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École Polytechnique Fédérale de Lausanne, EPFL Valais/Wallis, Switzerland and Empa Materials Science and Technology, Dübendorf, Switzerland 

Hydrogen Storage by Reduction of CO2  
to Synthetic Hydrocarbons

Kun Zhao, Wen Luo, Noris Gallandat, Jie Zhang, and Andreas Züttel*

Abstract: The storage of renewable energy is crucial for the substitution of fossil fuels with renewable energy. 
Hydrogen is the first step in the conversion of electricity from renewable sources to an energy carrier. However, 
hydrogen is technically and economically challenging to store, but can be converted with CO2 from the atmo-
sphere or oceans to hydrocarbons. The heterogeneously catalyzed gas phase reaction and the electrochemical 
CO2 reduction are reviewed and the application of a new type of reactor is described. The mechanism of the gas 
phase CO2 reduction on a heterogeneous catalyst is shown in detail and the function of the supported catalyst is 
explained. Finally, an economic estimation on the cost of synthetic methane is presented which leads to a cost 
of 0.3 CHF/kWh in CH4. 
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Methane represents the largest single product according to the 
Anderson–Schulz–Flory equation for α less than 0.5. For α increas-
ing approaching 1, the total amount of methane formed minimizes 
compared to the sum of all longer chain products (n ≥ 2). The long-
chained hydrocarbons (n > 12) are waxes, which are solid at room 
temperature. Therefore, for the production of liquid fuels for mo-
bility it is necessary to crack the long-chained hydrocarbons of the 
Fischer–Tropsch products. 

The detailed mechanism of the Fischer-Tropsch synthesis has 
been reviewed by Davis.[6] Five schematics were discussed which 
differ mainly in the sequence of the C–H and O–H formation. Either 
CO chemisorbs on the metal site (M–C=O) and is reduced with 
hydrogen to M–CH–OH. These oxygenates react under condensa-
tion to form C–C bonds. Another possibility is that M–CH=O is 
formed, which is further reduced to M–CH

3
 and then reacts with 

CO to form a C–C bond. Hydrogen may react solely with the oxy-
gen in M–C=O and a carbide M

4
C is formed which further reacts 

with hydrogen to M
2
CH

2
. The carbide can react with hydrogen and 

simultaneously form a C–C bond M–CH
2
–CH

2
–M. Finally, the M–

CH
2
 neighboring groups lead to the insertion of a second CH

2
 on the 

same metal site CH
2
–M–CH

2
 and form a C–C bond.

The growth of the hydrocarbon chain can be sterically limited 
by using surface structuring, zeolites or other catalyst substrates 
with constrained size pores that restrict the formation of hydro-
carbons longer than some characteristic size (usually n < 10). The 
reaction can be controlled so as to maximize the center of the 
distribution, e.g. around n = 6, i.e. to minimize methane formation 
without allowing the production of long-chained hydrocarbons. 
Such efforts have met with only limited success except for the 
methanol to gasoline process on ZSM-5 catalyst.[7] Furthermore, 
and critical to the production of liquid fuels, are reactions that 
form C–C bonds, such as migratory insertion, the key process 
in the synthesis of carbon nanostructures like carbon nanotubes. 
Many related stoichiometric reactions have been simulated on dis-
crete metal clusters, but homogeneous Fischer–Tropsch catalysts 
are poorly developed and not yet of commercial importance.[8] 
Two new approaches are planned in order to control the reaction: 
First steric hindrance of the absorbents by surface structuring as 
well as the use of nano-cavities. Second the change of the ther-
modynamic potential of the intermediates by the binding energy 
of the carbon atom to the substrate,[9] i.e. tailoring the electronic 
structure of the surface. A first-principles theoretical study of car-
bon–carbon coupling in CO

2
 electro reduction on the copper (211) 

surface was presented by Montoya et al.[10] The kinetic barriers 
of the C–C bond formation between the adsorbents derived from 
CO were determined. The barriers decrease significantly with the 
progressing reduction, i.e. the degree of hydrogenation of the re-
acting adsorbents.

Fig. 1. Schematic model of the CO2 reduction reaction pathways on the 
surface of a catalyst, e.g. metal, metal oxide or hydride.

