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The necessity of neutralizing the increase of the temperature of the atmosphere by the

reduction of greenhouse gas emissions, in particular carbon dioxide (CO2), as well as

replacing fossil fuels, leads to a necessary energy transition that is already happening.

This energy transition requires the deployment of renewable energies that will replace

gradually the fossil fuels. As the renewable energy share increases, energy storage will

become key to avoid curtailment or polluting back-up systems. This paper considers

a chemical storage process based on the use of electricity to produce hydrogen by

electrolysis of water. The obtained hydrogen (H2) can then be stored directly or further

converted into methane (CH4 from methanation, if CO2 is available, e.g., from a carbon

capture facility), methanol (CH3OH, again if CO2 is available), and/or ammonia (NH3 by

an electrochemical process). These different fuels can be stored in liquid or gaseous

forms, and therefore with different energy densities depending on their physical and

chemical nature. This work aims at evaluating the energy and the economic costs of

the production, storage and transport of these different fuels derived from renewable

electricity sources. This applied study on chemical storage underlines the advantages

and disadvantages of each fuel in the frame of the energy transition.

Keywords: chemical storage, hydrogen, methane, methanol, ammonia, carbon dioxide, power to fuel

1. INTRODUCTION

The massive shift to renewable energy is crucial to meet the long-term objective of CO2 neutrality
by 2050. The integration of renewables will lead to a huge need in electricity storage at different
time scales. To keep a continuous electricity supply, even when wind turbines and photovoltaic
panels do not produce sufficiently, energy storage becomes one of the key component of the
energy system.

Different forms of storage are currently available: mechanical [Pumped Hydro Energy Storage
(PHES), Compressed Air Energy Storage (CAES), Liquid Air Energy Storage (LAES), Flywheels],
electrical [capacitors, super capacitors, Superconducting Magnetic Energy Storage (SMES)],
electrochemical (batteries, flow batteries), thermal [low (cryogenic) and high (heating systems)
temperatures], and chemical (hydrogen, methane, ammonia, methanol . . . ). These different storage
techniques make it possible to diversify the nature of the stored energy (mechanical, thermal,
electrochemical and chemical) according to the required capacity and the desired storage time.
Many authors present these different storage technologies in detail (see e.g., Ibrahim et al., 2008;
Chen et al., 2009; Hadjipaschalis et al., 2009; Ferreira et al., 2013; Koohi-Kamali et al., 2013;
Kousksou et al., 2014; Lund et al., 2015; Luo et al., 2015; Zakeri and Syri, 2015; Aneke and Wang,
2016; Gallo et al., 2016; Kyriakopoulos and Arabatzis, 2016; Das et al., 2018). Depending on the
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FIGURE 1 | Link between the restituted electrical power and the stored

energy capacity for different storage techniques: mechanical storage in orange

and chemical storage in blue—based on Limpens and Jeanmart (2018).

storage capacity and the restitution duration, a classification of
these technologies is given in Figure 1. For small amounts of
energy (from 1 kWh to 1 MWh) and short discharging period
(seconds to hours), storage by capacitors, flywheels, batteries and
flow-batteries are optimal. For larger capacities from 10 MWh
to 100 GWh, mechanical storage, such as CAES and PHES are
more suitable. These techniques can be used to provide electricity
across a country for a few hours or even a day.

For larger amounts of energy (up to 100 TWh) and
longer-term storage (weeks), electricity can be stored through
the production of fuels, by the power-to-X technique, where
“X” represents gas (Power-to-Gas, PtG) or liquid (Power-to-
L, PtL), commonly called Power-to-Fuel (PtF); or chemicals
for the chemical industry. Power-to-Hydrogen (PtH) is shown
separately in Figure 1. The advantages of PtF for long-term
storage and large capacity can be explained by the high energy
density of the fuels compared to other storage technologies,
and also by the low cost of their storage. These techniques are
described in detail in several reference articles, such as Lehner
et al. (2014), Vandewalle et al. (2015), Walker et al. (2015),
Connolly et al. (2016), Götz et al. (2016), Gallo et al. (2016),
Kotter et al. (2016), Mesfun et al. (2017), and Simonis and
Newborough (2017).

The Power-to-Fuel process involves the use of electricity,
produced directly by the wind or the sun, to convert, by
electrolysis, water into hydrogen (PtH, H2), the useful product,
and oxygen, the by-product. The hydrogen can then react with
CO2 to form methane by methanation (CH4), and/or methanol
(CH3OH). Finally, the hydrogen produced can also react with
nitrogen (N2) from the air, obtained by an ASU (Air Separation
Unit) to form ammonia (NH3). In this Power-to-Fuel paradigm,
four fuels can therefore be considered as fuels from renewable
sources: H2, CH4, CH3OH, and NH3. These “fuels of interest”
commonly called “e-fuels,” are selected based on the ease of
production by renewable energy sources. In this study, ethanol,
dimethylether (DME), oxy-methylene dimethyl ether (OME) and
heavier compounds (e-gasoline, e-diesel, e-jet) are not considered
because of their longer chemical chains. However, these e-fuels
derived also from PtF should not be excluded from the future

energy system, especially as intermediate products and/or for
mobility. Depending on their chemical properties, these e-
fuels may have several potential primary uses for mobility and
transport, such as passenger cars, heavy-duty vehicles, shipping,
and air transport.

A comparison of the CAPEX (Capital Expenditures), the
roundtrip efficiency and the LCOES (Levelized Cost of Energy
Storage) of all storages is presented in Table 1. The LCOES
method is derived from LCOE, but accounts only for the storage
system. According to these data, the efficiency is higher for the
battery technology but its CAPEX points to an expensive storage
process. Mechanical storage (CAES and PHES) presents a good
round-trip efficiency with a reasonable storage cost. The Power-
to-X storage is the cheapest with its low LCOES. Such a storage
technology is therefore pertinent and to consider when huge
energy quantities are to be stored, although the overall efficiency
is quite low (40%).

With respect to these observations, the chemical storage is one
of the promising options for long term storage of energy.

From all these previous studies, this paper presents a complete
evaluation of the energy (section 2) and economic (section 3)
costs for the four selected fuels: H2, NH3, CH4, and CH3OH.
In this work, their chemical properties are presented, as well
as their energy efficiencies for the production, the chemical
storage and their electrical restitution. Then, for each fuel, an
overall economic cost is performed by taking into account
the cost of production (electrolyser, ASU, or carbon capture),
storage and transport, as well as that of electricity restitution.
It is important to mention that the efficiency data come from
previous studies in the literature. Different values could be
estimated by other authors. The purpose of our study is to
present a global and coherent overview of the energy cost
of these four electrofuels, although we know that the large
uncertainties affect some parameters.

