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Power to Gas (P2G) systems aim to store surplus renewable electricity generated in the form of gaseous fuels such as hydrogen
or methane. The concept is ideal for storing the surplus energy for long periods in gaseous form and can be used in the future
for desired end applications, i.e. either in gaseous form or electricity. In the P2G process, the surplus renewable energy
converts into methane (gaseous form) in a two-step process: electrolysis followed by methanation. The electrolysis process is
used as the source for hydrogen generation, which further reduces carbon dioxide to produce methane. In this review, different
electrolyzers and methanation processes are compared for the P2G process. The major process parameters and hydrogen gas-
liquid mass transfer are discussed by comparing different process conditions and reactor configurations used in biological
methanation. An understanding of the techno-economic analysis indicates that cost of the hydrogen generation is the key factor
that determines the overall economics of the P2G system. The cost of hydrogen generation is associated with the capital cost
of the electrolyzer and the cost of the electricity. It is expected that once this technology becomes mature, the economics of P2G
systems will improve in the future. 
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Introduction

The global renewable electricity generation is forecast
to increase by 60% between 2020 and 2026, reaching
more than 4800 GW. The major contributions of
renewable electricity generation were sourced from
hydro, wind power, and solar PV [1]. From the recent
figures of the International Energy Agency (IEA), the
installation of renewable energy sources such as wind
and solar power stations increases globally and thereby
expected the generation of surplus electricity [1]. The
electricity generation from these renewable sources can
vary depending on the seasons or different time intervals
of a day and cause fluctuations in the electricity
generation, which can affect the continuous supply of
renewable electricity to the grid [2]. To avoid those
fluctuations, the surplus electricity produced needs to
be stored efficiently and could be used when required.
Therefore, the storage of surplus electricity is of
current research attention for various end applications
such as household, industrial, or transport applications
[3]. 

Power to Gas (P2G) is one such approach to store the
surplus electricity produced from renewable sources in
gaseous form, which enables their long-term storage. In
the last few years, P2G has become a promising
technology (Fig. 1) or process to enable long-term

storage of surplus electricity generated using renewable
technologies [4]. The storage of surplus electricity can
either be in the form of hydrogen or methane and is
known as Power to Hydrogen (P2H) or Power to
Methane (P2M), respectively. Hydrogen was the primary
product of the P2G process and many efforts were
made for the development of a hydrogen-based economy
[5]. However, the lack of infrastructure for distribution
and the lack of a well-established market are the major
hurdles to the P2H concept [6]. Due to this issue, the
P2G process was centered on technologies that can
produce gas like methane which can use existing
infrastructure for distribution and have an already
existing market [7]. The Power to Methane (P2M)
process utilizes the hydrogen gas produced from water
electrolysis using renewable electricity and carbon
dioxide to form methane. The methane can be used for
direct fuel applications, further steam reforming [8], and
as precursors for carbon materials [9]. The advantage
of the P2M approach is that it can use existing
infrastructure for the distribution of methane and has a
higher energy density of methane (36 MJ/m3) over
hydrogen (10.88 MJ/m3) [10], which allows for storing
more energy per unit area. The storage cost of methane
is three times lower than that of hydrogen [11]. In
addition, methane is considered a safer gas when
compared to hydrogen. This review would be focused
on general concepts on P2M, a detailed outlook on the
biological methanation, and the techno-economic
challenges of the process.
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Power to Methane production process
Hydrogen production is the first major step in the

P2G process followed by the reduction of carbon
dioxide to methane. The role of hydrogen in the process
is to act as an electron donor for reducing carbon
dioxide to methane [12]. Methane can be produced
from CO2 using biological and chemical methods [13,
14]. The power to methane production process consists
of two steps. Hydrogen generation is the first step in
the process followed by identifying a suitable source
for CO2 for methane production. Different scenarios
were proposed by many research groups and have
sourced hydrogen and CO2 from a wide range of
sources for methanation. Hydrogen can be produced by
using steam reforming of coal and natural gas or
through electrolysis using an affordable electricity
source [15]. The key driver for the development of
P2G is the desire to decarbonize the energy system and,
ultimately achieve carbon-neutrality. So, considering the
environmental benefits of the P2G system, the
electricity sourced from renewable sources is ideal for
hydrogen generation in the P2G process (Fig. 2). The

