
could reduce the intermittency effects of RES and also lower production 
costs compared to stand-alone solar or wind power system [131]. Fasihi 
et al. [132] have estimated that liquid fuel production cost by hybrid- 
powered P2L can be produced at a price range of 0.44 to 0.75 €l− 1. 
These prices are considered to be competitive with conventional crude 
oil prices in the year 2030. This, however, depends on the economic 
assumptions for capital costs, revenue from oxygen sales and CO2 
emission costs. 

From the P2L perspective, MeOH can be produced by direct CO2 
hydrogenation or by electrochemical reduction (ER) of CO2. The pro-
duced MeOH can be further dehydrated into liquids hydrocarbons 
[133]. To mitigate GHG emissions, many researchers have recently 

c Utility costs per kg of formic acid. 
d At break-even for central WE to distributed WE. 
e Cost range for 40 % flexible operation. 
f Cost range for 80 % flexibility + stops. 
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focused on analysis of P2L for MeOH production by CO2 hydrogenation. 
Also, an intensive syngas production step, which accounts for 60 % of 
the total plant CAPEX [134] can be avoided. For instance, Hank et al. 
[135] compared the performance of MeOH production by direct hy-
drogenation of CO2 from biogas and fossil fuel based NH3, both powered 
with wind power in Germany. They revealed that coupling of the P2L 
plant to biogas exhibits better performance than to NH3 plant. MeOH 
from wind power can be produced at a range of 0.48–1.56 €l− 1. Addi-
tionally, revenue from the sale of O2 leads to lower production cost, 
which is comparable with the existing market prices. Furthermore, the 
prices of electricity generation, H2 production, and the carbon taxes 
have strong influences on the final production of MeOH. However, 
impact of logistics associated with O2 was not evaluated. Similarly, 
production costs of MeOH by solar integrated to coal and biomass 
gasification (BG) plants are around 300 % and 500 % higher than a 
conventional coal plant in China [136]. This is expected due to cheap 
coal available in China. In 2018, China accounted for nearly half of the 
world's coal production [137]. Thus, in contrast to the solar-biomass 
route, solar-coal gasification for MeOH production in China can be 
competitive to conventional coal to methanol production under a higher 
carbon tax regime. Accordingly, factors such as system configurations, 
renewable electricity price, and carbon tax have significant effects on 
system performance. This conforms with earlier study by Hank et al. 
[135]. 

In general, a process efficiency and production cost can be influenced 
by the stoichiometric relationship between H2 and CO2 [138]. As an 
example, Decker et al. [127] performed a comparative analysis of MeOH 
and F-T syntheses for Büsum, Cuxhaven and Emden in Germany. They 
found that MeOH is slightly more efficient and has a lower production 
cost than F-T fuels (Fig. 6). This was due to higher demand for feed gas 
during F-T synthesis than MeOH route (Eq. (6)) [139]. The lower syn-
thetic liquids fuels production costs in Büsum can be attributed to the 
exceptional quality for wind power production in the area. This allows 
for higher load hours of the electrolyzers for hydrogen production 
relative to Cuxhaven and Emden. 

CO2 + 3H2→CH3OH + H2O ΔH = +87 kJ (6) 

Dimethyl ether (DME) is an additive of transportation fuels that can 
be produced from feedstock such as biomass and fossil fuels. In industry, 
DME can be derived indirectly via synthesis of MeOH or directly from 
syngas. As a fuel, DME is proposed as a substitute for liquefied petroleum 
gas (LPG) and diesel [140]. It has a higher calorific value than MeOH. 
Fasihi & Breyer [126] estimated that in 2030 production costs of MeOH 
and DME are 290 €t− 1 (0.23 €l− 1) and 430 €t− 1 (0.29 €l− 1), respectively. 
The obtained MeOH price can be competitive with the current average 
price for MeOH (Methanex price sheet of 24 January 2020): 275 €t− 1 

(Europe), 356.4 €t− 1 (North America) and 302.5 €t− 1 (Asia) [141]. This 

is, however, based on the assumed additional income from the sales of 
by-products and CO2 emission credits. Nevertheless, Fasihi & Breyer 
[126] did not consider the influence of excess heat utilization from DME 
plant. The utilization of excess heat could improve the overall process 
efficiency and lead to lower production cost compared to MeOH plant as 
confirmed in an analysis by Albrecht et al. [142]. 