2. FUEL PRODUCTION AND ENERGY
COSTS

2.1. Fuel Properties
The chemical properties of the four fuels (H2, CH4, CH3OH, and
NH3) are presented inTable 2. All the chemical properties should
be taken into account in the global energy cost for these fuels.

2.1.1. Hydrogen
One of the advantages of hydrogen is its high gravimetric energy
content with a Lower Heating Value (LHV) of 119.9 MJ.kg−1. In
addition, H2 is non-toxic and its complete combustion produces
only H2O. However, hydrogen as a gas has a low energy density
(0.089 kg/m3) and its storage is expensive. To facilitate the
storage, four techniques exist: compression at 700 bar (4.5
GJ/m3), liquefaction (8.5 GJ/m3), liquefaction in organic liquids
(Liquid Organic Hydrogen Carriers), LOHC (10 GJ/m3) (Wang
et al., 2016; Reuss et al., 2017), or absorbtion to produce hydride
metal (15 GJ/m3) (Aslam et al., 2016).

Currently, the main production routes for H2 are based on
natural gas (48%), oil (30%), coal (18%) and electrolysis (4%).
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TABLE 1 | Comparison of storage technologies according to the global efficiency, CAPEX and LCOES—based onaHedegaard and Meibom (2012) and Jülch (2016),
bGallo et al. (2016), cElishav et al. (2017).

Pumped hydro CAES Li-ion batteries Flow batteries Power to fuel power Power to ammonia to power

Storage capacity price e/kWh (CAPEX) 5–20a 10–30a 300–600a 200–300a 0.3–0.6a

5–100b 2–50b 600–2,500b 150–1,000b 1–10b

Roundtrip efficiency (%) 76a 55*a 95a 80a 40a 35–40c

65–85b 40–60b 85–95b 60–85b 30–50b

LCOES (e/kWh) 1.4a 2.4a – – 0.5a 0.16–0.23 (with 1–2 e/kgH2 )

TABLE 2 | Chemical properties of hydrogen (H2), methane (CH4), methanol (CH3OH), and ammonia (NH3).

H2 CH4 CH3OH NH3

Boiling point −252.7◦C −161.5◦C 65◦C −33.34◦C

Melting point −259◦C −182◦C −98◦C −77.73◦C

Gas density 0.089 kg/m3 0.707 kg/m3 0.24 kg/m3 0.769 kg/m3

Liquid density 0.071 kg/L 0.465 kg/L 0.791 kg/L 0.6819 kg/L

Lower HV 119.9 MJ/kg 50 MJ/kg 20.1 MJ/kg 18.6 MJ/kg

8.5 MJ/L as liquid 20.9 MJ/L as liquid 15.8 MJ/L 12.7 MJ/L

Higher HV 141.9 MJ/kg 56.2 MJ/kg 22.9 MJ/kg 22.5 MJ/kg

10.1 MJ/L as liquid 23.6 MJ/L as liquid 18.2 MJ/L 15.3 MJ/L as liquid

Auto ignition 585◦C 632◦C 464◦C 651◦C

Flammability/air 4–75% 5–15% 6.7–36.5% 15–28%

Its main use is for ammonia production (50%) but hydrogen is
also used in refineries (37%), to produce methanol (8%), used
as a fuel (4%), and for space application (1%) (Lan et al., 2012).
For some applications, the production of hydrogen is justifiable,
mainly for direct use without storage. The hydrogen production
can be directly injected into the natural gas network with a
current European restriction set at 2% in volume fraction (Altfeld
and Pinchbeck, 2013; Environment and Energie, 2014), which
bypasses partially the storage cost (Qadrdan et al., 2015).

2.1.2. Methane
Methane (CH4) is a very interesting fuel for the energy transition
due to its proximity to natural gas (more than 80% of CH4).
Indeed, transport and storage infrastructures for natural gas are
already in place. Moreover, all combustion systems based on
natural gas are compatible with CH4. The main disadvantage
of this gas is the CO2 needed for the its production and, also,
emitted during combustion. Moreover, the methane is a strong
greenhouse gas.

The CH4 production comes either from biomass by
fermentation or from two main methanation processes: CO + 3
H2 →CH4 +H2O (Fisher-Tropsch process), CO2 + 4H2 →CH4

+ 2 H2O (Sabatier process).
In this study, the combination of electrolysis from renewable

electricity and the Sabatier process is considered. This pathway is
perceived as the most direct in the context of CO2 reuse.

2.1.3. Methanol
The main advantage of methanol over the other fuels, is its
high volumetric energy density: 15.8 MJ.l−1, being a liquid at

ambient temperature and atmospheric pressure. Like methane,
the disadvantage of this compound is the CO2 needed for its
production and emitted during the combustion process. Today,
85% of the methanol production comes from natural gas: CH4 +
1/2 O2 → CH3OH (Kauw et al., 2015). Still, reactions similar to
those of the Fisher-Tropsch and Sabatier processes can be used to
produce methanol from hydrogen: CO + 2 H2 → CH3OH and
CO2 + 3 H2 → CH3OH + H2O. From syngas (CO + H2), the
formation of methanol is energetically more favorable.

In this study, the most direct methanol production from
renewable resources (water electrolysis for H2 production and
CO2 from combustion process) is analyzed in detail.

2.1.4. Ammonia
Ammonia is an interesting fuel because it does not contain
carbon, it is not a greenhouse gas and its flammability region
in ambient air is very narrow. At 10 atm, the ammonia is liquid
and its LHV equals 12.7 MJ.l−1. Moreover, NH3 contains a high
volume of H2 and can be used as a hydrogen storage molecule.
The drawbacks concern its significant toxicity by inhalation and
its corrosive effects on several metals. Moreover, the combustion
of NH3 produces NOx emission and can also damage steel
combustion appliances. The production of NH3 comes mainly
from the Haber-Bosch process: N2 + 3 H2 → 2 NH3. Another
route of formation from water exists: 2 N2 + 6 H2O → 4
NH3 + 3 O2 (Lan et al., 2012) but at a relatively early stage of
development. The Haber-Bosch process, the most common and
well-known, will be considered in this study as the ammonia
production process.
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2.2. Fuel Production and Energy Efficiency
To produce the four fuels (hydrogen, methane, methanol, and
ammonia) from renewable energy, state of the art industrial
applications use different production pathways (see Figure 2).
To have a fair and clear comparison across these pathways,
we considered an output of 100 kWh for each fuel. Of course,
this does not provide information about the production size
which may vary according to intrinsic production parameters
(e.g., renewable electricity available, critical size for the
production unit).