CO2 can be sourced from many different sources
including biogas plants, waste incinerators, sewage
plants, and various industries such as the cement and
power industry [16]. The use of biogas produced in a
typical anaerobic digester could also be used as a
promising substrate for the P2M concept as it accounts
for nearly 40% CO2. The methane content of the
biogas could increase significantly above 95% if the
biogas undergoes the P2M process [17]. Various
microbial species were reported for carbon dioxide
fixation under anaerobic conditions [18, 19]. The
utilization of CO2 as a substrate for the P2M process
enables to reduce the carbon emissions from an
existing source [20]. 

There are a few pilot or demonstration P2G plants
established globally, though these technologies are yet
to reach a full-scale commercial-scale operation [21].
At this early stage of development, there is a wide
range of system losses and overall conversion efficiencies.
Broadly, the conversion efficiency of the production of
hydrogen in the P2G process ranges from 60 to 70%,
and the methanation step has an efficiency of 75-78%

Fig. 1. Development of P2G process from lab to demonstration plants.

Fig. 2. Typical P2G process for biogas upgradation.



Power-to-gas systems with a focus on biological methanation 855

[22]. However, a significant amount of heat is lost from
the methanation process, which brings down the
overall efficiency of the P2G systems to around 55% in
the currently installed demo or pilot plants [2]. Countries
like Denmark and Germany top the list of demo or
pilot scale projects in P2G processes. This review is
focused on hydrogen production using an electrolyzer
and methane production process based on biological
methanation with a detailed outlook. 

Hydrogen production in the P2G process using
renewable electricity

Water electrolysis is commonly applied in the P2G
process for hydrogen generation from renewable
electricity [23]. An electrolyzer is a device that
combines both oxidation and reduction reactions to
produce hydrogen and oxygen [10, 24]. Different types
of electrolyzers are being used for hydrogen generation
from water, namely alkaline electrolyzer, proton exchange
membrane electrolyzer, and solid oxide electrolyzer [2,
10]. 

Alkaline electrolysis is mature and developed technology,
which is commonly used in pilot or demonstration
projects, related to the power-to-gas process [10, 25].
An alkaline solution is generally used in this type of
electrolyzer and it can be of any alkaline solution such
as potassium hydroxide, sodium hydroxide, sodium
chloride, etc. Most electrolyzers employ 20-40%
potassium hydroxide solution as it provides higher
electrical conductivity than NaOH under similar
conditions [2, 26]. The water is reduced at the cathode
to form hydrogen and hydroxide [27]. The hydroxide
generated at the cathode moves into the anode through
the diaphragm for oxygen generation. The anodic and
cathodic reactions that occurred in an alkaline
electrolyzer are given below [10, 28]. 

Anode = 

Cathode: 2H+ + 

The major limitation of an alkaline electrolyzer is the
application of highly corrosive alkaline solution as an
electrolyte and its discharge. The stack lifetime of the
alkaline electrolyzer is 60,000-90,000 hours [29]. Another
problem with alkaline electrolyzer is intermittent and
unbalanced operation conditions associated with
electricity availability from renewable resources such
as wind and solar power. These systems require 30-60
min startup time once it gets shut down [30]. 