1. Hydrogen Storage in Hydrocarbons
Hydrogen is the first product in the transfer of renewable en-

ergy to a chemical energy carrier in the natural photosynthesis as 
well as in the technical processes (metal hydrides, Sabatier reac-
tion, ammonia synthesis, etc.). Hydrogen as a renewable energy 
carrier has many advantages, i.e. the hydrogen cycle is a closed 
cycle realized by purely technical means (no living matter in-
volved), the water as oxidation product precipitates on earth, and 
the power density is high: 1 kg H

2
 is produced per 1 m2 electrode 

surface in 1 h. However, due to its physical properties, hydrogen 
storage is a challenge, and the applications for hydrogen do not 
yet exist. On the other hand, the reduction of CO

2
 to synthetic 

hydrocarbons leads to a product that is easy to store and all the 
applications already exist. However, CO

2
 does not precipitate on 

earth and remains in the atmosphere at 400 ppm or dissolved in the 
ocean. The average concentration of inorganic carbon in the ocean 
is ≈2.3 mmol·kg−1 (40 ppm) and its residence time is ≈200’000 
years. Approximately one quarter of the worldwide annually emit-
ted CO

2
 of 10 Gt dissolves in the ocean. The thermodynamic free 

energy for the concentration of 400 ppm CO
2
 to 1 bar is ∆G = 

R·T·ln(p/p
0
) and is equal to 20 kJ/mole, which corresponds to 0.44 

kWh/kg C. This is about 5% of the energy stored per kg of car-
bon.[1] The main challenges are, therefore, the capture of the CO

2
 

from the atmosphere and the controlled reduction of the CO
2
 with 

hydrogen to a specific product. 
Two reactions are well established for the synthesis of hydro-

carbons from CO
2
: the Sabatier reaction: CO

2
 + 4H

2
 → CH

4
 + 

2H
2
O, and the reversed water gas shift reaction: CO

2
 + H

2
 → CO + 

H
2
O, combined with the Fischer-Tropsch reaction: nCO + (2n+1)

H
2
 → CH

3
(-CH

2
)

n-2
-CH

3
 + nH

2
O. The Sabatier reaction produces 

the most stable compound, i.e. methane. Methane activation, i.e. 
the linking of C atoms starting from methane is today only real-
ized by the partial oxidation of methane (CH

4
 + 1.5O

2
 → CO + 

2H
2
O, CH

4
 + H

2
O → CO + 3H

2
) followed by the Fischer-Tropsch 

synthesis. On the other side, the Fischer-Tropsch synthesis leads 
to a large variety of products, starting from methane to waxes and 
even leads to the deposition of carbon and tar on the catalysts.

The successful development of the new materials for the ef-
ficient absorption of CO

2
 from the atmosphere, the production of 

hydrogen from renewable energy and the controlled reduction of 
CO

2
 to the desired product, e.g. liquid hydrocarbons like diesel 

will allow fossil fuels to be replaced completely and introduce a 
closed cycle for energy materials.

The catalytic reduction of CO
2
 depends on the local availability 

of hydrogen atoms, the binding and orientation of the CO
2
 molecules 

on the surface of the catalyst and the bonding character between the 
C and O atoms and the surface atoms.[2] Furthermore, the formation 
of C–C bonds could not be controlled until now and are randomly 
formed depending on the reaction conditions. The understanding 
of the Fischer–Tropsch process is that the conversion of CO to al-
kanes involves hydrogenation of CO, the dissociation of C–O bonds 
with H

2
, and the formation of C–H and C–C bonds. The reactions 

are assumed to proceed on the surface of the catalyst via initial 
formation of surface-bound metal carbonyls. The CO ligand may 
undergo dissociation, possibly into oxide and carbide ligands.[3] 

Other intermediates may be various C
1
 fragments including for-

myl (CHO), hydroxycarbene (HCOH), hydroxymethyl (CH
2
OH), 

methyl (CH
3
), methylene (CH

2
), methylidyne (CH), and hydroxy-

methylidyne (COH) as schematically shown in Fig. 1.
The distribution of the hydrocarbon products synthe-

sized during the Fischer–Tropsch process[4] is described as an 
Anderson–Schulz–Flory distribution,[5] which is expressed as:  
W

n
/n = (1 − α)2  αn−1 where W

n
 is the weight fraction of hydrocar-

bon molecules containing n carbon atoms, α is the probability for 
chain growth, i.e. the probability that a molecule will add an ad-
ditional C to the chain. In general, the catalyst surface properties 
and the specific reaction conditions determine α to a large extent.