To produce 100 kWh of hydrogen (H2), 138 kWh of electricity
from renewable energy sources and 27 kg of water (H2O) are
needed for the endothermic water electrolysis:

H2O = H2 + 1/2 O2 1Ho
d
= 285 kJ/mol

Moreover, the efficiency of the H2 production from water
depends on the nature of the electrolyser. Three main types
of electrolysers are considered: Alkaline, Proton Exchange
Membrane (PEM) and Solid Oxide Electrolytic Cell (SOEC).
Several studies present in detail the characteristics of these
electrolysers (Schiebahn et al., 2015; Brynolf et al., 2018; Ghaib
and Ben-Fares, 2018). A recent review of Buttler and Spliethoff
(2018) provides a comprehensive and very detailed overview
of the current status for these three electrolysers, for use in
power-to-fuel. The three technologies are briefly described below:

The alkaline electrolyser is composed of two electrodes
immersed in a liquid electrolyte separated by a membrane. The
electrolyte is recirculated for removal of product gas bubbles
and heat either by pumps or by natural circulation due to the
temperature gradient. The electrolyte is stored in two separate
tanks for H2 and O2, which also serve as gas-liquid separator.
The carrier ions are, in this case, OH−. The reactions at the
electrodes are given by two half-reactions: oxidation (anode) and
reduction (cathode):

2 OH−
→ 1/2 O2 + H2O + 2 e− (anode)

2 H2O + 2 e− →H2 + 2 OH− (cathode)

The PEM separates two half-cells, and the electrodes are usually
mounted on the membrane. The polymer electrolyte membrane
allows a very low permeation, and a higher purity of hydrogen
than with an alkaline process. In addition, the solid electrolyte
allows a compact module design. The carriers ions are protons
H+ and the reactions at the electrodes are:

H2O→ 1/2 O2 + 2 H+ + 2 e− (anode)
2 H+ + 2 e− →H2 (cathode)

The SOEC operates at high temperatures (700–900◦C). The
higher temperature increases the efficiency of the process
compared to alkaline and PEM, but implies a high resistance for
the stability of the material. Like PEM, SOEC is composed of a
solid electrolyte. It begins to be permeable to O2− ions, at high
temperature. At the electrodes, the reactions are:

O2−
→ 1/2 O2 + 2 e− (anode)

H2O + 2 e− →H2 + O2− (cathode)

For all the fuels, we took the efficiency of the water electrolyser
(alkaline electrolyser) determined by Connolly et al. (2015):

72.4% (ratio of H2 energy output to input electric energy). The
hydrogen output gas produced from this electrolyzer is assumed
highly pure (>99.9%) (Atsonios et al., 2016).

For the formation of methane and methanol, carbon dioxide
is needed and its energy costs depends on the capture technique
used. Three main capture processes are presented in section 3.3:
pre-combustion capture, oxy-fuel capture and post-combustion
capture. In recent years, these different capture methods have
been studied in detail (Gibbins and Chalmers, 2008; Kanniche
et al., 2010; Pires et al., 2011; Azapagic and Cue, 2015); a recent
review is presented by Abdul et al. (2017). The application of
these capture techniques depends on the combustion system,
the temperature, the nature of the initial mixture and the
concentration of CO2 (Abdul et al., 2017). The purity of the CO2

captured can reach 99.98%, depending on the capture process
and the cost of CO2 purification (Matzen et al., 2015).

To produce 100 kWh of methane, the methanation process
(Sabatier) requires: 109 kWh of H2, 5.2 kWh of electricity for
the CO2 capture (post-combustion technology) and 2.7 kWh of
electricity for the compression (Figure 2):

CO2 + 4 H2 → CH4 + 2 H2O 1Ho
r =−165 kJ/mol

The reaction is exothermic, and releases a large amount of heat
that must be evacuated to avoid damaging the reactor. The
process is promoted at high pressure and low temperature.
The total efficiency of the process (water electrolysis and
methanation) is equal to 63.7% and 14.4 kg of H2O are produced
and can be reused (Connolly et al., 2016). The purity of the CH4

obtained from the methanation process depends on the purity of
the carbon dioxide. A CO2 conversion of nearly 98% is required
to reach a methane content >90%, while a CO2 conversion
of 99% corresponds to a methane content of 95%. Inert gases
or hyperstoichiometric H2/CO2 ratios prevent reaching higher
levels of methane (Götz et al., 2016).

The methanol process from renewables can be used to form
CH3OH, with 115 kWh of H2 and 7.3 kWh of electricity for the
CO2 capture, with a total efficiency of 60.5% (Connolly et al.,
2015) (Figure 2):

CO2 + 3 H2 → CH3OH + H2O 1Ho
r =−49 kJ/mol

During this process, 10.4 kg of water are produced. In order
to achieve high levels of purity in the methanol (> 99.2%), a
special purification technique, similar to the RectisolTM process,
is followed to avoid the production of by-products, such as
hydrocarbons (Atsonios et al., 2016). The technology of this
industrial application is described in the work of Atsonios et al.
(2016).

The latest fuel of interest is ammonia (NH3), a carbon-free
fuel, and it can be produced from H2 (from water electrolysis)
and N2 obtained from air with an ASU (Air Separation Unit),
when combined at around 400–600◦C and 200–400 atm (Haber-
Bosch process):

N2 + 3 H2 → 2 NH3 1Ho
r =−92.4 kJ/mol

The production of 100 kWh of NH3 needs 7 kWh of N2 with
the ASU, 125 kWh of H2 and 34 kg of water (Figure 2). The
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FIGURE 2 | Energy efficiency of production for hydrogen (H2), methane (CH4), methanol (CH3OH), and ammonia (NH3) from the renewable energy sources—based

on Connolly et al. (2015, 2016) and Matzen et al. (2015).

total efficiency is about 55% (Fuhrmann et al., 2013). The NH3

purity can reach a value of 99.999%, if the H2 and N2 reactants
are themselves pure (Fuhrmann et al., 2013; Matzen et al., 2015).

During these processes, the electrolysis of water also produces
oxygen as a by-product. One kg of H2 produced allows the
formation of 8 kg of O2, due to the reaction H2O = H2 + 1/2
O2. Oxygen is a valuable product with several applications in
the medical sector, in the iron and steel industry and in other
industrial processes. O2 is an added-value in the water electrolysis

and it can be captured and stored, thanks to its very high purity

(>99.2%) (Atsonios et al., 2016).
Overall, synthetic fuels produced with PtF (hydrogen,

methane, ammonia, methanol) are significantly higher in quality,

during their combustion, than conventional fossil fuels, which
can reduce the constraints on conventional exhaust gas treatment
systems (catalytic converters, particulate filters). The purity of
the hydrogen produced by PtF is 99.999% (Matzen et al., 2015),
that of methane is between 90 and 92% (due to inert gases or
hyperstoichiometric H2/CO2 ratios) (Er-rbib and Bouallou, 2014;
Götz et al., 2016) and that of methanol and ammonia around
99.99% (Matzen et al., 2015). The use of these pure fuels, of
better quality, also increases the efficiency of combustion in the
existing systems.