Polymer electrolyte membrane (PEM) differs from
alkaline electrolyzer in terms of the electrolyte being
used. In PEM, the electrolyte used is polymer electrolyte.
This concept was bought into reality by Grubb [31, 32]
using a solid sulfonated polystyrene membrane as an
electrolyte. This electrolyzer is more suitable to work
with power fluctuations, as the fluctuations caused to

the power supply can be quickly monitored and
balanced by polymer membrane electrolytes [33]. In
addition, its startup time is also much lower than that
of an alkaline electrolyzer and has better performance
with dynamic and intermittent systems. The hydrogen
generated from the PEM electrolyzer is of high purity
[5, 34]. However, this electrolyzer requires high purity
deionized water for the electrolysis reaction and it adds
to the capital cost of the P2G plant [35]. The anodic
reaction of the PEM electrolyzer is the oxidation of
water to produce oxygen, electrons, and protons. The
cathodic reaction involves the reduction of protons to
generate hydrogen. The protons will be moved from
anode to cathode via a proton exchange membrane and
electrons will be moved via an external circuit [36].
The reactions that occur at the anode and cathode of
the PEM electrolyzer are given below

Anode = 

Cathode: 2H+ + 

Solid oxide electrolyzer is the latest technology
developed for water electrolysis and is currently
demonstrated in the laboratory or developmental stage.
The operation temperature is the major difference when
compared to alkaline or PEM electrolysis. The alkaline
and PEM electrolyzers are operated at temperatures
below 100 oC, whereas the operational temperature of
SOEs can go up to ten times (approximately 1000 oC)
higher temperature than alkaline or PEM electrolyzers
[13, 36]. At higher temperatures, approximately 20%
less electrical energy is required for SOEs when
compared to alkaline or PEM electrolyzers [21]. In
addition, the drop in voltage such as ohmic voltage is
decreased due to the higher temperature application of
SOEs. Therefore, much higher efficiencies are being
reported from SOEs when compared to PEM [13, 37].
Water or steam is reduced at the cathode for the
production of hydrogen. The ions of oxide move the
electrolyte to the anode and generate oxygen. Due to
the application of high temperature, the degradation of
materials and lack of long-term stability are the major
drawbacks of these systems [2, 38]. Moreover, the
product stream would be mixed the hydrogen and
steam due to the high-temperature process, electrolyzer
plant based on SOEs must have the facilities to
separate steam from the mixture to obtain a pure H2

gas [2] and thereby increase the capital cost [36]. 
The hydrogen gas generated can either be used for

methanation or in hydrogen refueling stations. Apart
from the product hydrogen, other products can be
generated from this unit operation are oxygen in
gaseous form and the heat. The oxygen produced is of
high quality and therefore it finds application in
different sectors such as the metal industry and medical
applications. Globally there are around 25 different
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demo or pilot-scale projects for hydrogen generation
for injection or power production [39]. Europe’s first
wind to hydrogen energy plant “Lolland Hydrogen
Community”, Denmark came into the operation year of
2007 and the capacity of the plant was 104 kW. The
electricity was sourced from a wind farm and the
electrolysis was carried out using a PEM electrolyzer
[39]. The largest power to hydrogen plant is “Energypark
Mainz” Germany with an installed capacity of 3,750
kW using a PEM electrolyzer and electricity sourced
from a wind farm. The other two major players in
Germany are “Wind to Gas” Südermarsch and “WindGas”
Falkenhagen. “Wind to Gas” Südermarsch [39, 40]
uses a PEM electrolyzer and has a capacity of 2,400
kW and started its operation in 2018, whereas WindGas
Falkenhagen [39, 40] uses an alkaline electrolyzer and
its size is 2,000 kW, started operation in 2013. H2V
project, a major hydrogen production facility in France
is under construction and is planned to be operational
by 2021. The initial installations are expected to
produce 200,000 tons of hydrogen without any carbon
release and the project is targeted to reach hydrogen
production of 500,000 tons per year [41]. 