158 CHIMIA 2021, 75, No. 3 H2 Production and co2 conversion: insigHts and Progress

beginning of the conversion curve, when a sufficient amount is 
converted in order to perform an accurate measurement (Fig. 3, 
Table 1).[15]

Ni and Ru as catalysts for the reduction of CO
2
 to methane 

show the same activation energy, however, the Ru is approximate-
ly 50 times (k

0
·s

V
) more active than Ni. However, the specific 

surface area of Ni and Ru are 0.069 m2·g–1 and 68 m2·g–1, respec-
tively, i.e. the Ru has 1000 times larger specific surface area than 
Ni. Finally, the Ni is per surface area (active sites) approximately 
2.5 times more active than Ru.

2.2 Mechanism on the Supported Nanosized Catalysts
The mechanism of the CO

2
 reduction on nanosized Ru sup-

ported on Al
2
O

3
 is shown in detail in Fig. 4.[16,17] The first reaction 

step is the CO
2
 adsorption as HCO

3
* on Al

2
O

3
. Surface hydroxyl 

groups represent the acceptor sites for CO
2
 according to CO

2
 + 

OH* → HCO
3
* at the interface of Ru and Al

2
O

3
. The second step 

is HCO
3
* dissociating into CO* which binds on the Ru site. The 

dissociation temperature is high (400 K) under H
2
-depletion con-

ditions but takes place at room temperature in H
2
-rich environ-

ments. The third step is CO* hydrogenation to CH
4
 starting at 373 

K, through a transition state, without detectable intermediates. If 
in H

2
-rich conditions at the beginning, HCOO–* at the interface 

also forms as the first step of CO
2
 activation, then joins the CO* 

formation and hydrogenation steps.
The oxide support plays an important role in the CO

2
 hydro-

genation reaction on Ru/Al
2
O

3
. A catalyst composed of a metal 

Fig. 3. Conversion yield of the reaction CO2 + 4H2 → CH4 + 2H2O and 
CO2 + H2 → CO + H2O for Co, Ni, Fe and Ru/Al2O3. The thermodynamic 
limit is indicated with a dotted line. Reproduced with permission from 
ref [15], J. Catal. 2018, 366, 139. Copyright 2018 American Chemical 
Society.

C
≥2

 products from direct CO
2
 hydrogenation are limited in 

the range of C
2
–C

4
 on a tandem or bifunctional catalyst.[11–13] 

Ahead of investigating the C–C coupling, we explored the in-
trinsic interactions between the catalyst surface and the reactant 
gases. In this review, we present our recent research results on 
both the heterogeneously catalyzed CO

2
 hydrogenation over 

gas/solid interface, and the electrochemical CO
2
 reduction on 

the electrolyte/electrode interface. At the end, we also give an 
evaluation of the economics of the synthetic hydrocarbons.

2. Mechanism of CO2 Reduction

2.1 Activation Energy and Equilibrium
In contrast to the CO

2
 reduction in biosystems[14] working 

at room temperature, the rather high activation energy of the 
CO

2
 reduction with hydrogen requires high temperatures and/

or highly active catalysts (Fig. 2). The enthalpy as well as the 
entropy for the reaction of hydrogen and carbon dioxide to hy-
drocarbons are negative, therefore, the thermodynamic limit for 
the yield of the reaction decreases with increasing temperature. 
Only the reduction of CO

2
 to carbon monoxide is exothermic and 

has a positive entropy change.