2.3. Chemical Storage, Restitution, and
Energy Costs
To compare the global energy cost of each fuel (H2, CH4,
CH3OH, and NH3), several stages are considered: production of
H2, fuel production, storage, transport and electrical restitution.
Different storage costs are considered because of the different
chemical properties of each fuel. In this work, the efficiency of
the conversion to electricity is set at 43% (Stock and Bauder,
1990) for these four fuels. Depending on the nature of the
fuel and the technical process of restitution, this efficiency can
be improved.

Hydrogen can be stored in different phases: compressed gas,
liquid (cryogenic, cryo-compressed, organic compound), high
pressure solid, sorbents, hydrides (metal, complex, chemical).

Considering the first source of electricity obtained from 100%
of renewable resources (wind turbine, photovoltaic panel...), the
efficiency of water electrolysis is evaluated at 72.4% and the
liquid storage is estimated at 53%—with a cost of liquefaction
(atmospheric pressure and −254◦C) about 44.7% of the energy
contained in the gas phase and with a storage cost of 2.3% due
to losses (Olson and Holbrook, 2007). Then, considering the
electrical restitution at 43%, the net return of electrical energy for
hydrogen is thus around 17%.
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From this calculation, the energy in the stored liquid H2

contains only 39.1% of the input electrical energy. In this case,
the hydrogen cryogenic storage (liquid phase) is very expensive
energetically. It is thus better to avoid liquid storage and to
prefer the compressed gas storage, to inject it into the natural gas
network (Figure 3).

Storage of ammonia is straightforward with a liquid phase
obtained at atmospheric pressure and −33◦C, or at ambient
temperature and 8 bar. Only 0.1% of the energy is needed to
liquefy NH3 from the gas phase. Storage of liquid ammonia is not
energetically expensive with only 0.6% on the total NH3 energy
content (Olson and Holbrook, 2007). NH3 can also be stored
in solid phase (metal amino complexes, urea). A comprehensive
work on ammonia is presented in the report of the Institute
for Sustainable Process Technology (ISPT), published in 2016
(Institute for sustainable Process Technology, 2016).

To estimate the power-to-NH3-to-power, different energy
efficiencies are taken into account: 72.4% for the electrolyser
(production of hydrogen), 76% for the Haber-Bosch process,
99.3% for the storage, and 43% for the electrical efficiency in a
SI engine. The total electrical restitution is thus equal to 24.4%
(Figure 3).

CH4 can be stored as a gas at different pressures, or as a
liquid. The liquefaction of methane is less expensive than that
of hydrogen, with only 10% of the initial energy, at atmospheric
pressure and −162◦C. To compress and store methane up to
210 bar, the energy cost is lower, about 5% of the initial energy
(Bartels, 2008).

To calculate the total energy efficiency of renewable resources,
we take into account the efficiency of hydrogen production equals
to 72.4%, the methanation process at 87.9%, the CH4 storage
(in gaseous phase at 60 bar, similar to the gas network) at 95%;
and electric efficiency with a SI engine at 43%. Thus, the total
electrical energy restitution of methane is about 26% (Figure 3).

For methanol, which is in liquid state at atmospheric pressure
and ambient temperature, storage is easy and very stable.
Moreover, its transport is very affordable with negligible losses.
From renewable resources, hydrogen is still produced with an
efficiency of 72.4%. Then, the efficiency of the methanol process
is equal to 83.5%, the storage and transport to 95%, with an
efficiency for the restitution of about 43% in a SI engine. So,
the net return of electrical energy from methanol is about 24.7%,
slightly lower than that of methane (Figure 3).

The stage efficiencies are summarized in Figure 3, for the
four fuels. According to all these results, the storage step
is underlined as crucial for hydrogen, in the total electrical
efficiency. Moreover, the efficiency of the conversion to electricity
is set at 43% for these four fuels but this efficiency can be
improved depending on each fuel.

3. POWER-TO-FUEL: APPLICATIONS AND
ECONOMIC COST

In the context of the energy transition, Power-to-Fuel (PtF)
technology appears to be a promising option in combination with
batteries. Indeed, some studies claim that long-term storage (PtF

type) will be unavoidable to reach 70–80% of renewable energy
share in the electricity production (Jentsch et al., 2014; Mathiesen
et al., 2015; Connolly et al., 2016; Limpens and Jeanmart, 2018).
PtF could be used not only as a technique of electricity storage,
but also as a production of fuels for transport over long distances
(Environment, 2016), as well as other industrial sectors.

In this study, each step of the power-to-fuel-to power
is analyzed (Figure 4): the electrolyser (investment, stack
replacement, O&M, electricity), the ASU (investment of ASU,
O&M ASU), the CO2 capture, and the fuels costs (production—
with investment and O&M for fuel synthesis, storage and
transport, electrical restitution).

3.1. Electrolyser
Based on previous works (Schiebahn et al., 2015; Balcombe et al.,
2018; Brynolf et al., 2018; Buttler and Spliethoff, 2018; Ghaib
and Ben-Fares, 2018), a comparison of the three electrolyser
technologies is presented in Table 3 as follows: the nature of
the electrolyte, the current maturity, the operation parameters
(temperature, pressure, density), the flexibility, the efficiency, the
available capacity, the durability, and the economic parameters.

Alkaline is considered as mature technology, it is currently
the cheapest and most reliable technology (Ghaib and Ben-Fares,
2018). It has been available for industrial purposes for many
years. However, its disadvantages concern the minimum load
(20%) and the relatively long cold start time (10 min to h). PEM
is in the early phase of commercialization and is thought to be the
best choice for PtF plants in order to absorb intermittent amounts
of energy. Indeed, the PEM electrolyser could reach full power
from the cold start in a few minutes (Balcombe et al., 2018).
The main disadvantage is the cost of the catalysts, with a noble
material (platinum group metal) (Brynolf et al., 2018). Finally,
the SOEC has the potential to increase the efficiency of hydrogen
production in the future, but it is in the development phase.

According to the review of Buttler and Spliethoff (2018), the
price ranges for each electrolyser are: Alkaline between 800 and
1,500 e/kW, PEM between 1,400 and 2,100 e/kW and SOEC
above 2,000 e/kW.

A possible upgrading route for the O2 produced from water
electrolysis is to use it, instead of air, in the combustion of
synthesized methane, after dilution with CO2. Oxy-combustion
increases the energy efficiency of a gas turbine combined cycle
above 60%, compared to 40% of energy efficiency with a simple
power generation by a steam turbine (Hashimoto et al., 2016).