The major barrier to the deployment of low carbon
technology is the higher capital cost associated with it
[42]. In the case of hydrogen production, the maturity
of the technology is a critical factor, which determines
the capital expenditure (CAPEX). These processes or
technologies are yet to become mature and according
to the predictions of the expert community, these
technologies become mature by 2030 [42, 43]. The
current CAPEX of alkaline and PEM electrolyzer for
hydrogen production is estimated to be 750-1,200 and
1,200-2,000 €/kWe including the deionized water
system. This is expected to reduce once the technology
is mature and the CAPEX is expected to be 400-600
and 400-1,700 €/kWe by 2030 [29, 43]. The source of
electricity is a key variable and can be obtained from
different sources including renewable plants such as
solar PV or wind farms, the wholesale electricity market,
or a mixture of these alternatives. Electricity sourced
from renewable resources has advantageous as it is
avoiding the necessity of using the electricity purchased,
which is expensive for the whole process. Another
advantage of renewable electricity is its lower
environmental impact [43]. 

Biological methanation process in P2G systems 
Methanation is the second major process step after

the hydrogen production in the P2M process. CO2 is
the substrate required for the P2M process along with
hydrogen to produce methane. The CO2 can be sourced
from different sources such as biomass processes [44],
anaerobic digester [45], power generation plants (coal
combustion, petroleum combustion, and biomass
combustion), and finally from various industrial processes
such as cement production, iron, steel production and

from ethylene oxide production [13, 16, 46, 47].
Capturing CO2 from these different sources reduces
onsite CO2 emissions and converts it into energy
carriers such as methane. The CO2 sourced from the
biomass process can be used directly without any
further conditioning or purifications [16]. However,
CO2 sourced from power generation plants and various
industrial sources require purification or conditioning
steps to remove unwanted compounds that can inhibit
the methanation process, especially in the case of
chemical conversion using catalysts. Though technically
conditioning of exhaust gas is possible, the amount of
CO2 present in the exhaust gas determines the economics
of the CO2 purification processes. The higher the
amount of CO2 present in the flue gas improves the
economics of the CO2 purification process [47]. There
are well-established processes or technologies for the
purification of CO2 from the flue gas such as absorption,
adsorption, membrane technology, and cryogenic
distillation. A detailed review of the CO2 sources and
their purification strategies can be found in the review
published by Gahib and Ben-Fares [13]. 

In biological methanation microorganisms especially
methanogenic archaea play a major role in methane
production [10]. As they are highly substrate-specific,
they can be classified into three types based on their
capacity to utilize the substrates they are (i) hydro-
genotrophic methanogens, who can produce methane
using the substrate CO2 and H2 or formic acid (ii)
acetoclastic methanogens which use acetic acid as the
substrate and (iii) methylotrophic methanogens which
use C1 and methylated compound as a substrate for
methane production [48]. Temperature and pH are
other important factors that determine the performance
of methanogens [49]. Methanogens can be classified
into two based on their optima temperatures, mesophilic
(35 oC-45 oC) and thermophilic (55 oC to 65 oC)
methanogens [2, 50]. The pH optima for methanogens
depends on individual species though most of the
methanogens’ favorable pH lies between 7.0 to 7.5
[10]. 

Methane production using hydrogenotrophic

methanogenesis

This process starts with the conversion of CO2 to
methane with the reduction of CO2 to formyl-
methanofuran with reduced ferredoxin which is
regenerated by the reduction of oxidized ferredoxin by
hydrogen [10, 12]. This reduction is endergonic and
must be coupled to one of the three exergonic reactions
involved in the pathway. Three different exergonic
reactions involved in the process are, the first one is the
transfer of the methyl group from methyl – H4MPT to
CoM-SH with a ΔG of -30 kJ/mol. This process step is
catalyzed by the enzyme complex MtrA-H, which is a
membrane-associated and energy-conserving enzyme.
This process step is depending on the buildup of an
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electrochemical sodium ion potential which drives ATP
synthesis and ferredoxin reduction [10, 12]. The second
exergonic reaction is catalyzed by a cytoplasmic
methyl coenzyme M reductase which involves the
reduction of methyl-coenzyme M with CoB-SH to
methane and heterodisulphide CoM-S-S-CoB with a
ΔG of -30 kJ/mol. This process step is not coupled
with ferredoxin reduction or energy conservation. The
third exergonic reaction is the reduction of CoM-S-S-
CoB with H2 and is catalyzed by a cytoplasmic
hydrogenase-hetrodisulhpide reductase complex. This
is associated with the reduction of ferredoxin with H2

ΔG of +16 kJ/mol. CO2 reduction by hydrogenotrophic
methanogens is given in Fig. 3 [10, 12]. 

