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Abstract
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Diss. Lappeenranta-Lahti University of Technology LUT
ISBN 978-952-335-759-4, ISBN 978-952-335-760-0 (PDF), ISSN-L 1456-4491, ISSN
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Climate change mitigation requires reducing of greenhouse gas emissions, especially
carbon dioxide (CO2). Reducing fossil fuel usage is the main method of combatting
greenhouse gas emissions in the energy sector, together with carbon capture, utilization
and storage (CCUS). Fossil fuels can be replaced with large-scale low-emission energy
sources, such as renewables (solar and wind) or nuclear. The problem with renewables
is their intermittency. The amount of available energy varies, which causes a mismatch
between energy demand and production. The share of renewable energy can be increased
via the electrification of energy end uses, energy storage, grid expansion, and demand
response.

This dissertation focuses on power-to-gas (PtG) systems, which convert electricity into
chemical energy in the form of synthetic natural gas (SNG) which ideally contains only
methane (CH4). The first conversion step is to produce hydrogen (H2) with electricity.
Later, hydrogen is synthesized with CO2 to form SNG. The main processes of PtG are
already rather well developed on a pilot scale. However, a commercial breakthrough is
still to come, partly due to economic reasons and competing technologies. While the
existing literature has focused strongly on the steady-state performance of PtG, studies
on its dynamical operations are limited, but increasing attention. More specifically, the
limitations regarding load and thermal ramping rates and part load, as well as their effect
on long-term performance, are unclear.

In this dissertation, different modelling tools are developed to better study PtG systems
and their components. The focus is on the dynamics of a PtG system, the performance
of its components, and the integration of material and energy flows of the system. The
main aim is to discover the technical requirements for efficient transient operations and
how buffer storage could compensate for limitations in the dynamics of the methanation
process. To evaluate system integration, a case study was conducted on a PtG system
combined with a wastewater treatment plant (WWTP) with biogas production. The per-
formance of a biological methanation reactor and CO2 capture with water scrubbing were
studied using individual models that account for the flow.

The results show the relationship between full load hours of H2 production, the size of H2

buffer storage, and the dynamic capabilities of the methanation reactor with respect to the
efficiency of the PtG system. The suitability of PtG integration with WWTP was analyzed,



taking into account the availability of raw materials for PtG, and usability of side streams
as oxygen and heat. The performance (i.e. gas composition and energy consumption)
of CO2 capture and biological methanation were studied, and the information can be
used further to analyze complete PtG system. Analysis of the developed models revealed
how dynamic operation affects system performance. The importance of specific system
parameters are emphasized in the study, and suitable values are proposed. Suggestions
are given for the sizing of components as well as the capacities for the conversion steps
and gas buffer storage.

Keywords: power-to-gas, modelling, simulation, energy storage, methanation
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Inkeri E., Tynjälä T., Hyppänen T., Laari A. (2018). Dynamical modelling of biological
methanation. Applied Energy, 209, pp. 95-107.

Publication II
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1 Introduction

In this dissertation, the options of dynamic operation of power-to-gas (PtG) processes
and components are studied at the plant and component level. In general, PtG refers to a
process that converts electrical power to some gaseous fuel or chemical, such as hydrogen,
methane, or ammonia. The first conversion step is to produce hydrogen with electricity
through water electrolysis, in which water is split into hydrogen and oxygen molecules.
Oxygen is a possibly valuable side product. Hydrogen itself can be the final product
of PtG, or it can be processed further to another fuel or chemical. Further processing
requires another material as reactant, such as carbon dioxide (CO2) or nitrogen (N2). Due
to various options for end product, the naming conventions with PtG are varying. Both
PtG and P2G are used, but the end product cannot be directly comprehended, as it could
be any gaseous fuel or chemical. Power-to-X (PtX) is commonly used to refer all possible
end products, such as liquid fuels or heat. In this dissertation, PtG is used and it refers to
production of methane.

With production of methane in the focus, the three main processes of PtG are water elec-
trolysis, methanation, and capture of CO2. Several technological options exist for each
of them, but the main phenomena are rather similar. In water electrolysis, water is split
into hydrogen and oxygen gas with direct electrical current. Part of the input power is lost
as waste heat. Conventional methanation is a Sabatier reaction, in which hydrogen (H2)
and CO2 are synthesized to methane (CH4) and water (H2O) with presence of a metal
catalyst. The exothermic reaction occurs in elevated temperature and pressure, producing
also heat. Various reactor solutions exist, each using different thermal management sys-
tems. The objective with PtG and other synthetic fuel production pathways is to decrease
greenhouse gas (GHG) emissions compared to fossil fuel alternative. Emissions are de-
pendent on energy consumption, energy source, and material usage, thus there are several
methods for achieving similar GHG reductions.

Depending on the production method, hydrogen can alternatively be called either ”green,”
”blue,” ”gray,” or ”black”, as described by Yu et al. (2021). Green hydrogen is produced
from water with renewable (low CO2 emission) electricity via electrolysis. Blue hydrogen
is produced by steam reforming, so that up to 90% of the CO2 emissions from the process
are captured and stored. Gray and black hydrogen refer to a conventional steam reforming
process with natural gas and coal, which emit large amounts of CO2. The term ”red”
hydrogen has been used for nuclear-based electricity (BloombergNEF, 2021). In addition,
hydrogen can be produced also via gasification of biomass (Hanchate et al., 2021). This
dissertation only considers water electrolysis with renewable electricity as the production
method for hydrogen.

The source of CO2, the capture method, and final use of the product also affect the total
PtG emissions, as described by Romeo and Bailera (2020). If the methane produced by
PtG is combusted and the contained CO2 is released into the atmosphere, then emissions
reduction is not fully realized. Capturing the released CO2 and using it in the input stream
of the PtG process could close the cycle, thereby enabling minimal CO2 emissions. The
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capture method itself should use only low-emission energy. If the source of CO2 is bio-
genic, even negative emissions can be achieved with PtG, as suggested by Di Salvo and
Wei (2019). At the moment, no common notation exists for PtG products with differ-
ent CO2 sources, but the EU directive RED II has provided specifications for the overall
sustainability of the product (European Commission, 2018b).

Since hydrogen is supposed to be produced mainly by low-emission renewable electricity,
the availability of hydrogen may vary heavily over time. CO2 can be obtained from var-
ious sources using several capture methods, thus the availability of CO2 depends on the
source and flexibility of the capture method. However, chemical synthesis processes are
traditionally designed to operate at a steady state, which contrasts with the intermittent
availability of raw materials. This problem must be resolved through either intermediate
storage or increased flexibility of the processes, or both. In addition, the variation of heat
demand, waste heat, and material side streams are also related to PtG processes. Smart
integration of these inputs could improve the efficiency and feasibility of PtG. The aim
of this thesis is to find the technical requirements that arise from the dynamics of the in-
puts and the process itself, and the integration benefits related to heat and side streams.
The utilized methodology is modelling of main components and analysing of case stud-
ies.