According to the nature of the electrolyser, the oxygen cost will
be impacted. Indeed, one sub-product of the water electrolysis
is oxygen, with a high purity whose exact value depends on
the process configuration. From a Report of Tractebel in 2017
(Tractebel and Hinicio, 2017), the prize of O2, in gas phase
and produced from alkaline electrolyser, is estimated at 20–
35 e/tonO2 for the on-site production oxygen, 30–40 e/tonO2
for oxygen delivered by pipeline, and 80 e/tonO2 for oxygen
delivered by truck. Atsonios et al. (2016) estimate the oxygen
selling price at 87.4 e/tonO2 produced from alkaline electrolyser,
including the compression, cooling and liquefaction costs.
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FIGURE 3 | Electric energy restitution, cumulative and step efficiency for H2, NH3, CH4, and CH3OH—based on Olson and Holbrook (2007), Bartels (2008), Connolly

et al. (2014, 2015, 2016), and Matzen et al. (2015).

3.2. Air Separation Unit (ASU)
The composition of air is 78% nitrogen, 21% oxygen, and 1%
argon. These compounds can be separated by an Air Separation
Unit (ASU) thanks to their different boiling points: N2 at
−196◦C, O2 at −183◦C, and Ar at −186◦C. This process is
described in several articles, mainly on the ASU cryogenic process
(Smith and Klosek, 2001; Darde et al., 2009; Banaszkiewicz et al.,
2014; Zhang et al., 2014; Mehrpooya et al., 2016).

The ASU process is only used for the ammonia production
and the ASU cost is estimated at 1/4 of the total capital required
for an entire conventional ammonia plant by Bartels (2008).

Recently, Bañares-Alcántara et al. (2014) detailed the cost
of each step for a production of ammonia of 750 tons per

year (with a service factor of 75%). From this work, the
ASU process is evaluated at 340 e/kW, including in a Mini
Ammonia Production Unit, from Proton Ventures, with a total
cost (CAPEX and OPEX) around 6,780 e/kW. This unit is able
to produce 3 tons/day of anhydrous ammonia with a purity of
99.9%. The costs of the ASU process are very sensitive to the size
of the production unit.

3.3. CO2 Capture
Themain sources of CO2 come from carbon capture, biomass (by
fermentation, gasification, or combustion), industrial processes
(such as by-product), and air.
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FIGURE 4 | Schematic pathway of Power-to-Fuel: production of H2, NH3, CH4, and CH3OH from renewable resources; and integration to gas and electrical networks.

The CO2 capture is already well-developed and three
processes are used in industrial installations: post-combustion
capture, pre-combustion capture and oxy-fuel capture. These
capture techniques are described in detail in several articles in
the literature (Gibbins and Chalmers, 2008; Kanniche et al., 2010;
Atsonios et al., 2016; Brynolf et al., 2018):
- The post-combustion capture: the objective is to remove
CO2 from the combustion products before the release of
the gas into the atmosphere. The most common solution is
the chemical absorption technique with amine scrubbing, at
low temperature (50◦C). The solvent is regenerated by heat
(120◦C), before being cooled and recycled to the process.
This CO2 capture is the most mature technology in the
short-midterm and it has already been implemented in large
scale applications. Some others technologies exist in the post-
combustion process: physical absorption, adsorption, gas particle
reactions, membrane separation and cryogenic separation (Song
et al., 2018).

- The pre-combustion capture: Removing the CO2 before the
combustion process is not the classic method. However, all types
of fossil fuels can be gasified, which means partially oxidized or
reformed with the addition of oxygen, at high pressures (30–
70 atm). The produced synthesis gas is composed mainly of
CO and H2. By the addition of water and the reduction of the

temperature, the equilibrium reaction of “water-gas shift” allows
the formation of CO2: CO + H2O = CO2 + H2. The separation
process of CO2 uses a solvent, at high pressure. This capture
technique is less efficient than post-combustion because of the
energy involved in the water-shift reaction.

- The oxy-fuel recycle combustion capture: The fuel (gas and
coal) is burned in a mixture of oxygen separated from the air,
and recycled flue gases. A mixture of flue gas is thus produced,
composed of mainly CO2 and water. This water is condensed
and easily removed from CO2 during a compression process.
For coal, oxides of nitrogen and sulfur (NOX , SOX) and other
pollutants must be removed from the product gas prior the CO2

compression process.
The price of CO2 depends on the capture process and the

sources of production. Table 4 presents CO2 costs according to
production sources and their concentration. The concentration
of CO2 in the ambient air is very low (0.04%), and its extraction
very expensive with a price of up to 1,200 e/tonCO2. From
the biogas upgrading and the bioethanol production, the CO2

concentration can reach almost 100% in exhaust gas, which
decreases the cost to 7 e/tonCO2.

Currently, in the cement plant output, the carbon capture cost
can be evaluated at 70 e/tonCO2, but the objective is to decrease
it below 40 e/tonCO2 in 2020 (US DOE).
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TABLE 3 | Parameters of water electrolysis technologies: alkaline, PEM and SOEC—based on aBalcombe et al. (2018), bGhaib and Ben-Fares (2018), cButtler and

Spliethoff (2018), dSchiebahn et al. (2015), eBrynolf et al. (2018).

Alkaline PEM SOEC

Electrolyte Electrolyte potassium hydroxide

(KOH) of typically 25–35% w/wa

Thin (0.2mm) polymer, such as perfluorosulfonic

acid (PFSA) polymersa
ZrO2 doped with 8 mol% of Y2O3 (YSZ)a

Maturity Matureb Early phase of commercializationb Developmentb

Operation parameters

Cell temperature (◦C) 80–140a 20–80a 650–1,000a

40–90b 20–100b 600–1,000b

60–90c 50–80c 700–900c

Pressure (bar) 35a 10–30a 10a

<30b <100b –

10–30c 20–50c 1–15c

Current density (A/cm2) 0.2–0.4b 1–2b –

0.25–0.45c 1–2c 0.3–1c

Flexibility

Load Flexibility (% of nominal load) 20–100c 0–100c −100/+100c

Cold start-up time 20 minb 5 minb –

1–2 hc 5–10 minc Hoursc

Warm start-up time 1–5 minc <10 sc 15 minc

Efficiency

Nominal sta ck efficiency (LHV) % 63–71c 60–68c 100c

Nominal system efficiency (LHV) % 62–82b 67–82b –

51–60c 46–60c 76–81c

67–70d 67–74d –

Electricity-to-hydrogen efficiency (%) 65–74e 62–79e 77–81e

Available capacity

Max. nominal power per stack (MW) 6c 2c <0.01c

H2 production per stack (NM3/h) 1,400c 400c <10c

Cell area (m3) <3.6c <0.13c <0.06c

Durability

Life time (kh) 55–120c 60–100c (8–20)c

Efficiency degradation (%/y) 0.25–1.5c 0.5–2.5c 3–50c

Economic Parameter

Investment costs (e/kW) 800–1,500c 1,400–2,100c (>2,000)c

1,000d 2,000d –

600–2,600e 1,900–3,700e –

Maintenance costs (% of inve stment

costs per year)