Reactor configurations and operational parameters

for biomethanation

The rate of hydrogen gas to liquid mass transfer is
the major limiting factor in the hydrogenotrophic
methanogenesis process (Table 1). The rate of gas to
liquid mass transfer can be expressed using the
equation 

rt is the rate of hydrogen gas to liquid mass transfer
(Lreactor·day-1), 22.4 is the volume of 1 mole of gas
occupies at STP (L.mol-1), kLa is the gas transfer
coefficient (day-1), H2g is the hydrogen concentration in
the gas phase (mol·L-1) and H2l is the dissolved
hydrogen in the liquid phase (mol·L-1) [10, 51]. From
the above equation, it is clear that the rate of hydrogen

mass transfer from the gas to the liquid phase is directly
proportional to kLa. The gas transfer coefficient, kLa of
the system depends upon different factors or operational
parameters such as stirring, gas recirculation, type and
pore size of the gas diffuser, and rate of gas
recirculation. Since hydrogen mass transfer limit is one
of the key parameters in the process, reactor design
should be focused on the intensification of mass
transfer. Different types of reactor configurations are
studied by researchers on biogas upgrading to enrich
the methane content by using pure hydrogenotrophic
cultures or enriched hydrogenotrophic inoculum.
Depending upon the type of reactor configuration, the
final methane content can be varying from 75% to
98%. Though the temperature is a factor that affects the
bio-methanation process, most of the studies are being
focused on thermophilic conditions as they could yield
more than 60% conversion compared to mesophilic
conditions [52]. The commonly used bioreactors for
methanation are batch reactor, trickle bed reactor, up-
flow reactor, bubble column reactor, fixed bed reactor,
and continuous stirred tank reactor (CSTR). 

The study by Luo and Angelidaki [52] and Bassani et
al. [53] also concluded that a higher mixing speed is
essential when mixed cultures were used in thermophilic
conditions for methane enrichment in biogas. Bassani
et al. [53] studied the up-flow reactors for ex-situ
biogas upgrading and concluded that gas diffusion
device and gas recirculation rate are critical factors for
ex-situ biogas upgrading in up-flow reactors. The
methane content in the output gas was increased from

rt = 22.4 kLa H2g H2l– 

Fig. 3. CO2 reduction pathway by hydrogenotrophic methanogens.
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23% to 96% and a maximum theoretical methane yield
was achieved in the study. Kougias et al. [54] studied
the different reactor configurations namely up-flow
series, continuously stirred tank, and bubble column
reactor for the methanation process. The study concluded
that both up-flow series and bubble column reactors
resulted in methane content above 98%. Membrane
bioreactors are another type of reactor used for bio-
methanation using hydrogenotrophic methanogens. The
gas dispersion through a polymeric membrane in a
hollow fiber reactor was studied by Diaz et al. [55] for
methane production using CO2 and H2. A maximum
kLa value of 430 h-1 for H2 was obtained in the study.
A biomethane yield of 0.22 m3 (m3 d)-1 was obtained
and the maximum gas loading rate was 40 m3 H2 (m

3

d)-1. Alfaro et al. [56] studied the 60L pilot scale
ceramic membrane bioreactor for hydrogenotrophic
methanogenesis at different loading rates of H2 varying
from 10 to 30 m3 (m3 d)-1 and the reactor converted
more than 95% of the input gas with a yield of 0.22 m3