1.1 Aim and objective of the dissertation

The main motivation for this dissertation comes from the temporal variations in and mis-
match between the required raw materials and energy for PtG systems, which affects
methanation synthesis operations. If the system is driven by available variable renewable
energy (wind and solar), hourly electricity prices, or surplus energy, then the intermittency
is generated by weather conditions, markets, industry, and human behavior. An additional
challenge has to do with obtaining enough sustainable CO2 at the same time as hydrogen
is available for the synthesis process.

There are two ultimate options for coping with the mismatch: use of a buffer storage to
enable steady operation of the PtG plant throughout the year, or a dynamic operation that
follows directly the available resources. The former option involves high investment costs
for buffer storage, while the latter might be technically difficult and also waste some of
the available resources. The best technical, economic, and environmental combination
should be studied. Since a standalone PtG system does not seem very profitable at the
moment, various integration benefits have been considered. Integration requires an as-
sessment of the energy and material flows that bind the PtG system to another system.
The main streams related to integration are waste heat from electrolysis and methanation,
CO2 for methanation, oxygen from electrolysis, and heat for CO2 capture. A case study
has been done here on a PtG system integrated with a wastewater treatment plant with
biogas production to better examine the various aspects of integration.

Many recent studies of methanation reactors focus on improving the transient operation
of the reactors. Detailed numerical simulations and experimental studies have been pre-
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sented. These studies usually consider a relatively short time scale, ranging from several
minutes to a few hours. Most of the studies with a longer (annual) time scale, such as
techno-economic feasibility studies, do not consider the requirement for buffer storage
or restrictions on transient operation. The aim of this dissertation is to demonstrate the
importance of restricting transient operations and how they can be implemented in sim-
ulations with a long time span. The objective is to parametrize the main restrictions for
transient operations, find suitable values for them, and express how the performance of
the PtG system is affected by each parameter. Some of the parameters describe the reac-
tor features, such as minimum part load, maximum load change, and maximum thermal
ramp. In addition, the size of the buffer storage serves as one parameter. The operation
environment is classified based on full load hours of the electrolysis phase. The values
for the parameters are obtained from prior studies, and a sensitivity or scenario analysis
is performed by utilizing a certain range for each parameter.

Even if chemical methanation is widely studied by simulation, published models for bi-
ological methanation are very limited. Therefore, a detailed model for biological metha-
nation is also developed here. The model serves as a starting point for simulation-based
research on biological methanation in a large-scale stirred tank reactor. Based on the re-
sults, some parameters for techno-economic analysis are provided. Another important
component of an PtG system is CO2 capture. For that, monoethanolamine (MEA)-based
temperature swing absorption is the most mature and used technology. There are some
challenges related to MEA and the process in general, such as toxicity and high tempera-
ture heat demand. One option for the MEA process is the physical absorption of CO2 into
water, in which the solubility is varied with changes in temperature and pressure. As for
biological methanation, existing studies on modeling water-based CO2 capture are scarce.
Thus, a model is developed for a bubble column absorption process to estimate the effect
of the process parameters and general performance of the capture process.

The main target of PtG is to reduce CO2 emissions. Therefore, a lifecycle assessment
(LCA) should be conducted to compare PtG to fossil fuel alternatives. In this part of the
dissertation, the author examined the technical processes related to PtG and produced data
on material and energy flows and the requirements for them.

During the research, it was found that there might be indeed some demand for buffer
storage, as there are certain limitations in the dynamic operation of the methanation reac-
tors. Simulations for annual operation showed the potential to estimate the required buffer
storage size, which varies with full load hours of hydrogen production. A method was de-
veloped to parametrize dynamic aspects of the reactor and estimate the effect of each pa-
rameter for the annual performance of a PtG system. At a component level, models were
developed for CO2 capture and biological methanation to estimate their performance. In
addition, a life cycle assessment was conducted to estimate the emission reduction poten-
tial of renewable electricity based hydrogen, methane, and methanol.
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1.2 Structure of the dissertation
Section 2 provides an overview of the global energy system, and different decarboniza-
tion methods are briefly discussed and compared. Also, the potential roles of PtG are
explained. In section 3, PtG is explained from a technological point of view. The history
and current status of PtG are explored. The main characteristics of PtG processes with re-
spect to process dynamics are also presented. In section 4, the utilized modelling methods
are presented. In section 5, the main results from the publications are discussed. In Publi-
cation I and Publication II, detailed models for biological methanation and CO2 capture
are developed, and the operation of the process is studied. In Publication III, different
material and energy streams of PtG and an integrated wastewater treatment plant with
biogas production are analyzed in a case study. The demand for buffer storage for CO2

and hydrogen are considered as well. Publication IV studies the effect of electrolysis
full load hours, hydrogen buffer storage size, and the flexibility of chemical methanation
on the transient operation of a PtG system. In Publication V, an LCA was conducted to
estimate the environmental effect of PtG compared to fossil fuel alternatives. Lastly, in
section 6 and 7, the importance and relevance of the results are discussed and suggestions
for future work are given.
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2 Background and motivation
The energy sector and the production of primary energy are both strongly related to
climate change mitigation, as primary energy is the largest contributor to global green-
house gas emissions. More than 80% of primary energy is generated by fossil fuels (IEA,
2020c), causing most of the human-induced CO2 emissions. Other emission sources in-
clude, for example, cement production, agriculture, and land use change. To mitigate
the effects of climate change, parties attending the UNFCCC (United Nations Framework
Convention on Climate Change) committed themselves to the Paris Agreement to limit
global warming to well below 2ºC compared to pre-industrial times, targeting a 1.5ºC
increase (United Nations, 2015). In addition, the European Union (EU) has agreed to
reduce greenhouse gas emissions by 40% from the level in 1990 (European Commission,
2013a). The primary energy supply, by fuel, is presented in Figure 2.1.

Figure 2.1: Global primary energy supply (IEA, 2021a)

The total energy supply has increased by 63% between 1990 and 2018. In 2018, coal, oil,
and natural together accounted for 81% of the total energy supply. The share of wind and
solar power was only 2%. (IEA, 2021a)

However, the energy produced with solar and wind power has increased by 36.5% and
23.0% since 1990, respectively (IEA, 2021c).