3.3. Power-to-chemicals (P2C) 

Alternative syntheses of chemicals from GHG-free sources are 
needed to decarbonize the chemical industries. Similar to MeOH pro-
duction, CO2 hydrogenation and ER of CO2 can be used to produce 
value-added chemicals in a two-step process via P2C. H2 is generated by 
WE in the first step and H2 reacts with either CO2 or N2 to produce 
chemicals in the second step. This process is gaining attention among 
researchers due to its flexibility and fast kinetics [154,155]. In a typical 
ER process, CO2 is reduced into chemical species at 20–80 ◦C depending 
on the desired end products [156]. In general, the ER of CO2 can be 
operated at ambient temperature and pressure. This is beneficial since 
desired products can be obtained by simple adjustment of other process 
parameters e.g. electrolyte, electrocatalyst, and redox potential [157]. 

3.3.1. Techno-economic analysis of P2C 
The feasibility of chemical energy carriers such as formic acid and 

NH3 has been analyzed (Table 4). ER of CO2 for formic acid production 
was compared to a conventional process in terms of utility costs [158]. 
With an improved faradaic efficiency of 90 % [159], the utility costs for 
renewable formic acid could be reduced from 1.4 to 0.16 €kg− 1 

compared to 0.21 €kg− 1 for conventional method. One of the sensitive 
units in evaluating the viability of ER for formic acid production is the 
purification process in a form of a distillation of an azeotropic mixture of 
formic acid and water. This additional unit is associated with energy 
losses, but it increases the concentration of product. Hence, in a similar 
study by the same research group, an 8 % increase in CAPEX for an ER 
system with a distillation unit is obtained in contrast to a system without 
a distillation unit. By assuming 21 and 85 % wt. concentration of formic 
acid in the outlet stream and without considering CO2 capture process, 
the obtained values were in comparison to the conventional methods 
[160]. 

In general, CCS possess higher CO2 emission reduction potential than 
CCU mainly due to high energy demand of the latter process. However, 
CCU provides more economic benefits than CCS because CO2 can be 
utilized for production of value-added chemicals. As such, an ER inte-
grated to CCS-CCU for chemical synthesis offers an attractive alternative 
to reduce GHG emissions and improve the economic viability of the 
process. Thus, an ER coupled to CCS-CCU with CO2 sourced from coal 
power plant has been analyzed [161]. In this contribution, additional 
operating costs related to energy losses and material requirements of 
CCS can be compensated by the revenue of selling formic acid. As ex-
pected, 90 % of the total investment costs were traced to electrolyzer. 
Whereas OPEX of CCS and CCU were respectively 25.1 €t− 1 of CO2 and 
18.9 €t− 1 of CO2 utilized. Additionally, a breakeven is formic acid selling 
price of 850 €t− 1 and 290 €t− 1 revenue from CO2 utilization. However, 
this is a conservative analysis as possible energy loss associated with 
heat and electricity for the capture and compression of CO2 are not taken 
into consideration. It is worth recalling that energy demand for CCS is 
one of the major contributors to the cost of power plants (see Section 
3.1). 

Another interesting development in P2X is the production of NH3, 
which has a high potential for decarbonization of the ammonia pro-
duction industry. In contrast to conventional Haber-Bosch (H–B) pro-
cess for NH3 production, power-to-ammonia (P2NH3) process does not 
emit CO2 since carbon input is not required. Therefore, NH3 could be a 
viable candidate for H2 storage [162,163] and carrier due to high H2 
content [164]. Additionally, NH3 can be liquefied under mild conditions 
(20 ◦C, 8 bar) and can also be dehydrogenated to produce H2 [165,166]. 

Fig. 6. Comparison of P2L for MeOH and F-T synthesis in 3 locations 
in Germany. 
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Recently, researchers have evaluated the viability of P2NH3. For 
example, the cost of NH3 for low wind periods and fertilizer production 
in Northern Europe in 2050 is being investigated [8]. It varies between 
0.43 €kg− 1 and 0.53 €kg− 1, which is comparable to the current NH3 
market prices. Additionally, electrolyzer investment dominated the 
overall production cost. Similarly, NH3 production cost in a 140 Mtd− 1 

plant for the USA scenario has been evaluated. NH3 can be produced at 
856 €t− 1 (PEM-P2NH3) and 874 €t− 1 (SOEC-P2NH3) [167]. The ER de-
vice manufacturing and associated balance-of-plant for the system 
accounted for 78 % of CAPEX. It was also found that WE integrated to ER 
can be competitive with Haber-Bosch process. However, the WE-ER 
system yields a lower discounted payback period than the conven-
tional H–B process. Furthermore, the effects of direct and indirect 
cooling of reactor for NH3 production in Southern Europe shows a slight 
difference in production cost (Table 4) [168]. In both cases, electrolyzer 
respectively contributed 63 % and 60 % of the total plant cost, which 
follows similar trends with most of the P2X analyses reviewed in this 
study. 