(m3 d)-1. A maximum kLa value of 268 h-1 was
obtained at a maximum loading of 30 m3 H2 (m

3 d)-1.
Wang et al. [57] attempted the bio-methanation of coke
oven gas with in-situ biogas upgrading. The coke oven
gas was passed through the hollow fiber membrane
module fitted inside the digester and maximum methane
content of 99% was achieved with in-situ biogas

upgrading. Rachbauer et al. [58] studied the biogas up-
gradation in an immobilized trickle bed reactor. The
reactor was operated for 8 months and biogas produced
from the 0.5 m3 plant was continuously fed into the
trickle bed reactor. More than 96% of CO2 was
efficiently converted into methane and the methane
content in the outlet of the reactor was above 96% and
hydrogen present was less than 1%. 

A few approaches that are being practiced for better
hydrogen gas to liquid mass transfer in hydrogen-
otrophic methanogenesis are pressurizing the gas on
headspace and reducing the diffuser pore size for gas
sparging and gas recirculation. Ullrich et al. [59]
studied the effect of operating pressure on biological
methanation in a trickle bed reactor as the pressure
increases the partial pressure of hydrogen which
improves the mass transfer and solubility of H2. With
increasing pressure from 1.5 bar to 9 bar, the methane
content in the exit gas has significantly increased from
64% to 86%. Gas recirculation is an important factor to
overcome the limitations associated with gas to liquid
to a certain limit. Guiot et al. [60] studied the influence
of CO utilization on the production of CH4 at different
rates of gas recirculation. Only 4% of CO was utilized
without gas recirculation. The CO utilization was
improved to 70% when the gas recirculation to feeding
ratio was increased to 18:1. The authors concluded that
the process was mass transfer limited and the conversion
efficiency could be improved by gas recirculation.
Bassani et al. [61] studied the major parameters which
hydrogen mass transfer rate depends upon in an in-situ
biogas upgrading up-flow anaerobic sludge blanket
reactor (UASB) reactor. Hydrogen distribution was
improved through the application of porous inert
devices such as alumina ceramic sponges or with the
help of rushing rings. The authors have further studied
the ex-situ biogas upgrading in up-flow reactors using
different pore size diffusers and gas recirculation rates.
The kLa was significantly improved by 36% when
high gas recirculation rate was employed [62]. As an
outcome of gas recirculation and diffuser pore size,
nearly 100% hydrogen utilization was obtained when
the hydrogen flow rate was set up to 3.6 L/(Lreactor·d).
Liu et al. [63] studied the hydrogen mass transfer in a
stirred tank reactor using a micro-nano sparger and a
common micro sparger. Micro-nano sparger was found
to be superior in terms of methane evolution rate and
biomass growth rate when compared to the common
micro sparger. A maximum hydrogen utilization of
95% was obtained after 20 days in a micro-nano
sparger and that of 80% was obtained in a common
micro sparger after 25 days. 

Upgrading biogas using biological methanation 

Biogas can be upgraded to increase its methane
content in different ways including physical, chemical,
and biological methods [64]. In biological methods,

Table 1. Comparison of kLa in different biological methanation
reactors.

Reactor and 
cultivation mode

Working 
volume (L)

kLa* 
(h-1)

Reference

CSTR – Chemostat 0.6 L 6.6-16.05 [52]

Hollow fiber membrane reactor 31 30-430 [55]

Ceramic membrane bioreactor 60 77-268 [56]

CSTR – Fed-batch
• Micro-nano sparger
• Micro-sparger

0.5 12.95
6.6

[63]

Up-flow reactor 0.85 105 - 776 [62]

*kLa – volumetric mass transfer coefficient

Table 2. Techno-economic comparison of alkaline and PEM
electrolyzers.