The picture of energy use and emissions differs significantly between the European Union
(EU) and the rest of the world. In the EU, the total emissions from electricity production
have been drastically reduced in recent years, by 29% between 1990 and 2018. However,
globally the emissions from electricity production have increased by 102%. At the same
time, the change in total CO2 emissions from all sectors was -21% in the EU and +63%
globally. (IEA, 2021a)

In 2019, 36.7% of global electricity production was low-carbon production, but when also
taking into account also transport and heat, the low-carbon share is only 15.7% (Ritchie
and Roser, 2020).

Figure 2.2 presents energy use of different sectors. The three main sectors are industry,
residential use, and transport, which add up to 86% of all energy use. In 2018, only 19%
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of global energy consumption was in the form of electricity (IEA, 2021a).

Figure 2.2: Global energy use by sector (IEA, 2021a).

2.1 Decarbonization of the energy system
The Intergovernmental Panel on Climate Change (IPCC) has provided pathways that
would limit global warming to 1.5ºC by 2100 compared to pre-industrial times (Masson-
Delmotte et al., 2018). Many pathways require net-zero CO2 emission by 2050 and large
scale adoption of bioenergy carbon capture and storage (BECCS) for carbon dioxide re-
moval (CDR) from the atmosphere. Other possibilities for CDR include, for example,
afforestration and direct air capture (DAC) of CO2, in which CO2 is captured from ambi-
ent air. The technical potential of DAC is high (Beuttler et al., 2019). The IPCC considers
it risky to trust solely in CDR, however, as the strategy has not been proved to work on
such a scale, even though it has very high technical potential. Other means to decrease
emissions are decarbonization of electricity generation, electrification of energy end use,
the use of renewable hydrogen, sustainable bio-based products, and carbon capture and
storage (CCS).

CCS is one option for achieving low CO2 emissions, by capturing CO2 from the flue gases
of combustion. Not all CO2 emissions can be avoided with CCS, as the maximum cap-
ture efficiency is typically approximately 90% (Babin et al., 2021). The captured CO2 is
transported and stored in, for example, underground saline formations or depleted gas and
oil fields. A review of existing CCS projects has been done by Loria and Bright (2021).
The technology is already mature and quite capable of handling large-scale operations,
but many new facilities would need to be added on a yearly basis to reach the goals of
climate change mitigation. There is also some public resistance to CCS, which may hin-
der broader implementation of the technology (Vögele et al., 2018; Arning et al., 2019;
Pianta et al., 2021; Peridas and Mordick Schmidt, 2021). The cost of CCS varies greatly,
depending on the source of CO2, capture efficiency, transport distance, storage location,
and capture rate. Based on a review by Leeson et al. (2017), the average cost of industrial,
low-concentration sources (pulp and paper, iron and steel, cement, and petroleum refiner-
ies ) is 72.7 $/tCO2, and 24.4 $/tCO2 for sources with high CO2 concentrations. Transport
and storage costs were excluded from these calculations. IEA (2021b) stated that the cost
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resulting from low and high-concentration sources are 73.3 and 32.5 $/tCO2, respectively.
In comparison, the cost of direct air capture is 134-342 $/tCO2. The cost of pipeline trans-
port is 2-14 $/tCO2, while the cost of main onshore storage is below 10 $/tCO2. Thus, the
average total cost is 91 and 46 $/tCO2 for low and high concentration sources.

The tax credit for carbon sequestration (section 45Q) (Congressional Research Service
(CRS), 2021) provides a subsidy that assists with CCS in the United States. The 45Q
will be 50 $/tCO2 at 2026 (Congressional Research Service (CRS), 2021). In Europe,
allowances for CO2 emissions must be purchased for certain sectors via the EU emissions
trading system (EU ETS) (European Commission, 2018a). The price of ETS has risen
above 60 $/tCO2 in 2021 (Ember, 2021). These mechanisms increase the feasibility of
different CCS options for mitigating CO2 emissions.

Hydropower is the largest source of electricity with low CO2 emissions (IEA, 2021a).
The possibilities for adding new hydropower are small due to a limited number of suitable
locations, as well as social and environmental costs (Berga, 2016). The installed capacity
is expected to have an annual capacity growth of 3% through 2030 (IEA, 2020a).

Nuclear power is the second largest source of low-emission electricity, accounting for
10% of the global electricity supply in 2018 (IEA, 2019a). Nuclear power has helped
reduce emission quickly in France and Belgium, by 3.7%/a between 1978 and 1988 (Pe-
ters et al., 2013). However, the current trend is towards a decrease in the share of nuclear
power globally, because not enough investments are directed in new plants or lifetime
extensions. In Europe and the United States, energy policies are intentionally limiting
the role of nuclear power. In contrast, China is planning several new plants (Gattie et al.,
2018). Without nuclear power, achieving of low-emissions in the energy sector will be
much more difficult, as substantially greater renewable energy capacity will be required
(IEA, 2019a; Parsons et al., 2019).

Of the available primary energy supply, biomass is currently the largest renewable energy
source (Figure 2.1). It is considered an important and flexible source of energy in the
energy sector and will continue to be so in the future (Mandley et al., 2020).

Cowie et al. (2021); Kargbo et al. (2021) provides information on how forest bioenergy
affects climate change. Since bioenergy is dispatchable, it could support daily and season-
ally variable power, including wind and solar power. Different biomass-based fuels could
replace fossil fuels in sectors where it is more difficult to make use of electricity, such as
aviation and some industrial processes. Despite being a renewable energy source, the car-
bon neutrality of bioenergy is not obvious. In the energy sector, CO2 emissions from the
combustion of bioenergy are considered zero to avoid double counting, as such emissions
are better addressed with respect to land use, land-use change, and forestry (LULUCF)
(European Commission, 2013b). The overall emissions are related to changes in the bio-
genic carbon cycle: sources, sinks, and stocks. For example, deforestration and a decrease
in the carbon sink rate must be avoided to ensure sustainable use.

Another aspect of bioenergy is the possibility for CDR through BECCS, as presented in a
review by Babin et al. (2021). Carbon dioxide from the atmosphere is bound to biomass
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during growth, and it can be captured, transported, and stored permanently when biomass
is used for energy, for example through combustion. The technological challenges are
related to general issues of using biomass for energy, such as land use, water use, and
competition over food production. BECCS and CDR are seen as crucial parts of any
future energy system (Iyer et al., 2021).