The thermodynamic restriction limits the kinetics and re-
quires a catalyst in order to reach the necessary reaction kinetics. 
The catalyst is characterized by two parameters: the preexpo-
nential factor k

0
 and the activation energy E

A
. Both have been 

determined for Co, Ni, Fe and Ru on Al
2
O

3
 in the reaction re-

gime, where the reaction itself is limiting the rate, i.e. in the very 

Fig. 2. Thermodynamic limit of the reaction for methane CO2 + 4H2 → 
CH4 + 2H2O, hydrocarbons nCO2 + (3n+2)H2 → CnH2n+2 + 2nH2O, metha-
nol and ethanol nCO2 + (3n+1)H2 → CnH2n+1OH + 2n-1H2O and for carbon 
monoxide CO2 + H2 → CO + H2O. 

Table 1. The catalyst with the preexponential factor k0 and the activation energy EA. determined in the reaction limited region for the space velocity sV 
(gas flow / reactor volume). The amount of catalyst in the microreactor m(catalyst) and the specific surface area of the catalyst A.

Catalyst m(Catalyst) [g] k
0
 [s–1] E

A
 [kJ·mol–1] sV [h–1] A [m2·g–1]

Co 1 (4.2 ± 0.6)·105 77 ± 3 965 1.1

Ni 1 (1.0 ± 0.2)·105 74 ± 1 956 0.069

Fe 1 (2.7 ± 1)·102 50 ± 1 1166 0.054

0.5 wt% Ru/Al
2
O

3
0.19 (1.5 ± 1.5)·106 73 ± 2 5305 68
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As CO
2
 is a thermodynamically rather stable molecule, and the 

CO
2
 electroreduction reaction involves multiple proton-coupled 

electron transfer (PCET) processes, a more negative electrical 
potential than the theoretical potential is therefore required to 
achieve a sufficient production rate. Such overpotential could be 
detrimental, since it not only consumes additional electrical en-
ergy but also increases the evolution rate of H

2
, which lowers both 

efficiency and selectivity. Therefore, to improve the activity and 
selectivity of the CO

2
 electroreduction reaction, proper catalysts 

have to be used as the cathode material. 
In the 1980s, Yoshio Hori and co-workers systematically in-

vestigated different metal electrodes for the electrochemical CO
2
 

reduction in aqueous electrolyte (i.e. 0.5 M KHCO
3
).[20] They 

successfully classified the metal catalysts into four groups ac-
cording to their selectivity: Au, Ag and Zn are highly selective 
to CO (> 80% Faradaic efficiency); Sn, Pb, In and Bi produce 
primarily formate (HCOO−); Pt, Ni, Fe and Ti are highly selec-
tive for H

2
 evolution instead of CO

2
 reduction; and Cu is the only 

metal that can reduce CO
2
 to hydrocarbons, aldehydes, and alco-

hols with substantial selectivity. The different selectivity of these 
four groups of metal catalysts can be explained by their different 
ability in binding the key reaction intermediates of eCO

2
R and 

HER, including *H, *CO, *CHO, *COOH and *OCHO. Fig. 5 
provides a simplified but effective classification of these metal 
catalysts according to their binding strength with *H and *CO. 
In this plot, Cu stands out from other metals with relatively weak 
binding energy with *H and strong with*CO, and thus can further 
reduce *CO and realize C–C coupling to produce hydrocarbons 
and oxygenates. 

Following the pioneer work of Hori et al, extensive efforts 
have been devoted on the development of advanced catalysts for 
eCO

2
R. As the catalytic selectivity is governed by the adsorption 

of reaction intermediates, most of the studies have been focused 
on modulating the geometric and electronic structures of the cata-
lysts, including alloying, doping, defect engineering, oxidation 
state regulation and facet control. In addition, other materials apart 
from metals are also found to be selective for eCO

2
R. For exam-

Fig. 5. Classification of metal catalysts for CO2 electroreduction. 
Reproduced with permission from ref. [23], ChemPhysChem 2017, 18, 
3266.

and its oxide like Co
x
(CoO)

1-x
 with various ratio of metal/(metal 

+ metal oxide) further specified the roles of the oxide and the 
metal. [18] It shows that a higher ratio of CoO in the catalyst in-
creases the activity for the CO

2
 conversion. The same quantity 

of CO
2
 conversion on the optimally composed Co and CoO, i.e. 