Year-2017 Year-2025

Alkaline PEM Alkaline PEM

Efficiency * (%) 65 57 68 64

Stack lifetime 
(hours)

80,000 40,000 90,000 50,000

CAPEX (€/kW) 750 1,200 480 700

Output Pressure 
(bar)

Atmospheric 30 15 60

System lifetime 
(years)

20 20 20 20

* Based on lower heating value Adapted from [Ref.71]
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biogas up-gradation using hydrogen and carbon dioxide
can be classified into in-situ and ex-situ approaches
[54]. In the in-situ biogas upgrading process, the
hydrogen is injected into the biogas digester, where it
reacts with the carbon dioxide present in the biogas.
The carbon dioxide is reduced by hydrogen to form
methane and thereby enriching the percentage of
methane content in biogas [18]. This process can enrich
the methane content by up to 99%. However, strict
monitoring of pH is crucial in this process. Once the
pH of the system reaches above 8.5, the methanogenesis
process gets inhibited. As CO2 is dissolved in the
medium, it dissolved into H+ and HCO3

-. Once the CO2

is utilized for methane production, the H+ will get
reduce and increase pH due to bicarbonates [51]. 

CO2 + H2O H+ + HCO3


Another problem associated with the direct injection
of hydrogen into the anaerobic reactor is the increase in
partial pressure of hydrogen, which affects the conversion
of Volatile Fatty acids (VFAs) and alcohol to methane
[65]. In the ex-situ biogas upgrading process, the
biogas CO2 is obtained from biogas mixed with
hydrogen in a separate reactor which is either enriched
or pure culture of hydrogenotrophic methanogens for
the formation of methane. The greatest advantage of
this system is that it does not interrupt the anaerobic
digestion process or VFA degradation. This process can
avoid the issues related to the increase of pH and
inhibition of VFA degradation. A major challenge in
this process is the solubility of hydrogen in the liquid
media, which is due to the low gas to the liquid mass
transfer rate of hydrogen [51]. The solubility of
hydrogen in the media depends upon many factors such
as temperature, pressure, gas dispersion device and
reactor configurations, etc. [64]. 

Luo and Angelidaki [64] attempted upgrading biogas
using enriched hydrogenotrophic methanogens in a
separate reactor using both thermophilic and mesophilic
conditions. The methane gas enrichment was approximately
60% higher in thermophilic conditions when compared
with mesophilic conditions. Continuous addition of
hydrogen gas into biogas was studied and a maximum
of 95% CH4 was obtained when the biogas and H2

were injected at the rate of 6 L (L·day)-1. The increased
flow rate to 12 L (L·day)-1, decreased the methane
content to 90% demonstrating that mass transfer is the
rate-limiting step in this process. Further increasing the
stirrer speed from 500 to 800 rpm, a 95% methane was
obtained. In another study conducted by Luo and
Angelidaki [64], a hollow fiber membrane was used
instead of stirred tank reactor. The system achieved a
CH4 content above 90% and CH4 content was found to
be increasing further up to 96% with an increasing H2

flow rate. Rachbauer et al. [58] studied the biogas
upgrading potential in a trickle bed reactor using
immobilized hydrogenotrophic methanogens for a

period of 8 months. The highest H2 loading rate applied
in this study was 6.5 m3 hydrogen. m3 reactor-1 and the
methane content in the exit gas was above 96%. This
study demonstrates the operational stability of
biological biogas upgrading systems for a period of 8
months of continuous operation. 

Martin et al. [66] studied the pure culture of
Methanothermobacter thermautotrophicus for the
conversion of H2 and CO2 to methane or by upgrading
the biogas to methane [66]. Their study observed a
maximum volumetric methane production rate of 49.2
L (L·day)-1 which was further increased to 65.6 L
(L·day)-1 under pressurization of the headspace gas
from 101 kPa to 122 kPa. Chen et al. [67] compared
the effects of pressure on the methane production
reactor. A drop in pH value was observed from 7.2 to
6.5 when the pressure was increased from 1 bar to 9
bar. Though this pH drop did not cause a major issue to
anaerobic digestion such as stopping the AD process, it
slightly affected the methane enrichment in the biogas
as the percentage of methane increased from 66% to
75% when the pressure was increased from 1 to 9 bar.