In addition to hydropower, bioenergy, and nuclear power, wind and solar power also pro-
vide energy with low CO2 emissions. Onshore wind and utility scale solar power are
already the cheapest ways to produce electricity, with the exception of extending the life-
time of nuclear power plants (IEA, 2020b). However, the ability to produce enough wind
and solar power varies greatly. The average capacity factors for onshore wind and solar
PV are 23-44% and 10-21%, respectively (IEA, 2018). New offshore wind installations
target a capacity factor of greater than 50 %. Higher utilization of electricity would require
better electric energy storage or more flexible demand. Increasing electricity transmis-
sion capacity would also help by connecting production and consumption from a wider
area

Synthetic fuels are not primary sources of energy, but they can be used to replace fossil
fuels. Possible options include, for example, hydrogen, methane, methanol, dimethyl-
ether (DME), Fischer-Tropsch gasoline, and diesel (Hänggi et al., 2019), which are based
on hydrogen and CO2 or CO. Ammonia (NH3) is a carbon-free fuel option, and it can
also be synthesized (Chehade and Dincer, 2021). All these fuels include hydrogen, and
it is produced by, for example, biomass gasification or electrolysis. The gasification of
biomass produces syngas, which is usually a combination of hydrogen, methane, carbon
dioxide, and carbon monoxide (Hanchate et al., 2021). Another common method is water
electrolysis, which is the point of focus of this dissertation. Later, H2, CO2 and/or CO can
be synthesized into a final product, usually in the presence of a chemical catalyst, elevated
temperature, and high pressure (Hänggi et al., 2019). PtG systems belong in this group,
since they utilize water electrolysis for hydrogen production and a synthetization process
for methane production (Götz et al., 2016).

Since electricity production covers less than 20% of total energy use, the major part of
emission reductions must occur within other sectors, mainly heating, transport, and indus-
try. These sectors utilize fossil fuels directly as engine fuel, raw material for chemicals,
or combustion for heat.

Decarbonization of some of these sectors could be done by direct electrification with low
emission electricity. Electrification may add energy efficiency in some cases, as with
passenger vehicles, but vast amounts of electrification could increase global electricity
consumption.

CCS might not be technically feasible for decentralized energy consumption, such as with
transportation or residential heating. Fuels with low CO2 emissions may be one option if
electrification is not possible. With PtG and PtX, indirect electrification is possible.

It is also possible to decrease global GHG emissions even if the consumption of fossil
fuels is not replaced. DAC and CCS, or BECCS, could provide negative CO2 emissions
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that overcome the emissions from fossil fuels. The scale of the problem might be insur-
mountable, though, as DAC is expensive and the amount of suitable biomass for BECCS
is limited. To effectively decrease global emissions, the most feasible option should be
found for each emission source, meaning all the various technologies should be consid-
ered and studied. It seems that the optimal technology is application-specific, so there is
no silver bullet for this issue.

2.2 Role of PtG in decarbonization
There are four main roles for PtG in decarbonizing the energy sector: 1) energy storage,
2) replacement for fossil fuels, 3) energy carrier and 4) flexible load. These roles are
discussed in the following sections.

The main components of PtG are water electrolysis, CO2 capture and methanation. They
are presented together with sample mass flow rates in Figure 2.3. In water electrolysis,
electricity is used to produce hydrogen (H2) from water (H2O). In the next step, hydrogen
is synthesized with carbon dioxide (CO2) to form methane (CH4), which can substitute
natural gas. The water produced during the synthesis stage must be removed from the
product stream. Most CO2 capture processes consume heat and electricity. Some suitable
CO2 source is also needed, for example biogas or flue gas. The side streams of PtG,
oxygen and water, are significant when comparing to other streams by mass. Oxygen and
water streams could be valuable, either within the operation environment of PtG itself,
or in the market. For pure oxygen, a value of for example 133 e/ton have been used in
literature (Salas et al., 2021). Water production from methanation could ideally provide
half of the water demand of the electrolyser.

Figure 2.3: Main components and mass flows of a PtG system.
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2.2.1 Energy storage

If the aim is to produce most electricity by wind and solar power, then the problem is their
intermittency and low capacity factor, some of which can be addressed via flexible loads
and expanding the transmission grid, but not all. During times of low electricity produc-
tion, the remaining power should be obtained from other sources, or from energy storage.
A number of technological solutions have been proposed to date, such as electrical en-
ergy storage, including PtG (Gür, 2018). Different storage technologies can be compared
in terms of their energy capacity, charge and discharge rate, round trip efficiency, self-
discharge, and cost.

PtG has been considered mainly as a long-term, large-scale storage solution because
methane is rather easy to be stored in large quantities for a long time with existing in-
frastructure, with low self-discharge (McIlwaine et al., 2021). PtG can be used as an
energy storage by storing the produced methane and converting it later back to electricity
by combustion in gas engines or turbines. Sector coupling is also possible by utilizing
stored methane in industry, heating, or transportation. Compared to other storage tech-
nologies, PtG is not yet mature, and suffers from low efficiency rates. When converting it
from electricity to methane and back to electricity, the efficiency is 25-30 % (McIlwaine
et al., 2021).

Several PtG projects have been launched at a commercial or pre-commercial scale (Bail-
era et al., 2017). The total installed capacity in terms of electrolyser power was 39 MW in
2019, and it has been increasing exponentially (Thema et al., 2019a). Based on a review
by Ince et al. (2021), PtG is not yet economically feasible, but it is getting cheaper. There
are some signs of commercial operation: Wärtsilä is currently planning of PtG facility
with 10 MW fuel capacity together with a local energy company, Vantaa Energy (Wärt-
silä Oyj, 2021). The stacking of several revenue streams could increase the value of PtG
(Parra et al., 2019).

Hydrogen energy storage has also been extensively studied, and it can be seen as one
of the main competitors for methane. The process of producing hydrogen is simpler
than for methane, and there are no CO2 emissions related to end-use for hydrogen. The
drawback compared to methane is that implementation to the present energy system is
more complicated. (Quarton and Samsatli, 2018; Yue et al., 2021)

2.2.2 Replacement of fossil fuels

Fossil fuels are used for electricity generation, heating, transportation and as raw material
in industry. SNG can directly replace natural gas, which covers 22.8% of the global
energy supply (Figure 2.1), thus the potential is tremendous. However, 1.4% of it is used
for hydrogen production (IEA, 2019b), which SNG from PtG does not cover, as hydrogen
is already an intermediate product in PtG.

The possibility to replace other fossil fuels, oil, and coal depends on the end use. Only
7.3% of natural gas consumption was used for transportation. In contrast, 65.6% of the
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total oil supply was used in transportation (IEA, 2021a). Replacing oil in the transporta-
tion sector with SNG would require a large scale renovation of vehicles, as natural gas
cannot be used directly in engines designed for liquid fuels. Other sectors, such as the
petroleum and chemical industry may require a specific chemical composition for oil
products, which SNG cannot fulfill directly.

In 2018, 46.5% of the world’s heat was produced by oil and coal (IEA, 2021a). Heat
could be provided by SNG also, but the burners and boilers would probably need to be
renovated.