3.4. Evaluation of results 

Information collected from the recent P2X studies can be utilized to 
evaluate techno-economics of different P2X products. The total number 
of P2X references is 60; P2G review consists of 23 references, P2L of 23 
references, and P2C of 14 references. The main information and oper-
ation parameters are collected in Tables 2–4. 

There was a challenge to compare different studies as there is a large 
variation between the studies. The economics of the large-scale was 
clearly visible in the studies. The effect of capital cost change as a 
function of manufacturing capacity is shown in Fig. 7 [176]. Thus, the 
research in the small-scale studies results in several times higher product 
prices than in the large-scale. Hence, the development of P2X systems 
could be accelerated by rapid scale-up of electrolyzer stacks for green 
hydrogen to be competitive with conventional fossil fuels. Scaling-up of 
the annual manufacturing capacity could lower the total capital costs of 
the electrolyzer stack by almost 90 % [176]. 

In this review, we identified system efficiency and high costs which 
largely depend on the electrolysis unit and CO2 capture as the main is-
sues with P2X systems. Heat of reaction and product heat from catalytic 
P2G process can be integrated into the system to improve overall process 
efficiency. However, heat management strategies in the conventional 
adiabatic reactors and high costs of the alternative cooled fixed-bed 
reactors remain the key challenges. P2L generally poses higher energy 

densities than P2G products and has the potential to defossilize sectors 
such as shipping, aviation, and heavy goods traffic. Nevertheless, lack of 
integrated process design for flexible operation and business cases for 
industrial applications of P2L products in net-zero transportation are the 
main drawbacks. The P2C products reviewed herein can be produced 
directly by ER of CO2 with low GHG emissions. However, the process 
suffers from technical challenges such as low efficiency, low selectivity 
of the products, and high energy consumption of ER cells as well as ef-
fects of economy of scales. In addition, the overall economic efficiency of 
all studied techniques is strongly dependent on the electricity price and 
availability. 

In Fig. 8, the manufacturing costs of the P2G, P2L, and P2C products 
are summarized and categorized. The black dots are the current average 
stock prices of the products. It can be seen that the gaseous products, 
CH4 and BioCH4, can be produced economically with current (August 
2022) natural gas prices in Europe. P2L products are still too expensive 
to produce economically even with today's increased fuel prices. The 
closest one is methanol, which could be produced with 0.4 €l− 1 (average 
market price in autumn 2022 is 0.3 €l− 1) in the best case with P2L. In the 
P2C cases, the formic acid and ammonia could be produced economi-
cally compared to market prices in autumn 2022. In comparison to 
average stock prices of the products in autumn 2022, gaseous products, 
formic acid, and ammonia from P2X systems offer competitive alterna-
tives to the energy market. Stock prices of gasoline and F-T fuels are not 
included in the evaluation as their prices differ greatly from one country 
to another, because of the fuel taxes and subsidies on transport fuels. 

The average prices of the WE technologies evaluated in this review 
paper are presented in Fig. 9. The electrolysis unit for H2 production has 
been consistently identified as a significant factor for X production costs. 
In particular, high initial investment results from the installation of re-
newables as well as CAPEX of electrolyzers. The AEL is the most matured 
technology, however, moving towards a decarbonized energy sector, 
deployment of P2X will require development of PEM and SOEC tech-
nologies. For instance, the suitability of PEM for transient operation 
relative to AEL [11,38,44] could be essential in ameliorating the inter-
mittent nature of RES. The higher efficiency and lower energy demand 
of SOEC [29,32] make this technology a promising candidate for the 
development of P2X technologies. It can be seen from Fig. 9 that capital 
costs of AEL are at par with PEM, which could be attributed to progress 
in the manufacturing of these systems. For benefits of high energy effi-
ciency and lower hydrogen production cost, scaling could make SOEC 
systems competitive in the market. Specifically, economy of scale can be 
achieved by thermal management and operating strategies that could 
circumvent long-term degradation of the cell components. 