(Co
0.2

(CoO)
0.8

), is at much lower reaction temperature than on 
Ru/Al

2
O

3
 at the same reaction condition. For example, the 75% 

CO
2
 conversion on Ru/Al

2
O

3 
occurred at 650 K, while the same 

conversion on Co
0.2

(CoO)
0.8

 is reached at only 530 K. The ori-
gin of the distinct reactivity comes from the different capability 
of CO

2
 chemisorption on the catalyst surface. The CO

2
 chemi-

sorption takes place on CoO, and is the rate-determining step of 
the overall hydrogenation reaction. The catalyst with high CoO 
concentration not only increased the amount of adsorbed CO

2
, 

but also lowered the binding energy of CO
2
 as compared to the 

catalyst with low CoO concentration. However, CoO did not act 
as catalytic center, the CO

2
 reduction center is on metallic Co. 

Therefore, the catalyst with 80% CoO (20% metallic Co) reached 
the maximum activity among the catalysts with lower concentra-
tion of CoO. These results elucidate the optimal composition of 
metal and metal oxide for achieving the highest catalytic activity, 
and clarified the different active functions of the metal and metal 
oxide in the CO

2
 hydrogenation reaction.

3. Electrochemical CO2 Reduction

3.1 Catalysts and Products of Electrochemical CO2 
Reduction (eCO2R)

To realize a closed energy cycle, H
2
 for the hydrogenation of 

CO
2
 must come from H

2
O splitting driven by electrical energy 

from renewable sources such as solar and wind energy. Therefore, 
two reaction steps (H

2
O → H

2
 + O

2
 and CO

2
 + H

2
 → products 

+ H
2
O) are required to store H

2
 in the form of hydrocarbons. 

However, these two steps can be combined into a single electro-
chemical process, i.e. the direct electrochemical reduction of CO

2
 

(CO
2
 + H

2
O → C

x
H

y
O

z
 + O

2
). In this process, the cathodic reac-

tion is of the general form: xCO
2
 + nH+ +ne– → products + yH

2
O, 

and the anodic reaction is the oxygen evolution reaction (2H
2
O 

→ O
2
 + 4H+ +4e–). As shown in Table 2, a variety of products 

can be electrochemically reduced from CO
2
 including ones that 

cannot easily be prepared by a thermally driven process. More 
importantly, the electrochemical CO

2
 reduction can run at room 

temperature and ambient pressure. Therefore, the direct electro-
reduction process is more suitable to decentralization than the 
thermal hydrogenation process, and the reaction can be quickly 
adjusted in order to match the overproduction of electricity from 
intermittent renewable sources.

No H2, RT

No
H2, ≥

130
°C

In H
2, R
T

In H2, RT Al2O3

Ru

In H
2 , RT

In
H
2, ,≥100

°C

In H2, RT
Ru
Al2O3

Ru
Al2O3

Ru
Al2O3

In
H
2 ,≥

70
°C

Ru
Al2O3

No
H
2 ,≥

50
°C

In
H
2 ,≥200

°C

Ru
Al2O3

Dominate step
Optional step only in CO2-
and H2-rich condition
Side step

(a)

Fig. 4. CO2 methanation pathway on Ru/Al2O3. 
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ple, nitrogen-doped carbon materials, metal-single-atom catalysts 
(e.g. carbon supported Ni-single-atom catalysts) and molecular 
catalysts (e.g. cobalt phthalocyanine) are highly selective towards 
CO. Up to date, both CO and fomate can be produced with a 
Faradaic efficiency of almost 100% at a current density higher 
than 200 mA–2. For C

2
H

4
 generation, a Faradaic efficiency of 60% 

and a partial current density of 480 mA cm–2 were achieved using 
a Cu electrode. In case of CH

3
OH and C

2
H

5
OH, Faradaic efficien-

cies of 78/41% and partial current densities of 42/250 mA cm–2 on 
Cu/Se and Ag/Cu catalysts have been achieved, respectively. [21,22] 
Reducing CO