2.2.3 Energy carrier

If a large part of fossil fuel use would be replaced with wind and solar power, not all en-
ergy could be transported via the current electricity grid. The electricity grid would need
to be strengthened if PtG facilities are located far away from electricity generation sites.
Another option would be to have PtG in the vicinity of wind and solar farms and transport
SNG via the existing gas grid, which already offers rather high transport capacities. As
an example, 561 TWh of gas and 331 TWh of electricity was transported to customers in
the United Kingdom in 2017 (Quarton and Samsatli, 2020).

The utilization of gas grids is also an option in the case of direct electrification, where
fossil fuel end use is replaced by electricity from renewable sources. Then need to expand
the electricity grid could be avoided by utilizing PtG, a gas grid, and gas turbines at the end
location. The choice between gas and electricity grid depends on economic, political and
environmental considerations. Quarton and Samsatli (2020) estimated that electrification
will be cheaper by a cost of up to 1130 e/kW for new electricity transmission capacity.
Allard et al. (2020) calculated an average cost of 740 e/kW for grid expansion in 2010-
2080 in Europe, if the 2 ºC temperature increase scenario is followed. The predicted
average annual investment was 5.8 billion euros, and the total grid installation was 527
GW.

The space requirement for transmitting electricity is much larger than for gas, which may
be a land use and political problem. As an example, the EUGAL gas pipeline has a
transmission capacity of 55 Mm3/a (66.5 GW), while restricted use area is only 12-22 m
wide (GASCADE Gastransport GmbH, 2021). Since the pipeline is under ground, even
some agriculture is possible in the restricted area. In comparison, the onshore electricity
transmission line from the Hornsea 3 wind farm requires a corridor width of 60 m (Ørsted,
2018a), while the capacity is over 27 times lower, only 2.4 GW (Ørsted, 2018b).

Another benefit of a gas grid is the short-term storage capacity. Unlike with an electricity
grid, a gas grid can handle mismatches in production and consumption, which is seen
as pressure variation in the grid. A certain amount of variation is allowed, which can
be utilized as an energy storage method, called linepack swing. A typical daily linepack
swing in the UK is approximately 100 GWh (Quarton and Samsatli, 2020).

Both methane and hydrogen can be used in the existing gas grid. However, the share
of hydrogen in a methane blend is limited, generally around 20 vol.%, as a higher share
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would lead to problems with the end-use devices. Higher shares of up to 100 % are possi-
ble, but that would require replacing current devices. (Quarton and Samsatli, 2020)

There are plans to create a separate distribution network for pure hydrogen, but pure
hydrogen has a lower energy density and compressibility compared to methane. With the
same size pipeline, hydrogen can carry only 64% of the energy compared to methane,
when the pressure is 80 bar. In addition, the flexibility of the grid storage linepack is only
17% of the linepack of pure methane at 80 bar. (Quarton and Samsatli, 2020)

2.2.4 Flexible load

Flexible loads are used to adapt electricity demand to available production, for example
through wind and solar power. It prevents the curtailing of power production and helps
to balance the energy system (Kuprat et al., 2017; Robinius et al., 2018; Qadrdan et al.,
2015). PtG can be used as a flexible load since it consumes a large amount of electricity,
and the produced SNG can either be stored or used in another sector (heating, industry, or
transportation) (Bogdanov et al., 2021; Wulf et al., 2018).

2.2.5 Environmental effect of PtG

In addition to economic and technical feasibility, the net effect of PtG for CO2 emissions
must be carefully assessed from cradle to grave, to have a clear picture of its environmen-
tal impacts. For this, standardized LCA methods should be applied.

Kolb et al. (2021) have conducted a review of LCA studies for PtG. The source of elec-
tricity has a major impact on the potential for GHG reduction compared to natural gas. If
electrolysis is done using low-CO2 electricity, such as wind or solar, the GHG reduction
rate will be 7.7-368.1 kgCO2eq/MWhSNG. However, with current grid electricity PtG might
also increase CO2 emission compared to natural gas. The source of CO2 is also important,
as the carbon from SNG is released into the atmosphere during combustion. Therefore,
net emissions are different for biogenic and fossil-based CO2.

The energy requirement and cost of CO2 capture from different sources has been analyzed
by Reiter and Lindorfer (2015). Sources with a high concentration are preferred, but they
are usually smaller in volume and are not sufficient for large deployment of PtG.
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3 PtG-processes

3.1 History, current status and future of PtG

3.1.1 History

The history of synthetic fuels is long, as the reaction needed to produce synthetic CH4

from H2 and CO2 was already discovered by Sabatier and Senderens in 1902 (Rönsch
et al., 2016). The motivation to produce synthetic fuels has changed from a lack of suit-
able fuels to the need to produce environmentally friendly fuels and chemicals, thereby
enabling a higher share of wind and solar power in the energy system.

A comprehensive review of the history of methanation is provided by Kopyscinski et al.
(2010). Synthetic liquid fuels have also been produced for more than 90 years using the
Fischer-Tropsch process, mainly from coal and natural gas (Schulz, 1999). The recent
interest in synthetic fuels is related more to the utilization of renewable electricity and
biomass gasification to produce renewable H2. The evolution of realized demo projects
for PtX processes has been analyzed by Chehade et al. (2019). Demos from different
years that utilize H2 as an intermediate product are presented in Figure 3.1.

Figure 3.1: Historical evolution of PtX demo processes, classified by the end product.

3.1.2 Current status

To mitigate climate change, the sources of H2 and CO2 have to be sustainable and envi-
ronmentally friendly. The main routes for sustainable H2 are water electrolysis and the
gasification of biomass. Water electrolysis has received the most attention as a possible
H2 source during the last decade, as it could be operated with electricity produced by solar
and wind power.

There is huge demand also for pure H2 with low CO2 emissions since more than 95%
of H2 is produced from fossil fuels (Franchi et al., 2020). The global production rate is
115 Mt/a, which results in CO2 emissions of 830 Mt/a. Replacing of fossil-based H2 with
”green” H2 is a straightforward way to reduce emissions since it does not require CO2

capture or synthesis after electrolysis.
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Götz et al. (2016) have conducted a comprehensive review of PtG. The main components
of a PtG system are electrolysis, methanation, and the capture of CO2. Important auxiliary
components include grid connection, buffer storages for H2 and CO2, gas compressors,
and a reactor cooling system. A sample system is presented in Figure 3.2. For clarity,
only the main energy and mass flows are presented. During operation, the electrolyser,
methanation, and compressors require cooling, thus they produce waste heat streams that
may be utilized elsewhere.

Figure 3.2: Sample PtG system with chemical methanation and main components.