Systems analysis and economic assessments 
Power to Gas is one of the upcoming and promising

alternatives to energy storage and provides flexibility
to the renewable electricity system. The economic
assessment of power to gas systems is very important
for understanding and improvising the system more
efficiently in the long run [55]. The policymakers
should not be focused only on the economic profitability
alone as the usage of conventional fuels may lead to
affect the air quality which finally affects the
ecosystem [39]. 

An integrated techno-economic and life cycle
assessment of P2G systems was studied by Parra et al.
[68] using a PEM electrolyzer and chemical methanation.
The price of methane produced using a 1 MW P2M
system is five times costlier than conventional natural
gas. Other value addition opportunities such as waste
heat and oxygen generated during the process need to
be considered for improving the economic viability of
the P2M system. Even after considering the value
addition scenarios, the cost of methane produced by
P2M technology is three times higher than conventional
natural gas. The study assessed the possibility of
atmospheric CO2 as a source for bio-methanation and
concluded that this approach is economically not
feasible due to the high capital cost required for
purifying the CO2 obtained from the atmosphere and
together with lower efficiency. The study also concluded
that the source of electricity supply is the key factor
that determines the impact of life cycle assessment.
The environmental benefit of the P2M system was
observed when electricity was sourced from a renewable
process when compared to the conventional gas process.

Collet et al. [69] compared the economic and life
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cycle assessments of three different configurations of
power to gas systems against natural gas. The three
different configurations were (a) CH4 from CO2

obtained after biogas upgrading, (b) direct methanation
of biogas, and (c) CH4 obtained from biogas without
methanation. From the life cycle assessments, they
concluded that continuous P2G systems have more
greenhouse gas impacts than intermittent P2G systems.
The sources of electricity are the key factor that
determines the impact of life cycle assessment. The
authors conclude that the economics of the P2G
process could be improved by the development of low
electricity-consuming electrolyzers and the incorporation
of carbon credits from CO2 valorization (Table 2). Gotz
et al. [2] compared the biological and chemical
methanation in the P2G system and concluded that
biological methanation is suitable for small-scale plant
sizes, isothermal catalytic methanation concepts for
medium-sized plants and fixed bed methanation is best
suited to large-scale power plants. In addition,
biological methanation has advantages over chemical
methanation due to its lower temperature and high
tolerance to impurities. However, the process requires
much larger rector volumes and the gas hour space
velocity (GHSV) obtained is much lower than the
chemical methanation process. 

The efficiency of converting methane to electricity is
also a matter of concern especially if the end application
of P2G is for electricity production. Ajanovic and Hass
[70] looked into the potential of the P2G system for
producing methane from wind power and the re-
electrification of methane. The overall efficiency of
those systems is only about 33% without accounting
for the utilization of waste heat and oxygen generated
during electrolysis. The authors conclude that P2G
systems may have a promising future in the transportation
sector due to the higher and increasing prices of
transport fuels compared to decrease or stagnant
electricity prices. 

Conclusion

P2G is emerged as an approach to store the excess
power from renewable technologies such as wind and
solar power in the form of either hydrogen or methane
and can provide support to the fluctuations that
occurred during the off-peak periods of the renewable
electricity system. Though these technologies are
crucial for the smooth running of the proposed systems,
these technologies are at the early stages of
demonstration or implementation. Currently, the overall
efficiency of converting electricity to methane and re-
electrification of methane to electricity is very low. The
present high production cost of hydrogen through
electrolysis and the low gas to liquid mass transfer
efficiency of hydrogen gas is the key technical
challenges of the P2M process. The commercial-scale

viability depends on the efficiency of each stage in the
P2M process. The emerging technologies that address
these issues will improve the economic feasibility of
the process. 
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