2
 to products with longer carbon chains (e.g. more 

than three carbons) is still a big challenge due to the lack of ef-
ficient catalyst. Despite that the reported performance is still not 
satisfactory for practical applications, the fast development of 
the catalytic materials and the reaction mechanisms indicate that 
eCO

2
R can be a potential strategy for storing renewable energy.

3.2 Studies of eCO2R to CO, HCOOH and C2+ Products
CO

2
 can be electrochemically reduced to various products and 

among them, the production of 2e– products (CO and HCOOH) 
is economically more feasible for being implemented on a large 
scale. This is due to the fact that at the present state of devel-
opment, CO and HCOOH can be produced with relatively high 
selectivity and low overpotential. Nevertheless, improvement on 
the catalytic performance, in terms of activity, selectivity and sta-
bility, is still required before any industrial applications. In order 
to enhance the CO

2
 to CO performance, a recent work reported 

the preparation of the Cu nanowire supported In nanoparticle 
catalyst using a facile dip-coating method.[24] The final material 
provided a high density of Cu–In interfaces and showed over 90% 
CO Faradaic efficiency during 60 h operation at –0.6V versus 
reversible hydrogen electrode (V vs. RHE). Combining the bulk 

and surface characterization results and density functional theory 
(DFT) simulation, the origin of the high CO selectivity was sug-
gested to be the presence of the Cu–In interface, which prefers 
the adsorption of the reaction key intermediate (*COOH). This 
demonstrates that engineering the bimetallic interactions can ef-
fectively improve the intrinsic activity and selectivity for eCO

2
R. 

On the other hand, the catalytic performance can also be enhanced 
by increasing the number of active sites.[25]

Since Cu catalysts can reduce CO
2
 to as many as 16 products, 

the distinct reaction environment would strongly affect the reac-
tion pathways. Self-supported Cu-based catalysts can be applied 
to study the influence of electrolyzer on the catalytic performance. 
The catalysts exhibit high selectivity (> 40%) for converting CO

2
 

to C
2+

 products (e.g. C
2
H

4
 and ethanol), at >100 mA cm−2 in flow 

reactor using 1 M KOH as electrolyte.[26] When aiming for mul-
ticarbon products, it is important to assess the catalytic perfor-
mance of the catalysts in flow reactors under industrial relevant 
conditions (Fig. 6).

4. Applications & Economy

4.1 Methane Reactor with Temperature Gradient
The Sabatier reaction was discovered by French chemists Paul 

Sabatier and Jean-Baptiste Senderens in 1897. The process pro-
duces methane and water from a reaction of hydrogen with car-
bon dioxide at high temperatures (optimally 200–400 ° C) and at 
moderate pressures (5–30 bar) in the presence of a catalyst such 
as nickel or ruthenium on alumina (aluminum oxide). Despite the 
fact that CO

2
 + 4H

2
 → CH

4
 + H

2
O is a fairly simple chemical 

reaction, we still do not know what the mechanism and especially 
the transition states are. The reaction is exothermic and the change 
entropy is negative as with most hydrocarbon products. Because 

Reaction E0/[V vs RHE] Product

CO
2
 + 2H+ + 2e– → HCOOH – 0.12 Formic acid

CO
2
 + 2H+ + 2e– → CO – 0.10 Carbon monoxide

CO
2
 + 6H+ + 6e– → CH

3
OH + H

2
O    0.03 Methanol

CO
2
 + 8H+ + 8e– → CH

4
 + 2H

2
O    0.17 Methane

2CO
2
 + 12H+ + 12e– → C

2
H

5
OH + 3H

2
O    0.09 Ethanol

2CO
2
 + 12H+ + 12e– → C

2
H

4
 + 4H

2
O    0.08 Ethylene

2CO
2
 + 14H+ + 14e– → C

2
H

6
 + 4H

2
O    0.14 Ethane

3CO
2
 + 18H+ + 18e– → C

3
H

7
OH + 5H

2
O    0.10 Propanol

Table 2. Electrochemical CO2 re-
duction reactions with equilibrium 
potentials. The standard poten-
tials are calculated via the Gibbs 
free energy of reaction using gas-
phase thermochemistry data and, 
for aqueous products, Henry’s 
Law data, from NIST.[19]