The three main types of electrolysis are alkaline electrolysis cell (AEC), proton exchange
membrane electrolysis cell (PEMEC) and solid oxide electrolysis cell (SOEC). AEC and
PEMEC operate at temperatures of 60-90ºC, and SOEC at temperatures of 700-900ºC.
The efficiency of converting electricity to H2 defined using a lower heating value (LHV)
of 3.0 kWh/kg is 52-72% for commercial AEC and PEMEC technologies (Buttler and
Spliethoff, 2018). SOEC can achieve significantly higher efficiencies if the water is pro-
vided in the form of a high temperature steam.

In electrolysis, a direct electrical current is used to split water into O2 and H2 molecules.
The main reaction is

H2O → H2 +
1

2
O2 ∆Hº = +285.8 kJ/mol (3.1)

The energy required for the reaction can be provided as a combination of electricity and
heat, as presented in Figure 3.3. The possible share of heat increases with the temperature
of the reaction. The minimum electricity demand to induce a reaction is given by the
thermoneutral cell voltage. In that case, no additional heat is brought into the reaction,
and all energy is provided by electricity. The heat demand of the reaction is supplied by
the heat generation of the irreversibilities of the reaction. In practice, AEC and PEMEC
operate above the thermoneutral voltage. Therefore, the heat generation of the different
losses is higher than the heat consumption of the reaction, and external cooling is needed.
(Buttler and Spliethoff, 2018)

The reactants in the methanation reaction (Sabatier reaction) are H2 and CO2, while the
products are CH4 and H2O. For a 100% conversion the efficiency of the reaction is 83.3%,
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Figure 3.3: Energy consumption of H2 production with an ideal electrolysis reaction.
Data adopted from work of Buttler and Spliethoff (2018)

calculated by the lower heating values of H2 and CH4 (120.0 MJ/kg and 50.0 MJ/kg). The
overall balance for the exothermic reaction is

4H2 + CO2 ↔ CH4 + 2H2O ∆Hº = −165.0 kJ/mol (3.2)

Two principal technologies are involved in the methanation reaction, chemical and bio-
logical methanation. The chemical reaction requires a catalyst, which is commonly based
on nickel (Ashok et al., 2020), and temperatures ranging from 200ºC (Götz et al., 2016) to
700ºC (Rönsch et al., 2016). The reactants and products are in a gas phase. In the biolog-
ical pathway, autotrophic hydrogenotrophic methanogens acts as the catalyst in a water
solution (Lecker et al., 2017). The optimal temperature range for biological methanation
is 15-98ºC, depending on the microbial culture. Reactant gases must be dissolved into a
liquid before the reaction can occur, and the produced CH4 is desorbed in a gaseous form.
The produced water is in a liquid phase, as the operation temperature is low.

The chemical methanation reaction is of an equilibrium type so that the outlet composi-
tion depends on the reactor pressure and temperature, as presented in Figure 3.4. Low
temperature and high pressure increase CH4 formation. However, the reaction rate is
higher at high temperatures (Rönsch et al., 2016). To achieve a high reaction rate and
high CH4 content in the product gas, multiple reactors at different temperature levels can
be utilized, as in the TREMP process (Blumberg et al., 2015).

Several reactor types have been proposed for chemical methanation, as presented in a
review by (Rönsch et al., 2016): adiabatic fixed-bed reactor, cooled fixed-bed reactor,
fluidized bed reactor, three-phase reactor, and special catalyst-coated structures as honey-
combs.

For biological methanation, several reactor concepts have also been studied. The major
concepts are a continuously stirred tank reactor (CSTR) and trickle-bed reactor (TBR),
but different fixed-bed or biofilm structures have also been studied (Lecker et al., 2017).
The difference between concepts is related to gas-liquid mass transfer, which is often the
rate-limiting step. The stirring in a CSTR can lead to significantly higher mass transfer
rates compared to other reactor types, which may enable a smaller reactor size, but at the
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Figure 3.4: Equilibrium composition of methanation reaction and conversion efficiency at
different temperatures and pressures, reproduced from work of Stangeland et al. (2017).

Figure 3.5: Different reactor concepts: A) adiabatic fixed-bed chemical, B) cooled fixed-
bed chemical, C) three-phase chemical, D) trickle-bed biological, E) CSTR biological.

cost of energy for stirring.

Illustrations of some of the reactor concepts are presented in Figure 3.5. Preheating and
gas recycling is common, but once-through concepts have also been proposed. The main
difference between the reactor types for chemical methanation is at temperature control,
which is important for the product gas quality, reaction rate, and catalyst health. Re-
garding biological methanation, the major difference is in the concept for enhancing the
gas-liquid mass transfer.

The average overall efficiency (from electricity to gas) of current PtG demonstration
plants is 41% (Thema et al., 2019a). A breakdown of the typical efficiency of a PtG sys-
tem is presented in Figure 3.6. Both electrolyser and methanation produce excess heat.
It is assumed that all losses of electrolysis are converted to heat, as in work of Michailos
et al. (2021). The excess heat from methanation can be calculated from the reaction en-
thalpy of equation 3.2. CO2 capture requires 22-125 kWh/tCO2 of electricity and 2.2-3.6
GJ/tCO2 of heat (Feron et al., 2020). The power consumption of auxiliary components
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(balance of plant) has been estimated by Parra and Patel (2016) and for 10 MW electrol-
ysis it would be 0.25 MW, which in turn leads to a total PtG efficiency of approximately
48%. With thermal integration, part of the excess heat could be utilized for CO2 capture
to increase the overall efficiency. As the excess heat from electrolyser is at a temperature
below 90 ºC for AEC and PEMEC, the value of the heat is not as high compared to the
excess heat from the methanation (200-700 ºC).

Figure 3.6: Energy balance of a sample PtG plant.

The main components and processes of PtG are already quite mature, and several pilot
plants are in operation (Chehade et al., 2019). Even though there are many commercial
concepts for electrolysis, e.g. Sunfire, NEL, and ETOGAS (Buttler and Spliethoff, 2018),
and chemical methanation, e.g. Lurgi methanation, TREMP, Vesta, and HICOM (Rönsch
et al., 2016), PtG has not yet been commercialized at a large scale. The main problems
are that the investment and electricity costs are too high (Park et al., 2021), together
with the cheap prices of fossil fuels (Chauvy et al., 2021). In addition, the occasions
when surplus electricity results in very small or negative electricity prices are still rare,
making the investment costs for PtG operations too high throughout much of the year
(van Leeuwen and Mulder, 2018). Policy changes could create profitable business cases
(Michailos et al., 2021).

The main differences between chemical and biological methanation are related to heat
and mass transfer. Thermal management is especially important in adiabatic fixed-bed
chemical methanation. Controlling hot spot temperatures and product gas quality is chal-
lenging, though, especially during transient operation, as reactant and product gases are
used as the coolant. Three-phase reactors enable simple isothermal operation, with the
drawback being a lower reaction rate and wear of the catalyst. Cooled reactors are a
compromise between the adiabatic and isothermal reactors. (Rönsch et al., 2016).