2–3c 3–5c n.a.c

2–5e 2–5e 2–3e

3.4. Fuel Costs
3.4.1. Production Costs
To compare the suitability of the four fuels, the economic
costs of production, storage and transport need to be assessed.
In the recent review by Brynolf et al. (2018), the costs of
production for H2, CH4 and CH3OH are compared with
specific hypotheses on prices. To evaluate the cost of ammonia
and compare it with other fuels, the same assumptions as in
Brynolf et al. (2018) are considered for a synthesis plant size
of 5 MW:

- Electrolyser cost (alkaline): 1,100 e/kWelect

- Electricity price: 50 e/MWh
- Water cost: 1 e/ton
- Carbon capture cost: 30 e/ton

Ammonia production costs come from the study of Bañares-
Alcántara et al. (2014). They estimated ammonia costs for a plant
size of 0.59 MW (125 kgNH3/h at 75% service factor):

- ASU cost: 200 ke
- Haber Bosch process: 1,600 ke

The capital cost of a chemical plant can be approximately related

to the capacity by the equation: C2/ C1 = (P2/P1)
k with C2, capital

cost of the plant with the capacity P2; C1, the capital cost of the

plant with the capacity P1; k is the scaling factor estimated at 0.7

(Trop and Goricanec, 2016).
For scaling the values of Bañares-Alcántara et al. (2014) for

NH3 with the plant size of 5 MW (Brynolf et al., 2018), and
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TABLE 4 | CO2 costs according to different sources and their

concentration—based on Gibbins and Chalmers (2008), Ranjan and Herzog

(2011), Schiebahn et al. (2015), Atsonios et al. (2016), Bailera et al. (2016), Brynolf

et al. (2018), Ghaib and Ben-Fares (2018), and Song et al. (2018).

Sources %Concentration CO2 Cost (e/tonCO2)

in exhaust gas

Natural gas power plant 3–5 20–60

Coal power plants 10–15 15–60

Cement industry 14–33 70–150

Bioethanol production 100 7

Biogas upgrading 100 7

Iron and Steel production 20–30 50–70

Ambient air 0.04 200–1,200

with the same capacity factor (0.8), the C2/C1 ratio is equal
to 4.46.

The electrolyser cost from Bañares-Alcántara et al. (2014)
must be adapted to the same capacity plant of 5 MW, the
efficiency being evaluated at 65% (Brynolf et al., 2018). From
Bañares-Alcántara et al. (2014), the electrolyser cost is equal to
1,360 ke for a 0.59 MW power plant. The correction factor is
evaluated at 6.22, by using the scaling factor for a capacity plant
of 5 MW. Moreover, the H2 quantity needed for the production
of NH3 leads to an additional factor of 1.14.

So, the global factor of 6.22 × 1.14 is used to calculate, for a
plant of 5 MW, the cost of the electrolyser, the Air Separation
Unit (ASU) and the Haber-Bosch process.

To evaluate the cost of the electricity contained into each fuel,
the LCOE (Levelized Cost of Electricity) is calculated for each
step of production, storage, transport and electrical restitution
(Equation 1):

LCOE =
Sum of costs over lifetime

sum of electrical energy produced over lifetime

=

∑n
t=1

It+Mt+Ft
(1+r)t

∑n
t=1

Et
(1+r)t

(1)

with: It : investment expenditures in the year t, Mt : operations and
maintenance expenditures in the year t, Ft : fuel expenditures in
the year t, Et : electrical energy generated in the year t, r: discount
rate, n: expected lifetime of system.

In the project of Brynolf et al. (2018), the discount rate (r) is
evaluated at 5%, the expected lifetime of the systems (n) at 25
years, the yearly operation and maintenance expenditures (Mt)
are estimated at 4% of capital cost. Moreover, the electrical energy
generated for 1 year (Et) is calculated from the plant power (5
MW), the number of hour in 1 year (8,760 h) and the capacity
factor (0.8), and it is equal to 35.040 MWhfuel.
The expenditures are the cost of the electrolyser (investment,
electrolyser stack replacement), the air separation unit (ASU),
the electricity, the investment for the fuel synthesis (Haber-Bosch
process, methanation, methanol process), and the OPEX.

Figure 5 presents the total cost of production for each fuel,
in e/MWhfuel. These results are calculated according to all the

previous hypotheses and only take into account the production
without storage and transport costs. From Figure 5, ammonia
is the most expensive fuel with a cost of 240 e/MWhNH3

due to the Haber-Bosch process, then, methanol with a cost
of 210 e/MWhCH3OH , methane with 203 e/MWhCH4 and
hydrogen with a cost of 138 e/MWhH2. Hydrogen is the
cheapest fuel because its production does not require any
additional process.

With respect to these results, for the four fuels, the electrolysis
process appears to be, by far, the most expensive part of the fuel
production due to the electricity price.

Nevertheless, these production costs depend on the initial
hypotheses. For example, if the cost of carbon capture is
estimated at 1,000 e/tonCO2 (price to capture CO2 from ambient
air) instead of 30 e/tonCO2 considered in this project (price
to capture CO2 from a plant), the total production cost of
CH4 and CH3OH will increase up to 406 e/MWhCH4 and 491
e/MWhCH3OH , respectively. In this case, hydrogen and ammonia
become more interesting than hydrocarbons, due to their lower
prices (Figure 5).

Moreover, the production costs depend on the technology
used. For example, if the PEM electrolyser is chosen instead of
the alkaline one, with a price of 2,400 e/kW (Brynolf et al.,
2018) instead of 1,100 e/kW (Brynolf et al., 2018), the total
production cost will increase for the four fuels (Figure 6).
Indeed, the hydrogen production increases from 138 e/MWhH2

to 195 e/MWhH2, the ammonia from 240 e/MWhNH3 to
304 e/MWhNH3, the methane from 203 e/MWhCH4 to 277
e/MWhCH4; and the methanol cost from 210 e/MWhCH3OH

to 281 e/MWhCH3OH . The comparison cannot be performed
with the SOEC electrolyser due to the high uncertainties on
prices. Indeed, this technology is at the development stage. As of
today, the production cost would drastically increase compared
to alkaline and PEM electrolysers.

Three previous studies working on the production costs are
compared to emphasize the sensitivity to the initial hypotheses
(Table 5). The study of Brynolf et al. (2018), in 2018, focuses on
the electrofuels for the transport sector (H2, CH4, and CH3OH).
In 2016, Atsonios et al. (2016) investigated the technical and
economic aspect of methanol production. In 2015, Tremel et al.
(2015) studied the production costs of liquid and gaseous fuels
(H2, NH3, CH4 and CH3OH).