Fig. 6. a) Schematic illustration of liquid products crossover in flow reactor. b) Schematic illustration of  local pH effect. Reproduced with permis-
sion from ACS Catal. 2019, 9, 3783-3791. c) Faradaic efficiency of the Cu catalyst with considering the products crossed in the other chambers. 
Reproduced with permission from J. Catal. 2020, 385, 140-145. © American Chemical Society 2020.
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only CO is also stable under the reaction conditions and CH
4
 

does not require any CC coupling, the reaction is rather selective. 
However, a hot spot can develop at the entry of gas which limits 
the life of the catalyst and reduces the amount of product formed. 
Sabatier reactors have been developed and built for over 100 years 
with the objective of avoiding this hot spot and to create a homo-
geneous temperature distribution. Consequently, the yield of the 
reaction at 400 °C is limited to about 70% of CO

2
 conversion. 

We have developed a new type of reactor where the catalyst bed 
is cooled with water tubes creating a high temperature gradient 
(Fig. 7). The reaction is fast in the hot regions beside the gradient, 
where the reaction ends along the thermodynamic limit resulting 
in a CO

2
 conversion of 99.6% in a single stage reactor.[27] This 

concept allows the construction of new highly efficient and small 
(high power) reactors and does not require any after treatment of 
the product gases except the condensation of the water. 

4.2 Upscaled Methane Reactor with the Use of Heat
From a 2 kW reactor in the EPFL laboratory, a 20 kW reactor 

was developed in collaboration with Gaznat for the gas metering 
and regulation station in Sion (Switzerland). Since the upscal-
ing retained all the benefits for the reaction and at the same time 
recovered the waste heat from the chemical reaction, a very high 
product yield combined with near 100% energy efficiency was 
achieved.[28] The upscaled reactor consists, in addition to the tubu-
lar cooling system, three reaction zones with decreasing average 
temperature and increasing reaction time. 

Fig. 7. Small 2 kW methane reactor cross-section, water cooling in blue, 
Reaction bed in green. Reproduced with permission from ref. [26], J. 
Mater. Chem. A 2019, 7, 26285.

4.3 Optimized Industrial Methane Reactor
Building on this very successful development, a new 200 kW 

reactor is currently under planning by EPFL, Gaznat and GRZ 
Technologies. The reactor can be used not only to convert renew-
able hydrogen and CO

2
 from the atmosphere or flue gas to CO

2
 

neutral synthetic methane, but also offers the possibility of con-
verting biogas, which contains up to 50% of CO

2
, to methane 

without the need to separate CO
2
 and bio-methane before moving 

forward. This almost doubles the production of methane from bio-
gas without requiring an expensive separation process.

4.4 Cost of Synthetic Hydrocarbons
The minimum energy necessary, the thermodynamic limit, for 

CO
2
 capture depends on the CO

2
 concentration and at 10% (in 

typical flue gas) and 400 ppm (in air) amounts to 36 Wh/kg and 
120 Wh/kg,[29] respectively, the latter being less than 5% of the 
heating value of the hydrocarbon produced from CO

2
 and hydro-

gen. The cost of CO
2
 capture from air is estimated to be <0.5 CHF/

kg CO
2
, and with optimization[30] of the energy source and the pro-

cess, the cost may be reduced to <0.22 CHF/kg CO
2
. An example 

of an installed system for the capture of CO
2
 from air produces 

2500 kg CO
2
 per day and has an investment of 3.6 million CHF 

(1500 CHF/(kg CO
2
/day). The estimated energy requirement for 

CO
2
 absorption is 300 Wh

el.
/kg CO

2
 for air ventilation and 2 kWh/

kg CO
2
 for desorption of CO

2
.[31] Whereas the ventilation energy 

is electric energy, the desorption heat can be provided by waste 
heat sources (>100 °C), if they are available (Fig. 8). 