Biological methanation occurs in a liquid phase, thus the reaction heat is directly trans-
ferred to the liquid. Since the liquid flow rate is high compared to the reaction heat, the
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reactor is virtually isothermal. Biological methanation is also more tolerant of impuri-
ties in feed gases, which may cause deactivation and poisoning of the catalyst in chemical
methanation. (Ashok et al., 2020). This could simplify the purification system for reactant
gases in biological methanation. The drawbacks of biological methanation are the energy
requirements for overcoming low gas-liquid mass transfer, large specific reactor volume,
and low temperature waste heat (Götz et al., 2016; Lecker et al., 2017). Intensive stirring
or compression of H2 through perforated plates for small bubbles is required to achieve a
high enough gas-liquid mass transfer in biological methanation. Since the reaction heat is
released only at a maximum of below 100ºC, it is more difficult to find a valuable use for
heat compared to a common temperature of more than 300ºC in chemical methanation.
As stated by Thema et al. (2019b), a specific problem related to biological methanation is
foaming of the liquid, which may cause problems in the process downstream. However,
the foam formation can be reduced with antifoam agents, such as oils or fatty acids.

3.1.3 Future

Several scenarios and pathways have been presented for how PtG should be included in
future energy systems. The predicted requirement for PtG varies substantially among the
studies. Some of the studies predict a rather large role for PtG, but if other flexibility
options (mainly batteries and H2) are also considered, then the need for PtG tends to
decrease significantly, or even disappear.

Blanco and Faaij (2018) have conducted a comprehensive review on the optimization
of energy systems and the suggested role of PtG. The main considerations are as fol-
lows:

• Electricity can be 95% renewable with storage capacity of only 1.5% of the total
power demand.

• 100% renewable-based energy system (electricity, transportation and heat) requires
less than a 6% storage capacity with respect to the total energy demand.

• 10% of the global gas storage capacity would be enough to cover the balancing
demand.

• PtG is often overridden by other flexibility options, such as H2 or batteries.

Various roadmaps and institutions predict a rather large role for PtG (and power-to-
hydrogen) in the future. An EU-level road map estimates that H2 could contribute up
to 24% of primary energy consumption by 2050 (FCH 2 JU, 2019). In the Nordic coun-
tries alone, SNG could achieve 0.8-3.8% share of the total transport energy demand in
addition to helping electrify the transport sector (Bokinge et al., 2020). The German en-
ergy agency Dena estimates an annual capacity of 100-700 TWh for PtG by 2050 (Dena,
2019). In STORE&GO EU project, Rasmusson et al. (2020) estimated that the annual gas
demand (including H2) for Europe by 2050 would be 4400 TWh, of which up to 75 %
could be supplied by PtG. A division of PtG potential by sector is presented in Table 3.1.
A large share is predicted for all sectors, except for electricity: 0-5%.
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Table 3.1: Estimated potential and share of PtG in Europe by 2050.
Total [TWh] Share of PtG [%]

Industry 628 10-65
Non-energy use 570 30-60

Electricity 1163-1233 0-5
Heat 756 30-60

Transportation 1012 30-60

A review of individual studies reveals a wide range of predictions for the role of PtG.
Each of the scenarios includes separate boundary conditions and assumptions, which af-
fect the results. Therefore, the results give an interesting view on the effect of different
premises. In study by Maruf (2021), PtG was not utilized at all, as other forms of storage
(ACAES, li-ion batteries, redox-batteries, and TES) were favored for the optimization
process.

An energy scenario for Spain for 2050 by Bailera and Lisbona (2018) predicts a 63%
share for renewables and 1.2-2.8% for surplus energy, which would mainly be utilized by
PtG.

Lynch et al. (2019) studied PtG from the perspective of a company producing electricity
through wind power. Investing in PtG became profitable when the installed capacity of
wind reached 93% of the peak demand, and energy from wind covered 50% of the total
electricity demand.

Löhr et al. (2020) did an optimization study for energy system in Germany in 2030. It
lead to a RES capacity of 300 GW, supported by a PtG capacity of 50 GW (16.7% of RES
capacity).

For an energy system in Belgium in 2040, no SNG production by PtG was predicted when
using an optimization model (Berger et al., 2020). The results showed a demand only for
the production of H2 by electrolysis, accounting for 2.3% of the total production capacity
of the system.

A coupled model for the electricity and road transport sector in Europe did not predict
investments for SNG production via PtG, as other synthetic fuels (H2 and synthetic liquid
fuels) turned out more feasible (Helgeson and Peter, 2020). More than 26 % of the total
fuel demand was supplied with synthetic fuels.

A case study for Italy shows demand for PtG only with a high amount of installed inter-
mittent renewable electricity generation capacity, over 200 GW (Bellocchi et al., 2019).
With a lower installed capacity, electric vehicles only can lead to higher emission reduc-
tions than together with PtG.

The feasibility of PtG could be achieved by lower investment and electricity costs, higher
costs for CO2 emissions, subsidies for climate-neutral fuels, or other political decisions.
Regarding the roles of PtG as an energy storage, fossil fuel replacement and energy carrier,
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plenty of rival technologies already exist (e.g. batteries, direct electrification, or CCS) that
benefit from the same market changes as PtG, so PtG’s potential share of the total market
in the future is not yet clear.

3.2 State of the art of transient operation
The state of the art of research regarding the dynamical aspects of the main components
of PtG is presented in this section. The covered topics are the thermal restrictions and
ramping capabilities of electrolysis, the methanation reactor, and CO2 capture, and the
consequent requirement for buffer storages of H2 and CO2. Reviews on the current ex-
perimental projects of methanation have been presented by Rönsch et al. (2016), Bailera
et al. (2017), and Thema et al. (2019a).

The main focus of the studies is on methanation reactor dynamics and buffer storage
requirements. Operating an electrolyser is more flexible compared to methanation, and
the operation is more strictly controlled by the availability of electricity for producing H2.
The assumption is that mainly surplus or renewable electricity is used.

Studies on dynamic operation fall into two main categories: 1) detailed modelling or
experimental research on the dynamics of a short time-scale, from seconds to hours; 2) a
more general approach focusing on annual operation with typically an hourly resolution.
The first category focuses on the changes in loading, and consequent thermal and reaction-
related effects. With the second category, dynamic constraints are utilized to study the
overall operation of a PtG plant. An economic analysis might also be included, while the
first category has mainly a technical focus.