Fig. 7. Capital costs of PEM stack (reproduced with permission from [176]).  
Fig. 8. Summarized production costs of P2X products from Tables 2–4 and 
average stock prices in autumn 2022 (■). 
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4. Summary and conclusions 

Power-to-X technology that converts renewable electricity to gas, 
chemicals and liquid fuels could be a key component for transition to a 
sustainable energy regime [17]. In recent times, several studies about 
TEA of P2X have been carried out to improve on process efficiency and 
to minimize the production cost for further development. Several as-
sumptions including system configurations, operating strategies, CO2 
sources for X syntheses as well as spatiotemporal scale for decarbon-
ization targets have been investigated. Recently, analyses were done on 
feasibility of present and future scenarios of a decarbonized world. It can 
be observed that a significant issue related to this technology is on the 
improvement of WE both in terms of efficiency and cost. 

Electricity generation from RES is predicted to increase rapidly in the 
near future. However, they could not satisfy the electricity demand all 
the time due to their inherent intermittency. Hence, in practice, a sec-
ondary electricity supply is needed as a backup to ensure continuous 
operation of P2X systems. It is worth mentioning that P2X have been 
envisaged as an energy storage technology for surplus electricity from 
RES and sector decarbonization. This backup should be supplied by low- 
carbon electricity sources. In general, for P2X to be qualified as an 
environmentally friendly process [177,178], H2 has to come from GHG- 
free sources. 

Recently published articles on TEA of P2X focus on the whole system 
analysis with few going into technical details of major process steps. 
Technically, the overall efficiency of X syntheses is a function of factors 
such as temperature, pressure, catalysts, reactor technology, source and 
purity of CO2. Thus, more studies on the effect of these factors on process 
efficiency could provide comprehensive details on the technical and 
economic performance of P2X systems. For example, literature reports 
on P2X are based on traditional catalysts for X syntheses. But for 
widespread deployment of P2X, there is a need to develop novel cata-
lysts that possess high activity, high thermal stability, as well as an 
excellent selectivity towards P2X products. Hence, future studies might 
consider the influence of these novel catalysts on process efficiency, 
economy, and environmental impacts of P2X systems. This could be 
beneficial both in terms of process efficiency and cost reduction. For 
reference purposes: operation of P2G under high pressure could elimi-
nate the need for compression and storage of H2 before methanation 
process [86]. Therefore, the future studies should consider more 
detailed analyses of P2X system at varied process parameters to deter-
mine the optimum operating conditions. Still, most studies are done at 
the steady-state conditions of P2X systems. But in practice, integration of 
P2X components requires fundamental knowledge of the system dy-
namics. So far, only a few articles have focused on these system dy-
namics. Therefore, more investigations on the dynamic behavior of 

various P2X pathways are recommended for future studies. Further-
more, the overall technical and economic performance of P2X could be 
improved when it is designed to produce multiple products via a flexible 
process chain. Evidently, there are research gaps that need to be 
addressed regarding this flexible operation of P2X systems. 

Biogas and direct air capture seem to be the most feasible sources of 
CO2 for P2X systems. The latter source is not restricted by location. But 
for a relatively high cost associated with the energy consumption, there 
is a need to find a sustainable implementation of direct air capture for 
P2X. Hence, in parallel to a need for improvement in P2X process per-
formance, advanced CCS technologies need to be rapidly developed for 
sustainable process integration. This is true, especially when considering 
decarbonization of energy-intensive industries such as cement, iron and 
steel. Of course, CO2 source from biogas provides a possible imple-
mentation of a 100 % renewable P2X systems. Currently, biogas plants 
enjoy favorable policies and subsidies in most countries. Thus, P2X fate 
will very likely be determined by government policies and incentives as 
in some reviewed herein. Therefore, future research should be able to 
answer an important question, what level of subsidies a country or re-
gion should allocate to P2X to advance decarbonization goals? This in-
formation will be valuable for both policy-makers and investors. 
Certainly, decarbonization of transport sector is crucial in mitigating 
CO2 emissions. As discussed in this review, P2G and P2L are alternative 
pathways for the production of transportation fuels. P2L in particular 
has a high potential to couple the electricity and transportation. Yet, 
there is a need for more thorough investigations on how these pathways 
could impact on the overall transport sector chains. Finally, utilization 
of CO2 by P2X provides a viable option to mitigate GHG emissions as 
well as improve the environmental impact of energy production. 
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