Different hypotheses are considered in each study. From the
Atsonios et al. study (Atsonios et al., 2016), the capacity factor
is evaluated at 85%, instead of 80% in the work of Brynolf
et al. (2018). In the work of Tremel et al. (2015), the hydrogen
cost is estimated at 3,000 e/ton. Due to all these difference of
costs, the production value of each fuel is quite different but
the trend of the production cost between the different fuels is
the same. The production costs for H2, NH3, CH4, and CH3OH
from the three literature studies (Tremel et al., 2015; Atsonios
et al., 2016; Brynolf et al., 2018) are presented in Figure S1

with the analysis of NH3 from our work based on hypotheses
of Brynolf et al. (2018). From these comparisons, ammonia is
still the most expensive fuel, followed by methanol, methane and
hydrogen. The additional costs for storage and transportation
could influence the total costs.
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FIGURE 5 | Production costs for each fuel in e/MWhfuel , with 30 e/tonCO2 and 1,000 e/tonCO2.

FIGURE 6 | Production costs for each fuel in e/MWhfuel , with alkaline and PEM electrolysers.
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TABLE 5 | Hypotheses for the production costs—based on Tremel et al. (2015),

Atsonios et al. (2016), and Brynolf et al. (2018).

Hypotheses Brynolf et al. Atsonios et al. Tremel et al.

Synthesis plant size (MWe) 5 300 small

Electrolyser Alkaline Alkaline PEM

Electricity price (e/MWh) 50 32.2 93

Carbon capture cost (e/ton) 30 43.8 50

Interest rate%/depreciation time

(years)

5 11 6

OM fuel synthesis (% Investment

cost/year)

4 5 4

Life span of fuel synthesis plant

(years)

25 25 10

3.4.2. Storage and Transport Costs
After the production, each fuel should be stored and transported
to the place where it will be used. The storage and transport
of fuels require a specific energy, which varies because of the
different properties of the fuels (see Table 2). The estimations
of the storage and transport costs are taken from several studies
from the literature (Bartels, 2008; Rivarolo et al., 2014; Connolly
et al., 2016; Jülch, 2016; Laborelec, 2016; Reuss et al., 2017).
H2 is the most difficult to store due the properties of the
molecule. Recently, Reuss et al. (2017) studied the hydrogen
supply chain model, for three storage processes: in gaseous phase
(compressed hydrogen), in liquid phase and in LOHC (Liquid
Organic Hydrogen Carriers). In their work, different stages are
considered, such as conversion, storage (in a cavern or in a tank)
and transport of H2 (by truck or by pipeline). They estimated a
conversion cost for hydrogen between the production and the
storage stage, but also between the storage and the transport.
Their article provides a comprehensive overview of infrastructure
technologies and economics of the hydrogen supply chain.

In our study, only two forms of hydrogen storage (gaseous and
liquid) are considered and only one form for NH3 (gas), CH4

(gas), and CH3OH (liquid), and the transport is estimated by
truck or pipeline, over a distance of 250 km. According to the data
of the literature, the costs for the H2 conversion phase, for the
storage and for the transport are presented in Table 6, with the
costs for NH3, CH4, and CH3OH. The cost of gas compression is
included in the cost of storage and transport.

A global cost for each fuel is generated with the data from
Table 6 added to the production costs. The initial hypotheses are
the same as previously and taken from Brynolf et al. (2018).

Figure 7 presents the overall cost for each fuel, in different
phases (gas or liquid) and for different transport means (truck
or pipeline). From these results, methanol is the cheapest fuel
produced from the renewable resources with a cost of 219
e/MWhCH3OH .

Hydrogen in gas phase, transported in a truck is the most
expensive (513 e/MWhH2). Hydrogen in gas phase transported
by pipeline is evaluated at 492 e/MWhH2, and 239 e/MWhH2 in
liquid phase (in a truck). Storage of hydrogen in gas phase is the
most expensive part of the process. This cost is due to the huge
volume of storage required for 1 kg of hydrogen gas. The total

TABLE 6 | Storage and transportation costs—based on aReuss et al. (2017),
bLaborelec (2016), cBartels (2008), d Connolly et al. (2016), eEstimated, fRivarolo

et al. (2014).

H2 NH3 CH4 CH3OH

Conversion (e/kgH2)
a

Gas to Gas 0.35

(15–250 bar)

Gas to Liquid 1.88

Storage cost

CO2 cost (e/tonCO2)
b 8 8

Fuel cost (e/kgFuel ) 10.01 (gas)a 0.08c 0.69d 0.01e

0.98 (liq)a

Transportation cost

CO2 cost (e/tonCO2)
b 4 4

Fuel cost (e/kgFuel )

Pipe 1.43a 0.03c 0.1f

Truck 2.14 (gas)a 0.18f 0.02f

0.5 (liq)a

cost of ammonia is moderate at 261 e/MWhNH3, by pipeline.
Methane transported in pipeline costs 262 e/MWhCH4, and 268
e/MWhCH4 transported in a truck.

According to initial hypotheses, a relative comparison can be
presented: for example, if the cost of carbon capture is evaluated
at 1,000 e/tonCO2 as in ambient air (instead of 30 e/tonCO2
as Brynolf et al., 2018 estimated), the global costs increase up
to 466 e/MWhCH4 for CH4 (pipeline), 472 e/MWhCH4 for
CH4 (truck) and 500 e/MWhCH3OH for CH3OH. In this case,
methanol is considered the most expensive carbon-fuel, due
to the carbon capture price. The cost of carbon capture is an
important parameter for the global cost, due to the significant
impact for hydrocarbons, such as methane and methanol, as
presented in Figure S2.

With regard to these results, the storage of H2 in gas phase
is the most expensive process of the hydrogen cost. For other
fuels, the electrolysis process (formation of H2) remains the most
expensive part of the fuel production, as long as the CO2 cost is
<196 e/tonCO2.

3.4.3. Electrical Restitution
To estimate the cost of the electric restitution, a gas engine
is considered in this work, with again some hypotheses. The
CAPEX of electricity restitution is evaluated at 400 e/kW
installed with a capacity of 5,000 h pear year. The lifetime of
such an engine is 12 years. Thus, two gas engines will be needed
throughout the lifetime of the synthesis facility (25 years). And,
the discount rate is estimated at 7%, and 5% for the OPEX. The
LCOE indicates a cost of 11.35 e/MWhfuel and 7.04 e/MWhfuel
for the OPEX cost.
All previous costs for fuel production, storage and transport
must be added to these costs for the electricity restitution. With
the same hypotheses as above (see sections 3.4.1 and 3.4.2), the
overall costs for each fuel, power-to-power, can be evaluated at
510 e/MWhH2 for H2 in gas phase in pipe and 532 e/MWhH2

for gas H2 in truck, for the liquid phase at 257 e/MWhH2 in
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FIGURE 7 | Global costs (production, storage, and transportation) for each fuel in e/MWhfuel , with 30 e/tonCO2.

truck; 279e/MWhNH3 for NH3; 281e/MWhCH4 for CH4 in pipe
and 287 e/MWhCH4 in truck; and finally, 237 e/MWhCH3OH for
CH3OH in truck.