The cost of synthetic fuel is estimated from the energy cost and 
the capital expenditure with the life time, the transferred energy. 
Assuming photovoltaics cost to be 1200 CHF/kW

p
 (completely 

installed panels) with a lifetime of 20 years results in an electric-
ity cost of 0.075 CHF/kWh. The current synthesis of alkanes from 
CO

2
, e.g. octane (8CO

2
 + 25H

2
 → C

8
H

18
 + 16H

2
O), converts 7 

kg CO
2
 with 1 kg H

2
 to 2.3 kg octane and conserves 57% of the 

energy in hydrogen. The exothermic reaction provides 2.3 kWh 
of heat at >200 °C per 1 kg CO

2
. The synthesis plant Pearl GTL 

facility in Qatar[32] produces 140000 barrels of oil per day (10 
GW) and has a cost of 18 BCHF (1800 CHF/kW). This unique 
example shows that on a large scale, the synthesis of hydrocar-
bons (Fischer-Tropsch synthesis) requires an investment of close 
to 2300 CHF/kW. The cost of hydrogen production from renew-
able energy is estimated to be approximately 10 CHF/kg H

2
 and 

Fig. 8. Energy demand relative to the energy in the synthesized hydrocar-
bon in %. Currently available systems for CO2 capture require 4 to 5 times 
the energy shown in the figure and as a consequence the energy demand 
for the CO2 capture exceeds the energy demand for electrolysis.
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the synthetic hydrocarbons costs approximately 4.5 CHF/kg or 
0.3 CHF/kWh. Approximately 60% are capital and operational 
costs and 40% are energy costs.

5. Conclusions
The seasonal storage of renewables is the biggest challenge in 

replacing fossil fuels with renewables. Renewable energy can be 
converted by electrolysis with a yield >80% with the technology 
available today followed by the synthesis of methane with CO

2
 

air capture, using the heat of the methane reaction. This provides 
synthetic methane with a high yield and high energy efficiency 
that is stored underground in very large quantities >1 TWh per 
storage unit. This technology will allow the seasonal storage of 
renewable energy on a national relevant scale without affecting 
the environment and without the need of mountains for the instal-
lation of large hydroelectric power stations. 

The prospective application beside renewable energy storage 
of the heterogeneously catalyzed gas phase reduction of CO

2
 is the 

upgrade of biogas with hydrogen produced by renewable energy. 
This allows to double the quantity of green methane produced and 
to substitute the amine wash to remove the residual CO

2
 in biogas. 

The electrochemical CO
2
 reduction has the potential to be ap-

plied on a small scale for individual homes as well, where excess 
PV power during the summer time could be stored in produced 
ethanol. The other important application of the electrochemical 
CO

2
 reduction is to utilize the process in seawater that contains 

CO
2
. This is especially interesting for marine applications, also in 

regions where the solar intensity is high.
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Chem. Phys. 2013, 15, 9335, https://doi.org/10.1039/C3CP51146D
[10] J. H. Montoya, A. A. Peterson, J. K. Nørskov, ChemCatChem 2013, 5, 737, 

https://doi.org/10.1002/cctc.201200564

[11] J. Wei, Q. Ge, R. Yao, Z. Wen, C. Fang, L. Guo, H. Xu, J. Sun, Nat. Commun. 
2017, 8, 15174, https://doi.org/10.1038/ncomms15174

[12] P. Gao, S. Li, X. Bu, S. Dang, Z. Liu, H. Wang, L. Zhong, M. 
Qiu, C. Yang, J. Cai, W. Wei, Y. Sun, Nat. Chem. 2017, 9, 1019,  
https://doi.org/10.1038/nchem.2794

[13] C. Xie, C. Chen, Y. Yu, J. Su, Y. Li, G. A. Somorjai, P. Yang, Nano Lett. 2017, 
17, 3798, https://doi.org/10.1021/acs.nanolett.7b01139

[14] N. Ladygina, E. G. Dedyukhina, M. B. Vainshtein, Proc. Biochem. 2006, 41, 
1001, https://doi.org/10.1016/j.procbio.2005.12.007

[15] R. Mutschler, E. Moioli, W. Luo, N. Gallandat, A. Zuettel, J. Catal. 2018, 
366, 139, https://doi.org/10.1016/j.jcat.2018.08.002

[16] K. Zhao, L. Wang, M. Calizzi, E. Moioli, A. Züttel, J. Phys. Chem. C 2018, 
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