A comparison is presented in Figure 8 to highlight the
evolution of the cost of the electricity produced from each fuel
based on the price of electricity consumed for their production.
Note: The different prices of the input electricity concerns only
the electricity required for the electrolysis process (production
of H2). The electricity costs used for the others, such as
Haber-Bosch, ASU, methanation, methanol process, conversion,
storage, and transport, are not taken into account because of
the complexity of their assessment. Nevertheless, the required
electricity is mainly used in the electrolysis process, presented in
Figure 8 and is representative of the electricity cost for the global
process, from production to electrical restitution.

From Figure 8, the electrical restitution from hydrogen in gas
phase is expensive regardless the cost of electricity. This means
that for a very low negative price of the electricity injected (about
−280 e/MWh), the electricity restitution from hydrogen could
be produced free of charge. This negative price of electricity
injected can be reduced to−60 e/MWh for methanol.

In addition, the slope for H2 (liquid and gas) is different
due to the large fraction of the electricity cost in the total cost
which is lower for the other fuels. This can lead to a reversal
of the trend from a certain price of electricity. For example,
the price of electricity produced from methanol is cheaper than

the liquid hydrogen (stored in truck) one. But, for a price of
the consumed electricity >99.5 e/MWh, electricity restituted
from methanol becomes more expensive than that restored from
liquid hydrogen.

4. SUMMARY AND DISCUSSION

The objective of this study is to present the energy and economic
costs for the production, storage and transport of H2, NH3, CH4,
and CH3OH. These costs are different depending on the chemical
properties of the molecule, the production process, the storage
and the transport. To improve this work, the uncertainties of
each parameter should be taken into account and additional
analysis should be performed to accurately assess these costs.
Currently, several processes are still in the development phase
and their costs are quite difficult to determine with precision. In
this section, for each fuel, an optimized scenario is proposed to
reduce the cost and increase the global energy efficiency.

4.1. Hydrogen
H2 is a small molecule, produced from renewable electricity
with an electrolyser. Considering the different electrolyser
technologies, the hydrogen production is cheaper with the
alkaline one. And the cheapest global cost of H2 is evaluated
at 239 e/MWhH2, by storing hydrogen in liquid form and by
transporting it by truck.
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FIGURE 8 | Price of electricity restored by fuel, according to the initial electricity price injected in the global process.

Hydrogen can be used to produce electricity in a fuel cell or
in a conventional gas turbine. But the main disadvantage of H2

is the gas phase storage, which is very expensive. The best H2

application is to produce hydrogen in a local plant and use it
directly to form CH4 or CH3OH. The storage of H2 in a small
buffer would still be acceptable. Another application of H2 is its
connection to the natural gas network with up to 2% of energy
content. Similarly, hydrogen can be used for the production
of ammonia.

The other option is the liquefaction of hydrogen, because of
its lower costs for storage and transportation. But the conversion
between gas and liquid phases of H2 is very expensive and the
interest is quite limited. This liquefaction should thus be used
only to transport H2 over very long distance, with a specific
purpose, such as the mobility (hydrogen cars, buses, trucks).

4.2. Ammonia
NH3 is a toxic and corrosive molecule but with a suitable
technology, this fuel can be used in several combustion processes,
mainly mixed with H2 to improve the flammability. As a
reminder, liquid ammonia contains more hydrogen than liquid
hydrogen, so it can be used as a hydrogen storage molecule.

The production of NH3 involves an electrolyser, an ASU
and an Haber-Bosch processes. This last technology is not
negligible in the final cost but themost expensive process remains
the electrolysis.

One of the disadvantage of NH3 is the lack of a grid for this
fuel in Europe, unlike the USA where some partial grids are
already present. Fortunately, it can be stored in a tank and its
storage and transport are very affordable, with a high energy
density. Still, its main advantage is that it only needs water,
air and electricity to be produced and there is no need for
CO2. Ammonia is a very good candidate for transportation fuel
(Giddey et al., 2017), with a global cost of 261 e/MWhNH3.

4.3. Methane
Methane production is composed of an electrolyser, a carbon
capture and methanation process. As previously, the electrolyser

still remains the most expensive process in the formation of CH4.
Indeed, the economic contribution of the capture and the storage
of CO2 is small relative to the global cost.

The storage and the transport of CH4 are not
problematic, with a reduced cost. The global cost of CH4

is estimated at 262 e/MWhCH4, with a transport by
pipeline. The CH4 production can be directly connected
to the already well-established natural gas network.
The entire industrial combustion processes are also
suitable for this fuel. The use of CH4 will not require
additional costs.

The best scenario is thus to produce H2 close
to the grid to react with CO2 (produced locally or
imported due to its low costs of storage and transport)
for the formation of CH4. Then, CH4 could be
connected to the natural gas network or stored in a
tank. This fuel could be used for transportation or
stationary applications.

4.4. Methanol
The production of methanol is similar to CH4 one, with the same
processes. Again, the electrolyser is the most expensive part of the
production and should decrease in the future.

According to this work and the initial hypotheses, methanol
is the cheapest fuel (219 e/MWhCH3OH), taking into account
the costs of production, storage and transport. The main
advantage of CH3OH is its liquid phase which is stable at
atmospheric pressure and ambient temperature. Its storage cost
is therefore negligible. As its storage is straightforward, the
methanol can be stored for long term, without losses, and it
can be used as a pure fuel in engines and other combustion
processes.

4.5. Carbon Dioxide and Oxygen
The capture of CO2 is cheaper when the concentrations are
higher than in the air (400 ppm). Due to its low cost of storage
and transportation, the CO2 could be readily imported. An H2
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buffer is sufficient for use in the plant and to optimize the
production of CH4 or/and CH3OH.

A last molecule involved in such a process is oxygen. Indeed,
thanks to the water electrolysis or the ASU process, the O2 is
produced with a high level of purity (99.2%). This molecule
is not taken into account in this study but it should be
included in the full scenario to optimize the global cost of
these fuels.

In a future work, in order to contribute to the optimization
of the energy system, the production, transport, importation,
storage and restitution of these electrofuels will be quantified
taking into account a deterministic optimization. Instead
of traditional optimization, the work will consist to
include uncertainty quantification (aleatoric and epistemic)
to the energy costs and economic costs, to perform
robust optimization.
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