3.2.1 Electrolysis

A comprehensive review of electrolysis has been done by Buttler and Spliethoff (2018)
and Götz et al. (2016). AEC and PEMEC are considered mature technology, and several
manufacturers are available. The development needs of AEC and PEMEC are related
mainly to improving transient operation and reducing lifetime costs. SOEC is more at the
development stage still.

Degradation of AEC will increase with frequent shutdowns and startups, thus reducing the
lifetime of the stack. Degradation of PEMEC does not change due to cyclical operation. A
minimum part load of 20% is possible for AEC, but it reduces the purity of the produced
H2, and decreases the efficiency by approximately 20%-point. (Petipas et al., 2013)

The general efficiency degradation rates of AEC, PEMEC, and SOEC are 0.25-1.5, 0.5-
2.5 and 3-50%/a. The respective lifetimes are 6.3-13.7, 6.8-11.4 and 0.9-2.3 years. The
lifetime of SOEC is a rough estimate, as the technology is still under development. (But-
tler and Spliethoff, 2018).

With part loads below 20 %, there is the risk of a flammable gas mixture being developed
when using AEC. The startup times of AEC from a hot and cold state are longer compared
to PEMEC, as presented in Table 3.2.
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PEMEC is quite capable of performing a transient operation, as the minimum part load
is applicable down to 0%. The efficiency decreases below the conventional operation
temperature of 60ºC. The problems with PEMEC are related to manufacturing costs, and
in part the rare elements being used. (Petipas et al., 2013)

SOEC operates at high temperatures, about 800ºC, with minimum part load of 0% (Peti-
pas et al., 2013). The level of degradation (0.4 and 5%/1000 h) was not affected by
transient operation in the experimental tests done by Petipas et al. (2013) and Schefold
et al. (2020). While in stand-by mode, the heat losses must be covered to maintain SOEC
ready for operation.

Table 3.2: Transient parameters of electrolysis (Buttler and Spliethoff, 2018).
AEC PEMEC SOEC

Minimum part load 20 % 0 % 0 %
Cold start time 1-2 h 5-10 min hours
Warm start time 1-5 min < 10 s 15 min

3.2.2 Methanation

Reviews of methanation have been done by Lecker et al. (2017), Rittmann et al. (2015),
Götz et al. (2016), and Thema et al. (2019b). The transient characteristics of methanation
depend heavily on reactor type: trickle-bed, fixed-bed, tube-bundle, slurry, or liquid phase
reactors. As stated by Lefebvre et al. (2020), some issues hindering the transient operation
of chemical methanation are as follows: 1) temperature peaks over the maximum allowed
temperature of the catalyst, 2) overly rapid temperature changes that place unnecessary
mechanical stress on the catalyst, and 3) poor product gas quality during transient op-
eration. Biological methanation does not suffer from temperature peaks or conventional
catalyst degradation since archaea act as the catalyst. Because archaea are immersed in
liquid, the released heat is immediately absorbed, and a steady temperature can be main-
tained. The archaea culture can adapt to variations in the environmental conditions, such
as H2 feed and pH of the liquid (Pennings et al., 2000).

The dynamic operation of methanation has been studied by both simulation and exper-
iments. The simulation studies have focused on startup time, both from a hot and cold
state, load step change, load ramp, load range, and idle time. Fixed-bed reactors, either
cooled or adiabatic, have been studied the most extensively. One reason that creates chal-
lenges for load changes with fixed-bed reactors is that the reaction rate is a function of
temperature (Rönsch et al., 2016). When reactor load changes, gas flow rates are also
changed, which in turn affects the heat transfer inside the reactor. The detailed effect
is up to a specific reactor and cooling design. Fischer et al. (2019) compared different
dynamic models for step changes in the gas feed. Increases in the gas feed lead to a
decrease in temperature due to higher convective cooling, thus consequently to a lower
conversion rate. A step load decrease might cause a runaway, if the temperature of the
gas and catalyst increase beyond a certain threshold. Fache and Marias (2020) simulated
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a cooled fixed-bed reactor and proposed enhancement of dynamical operation by adding
inert material to the catalyst and heating it by magnetic induction. During load increase,
additional heating helped to maintain CH4 yield at a high level. Lefebvre et al. (2015)
studied a three-phase reactor, which could maintain isothermal conditions during load
change due to the good heat transfer capabilities of the liquid phase. After a load step
change, a new steady state was achieved after 5-25 minutes.

Other important dynamical aspects of chemical methanation are the startup process and
the possibility to keep the reactor idle (warm or cold) when there is no demand for produc-
tion. The startup should be as fast as possible to be able to respond to the variations in H2

feed. Two fundamentally different startup procedures have been studied: from cold state
and warm state. As the operational temperature of methanation is significantly higher than
ambient, warm idle requires additional heating or proper insulation of the reactor. Rönsch
et al. (2017) modelled an insulated fixed-bed reactor. A warm idle lasting up to 4 h was
possible. After that, the temperature of the catalyst was too low for a decent reaction
rate. In addition, nickel carbonyls might be created below 503 K, which may deactivate
the catalyst. Fache et al. (2020) studied a fixed-bed reactor with shell-and-tube geometry,
where the coolant was on the shell side. They obtained a maximum warm idle time of 6
h, after which the startup took 38 minutes. Fache et al. (2018) studied a cooled fixed-bed
reactor via simulation. They achieved a warm startup time of 5.2 minutes. A heating
period of 20 min was utilized before injecting gases. Bremer et al. (2017) optimized a
cold startup procedure and managed to reach a steady-state in less than 800 seconds when
using an optimization strategy. The study then assessed a PI-controlled cooling rate (Bre-
mer and Sundmacher, 2019), which enabled new stable operational points. Matthischke
et al. (2018) studied the startup time and applicable load range of cooled and adiabatic
fixed-bed methanation with gas recirculation. From a warm state with a nominal load,
the startup time was 3.3 minutes for the cooled reactor and 6.5 minutes for the adiabatic
reactor. With the lowest studied flow rate, the startup time increased to over 42 minutes.
The applicable load range was limited by hot spot formation and a reduced reaction rate.
Also Theurich et al. (2020) utilized controlled product gas recycling to reduce the changes
in the adiabatic reactor temperature. Giglio et al. (2021) achieved a warm startup time of
approximately 2 minutes, by simulating a cooled fixed-bed reactor.

As discussed by Giglio et al. (2021), the ability to operate at partial load is limited at
least by temperature control, as the gas flow rates are significantly smaller compared to
nominal load. Other factors related to part load are the time after which a new steady state
is achieved after load change and the maximum load ramp rate. Giglio et al. (2021) sim-
ulated a cooled fixed-bed reactor with shell-and-tube geometry and obtained a minimum
part load of 45%. A load ramp of 0.7-1.0%/min for the adiabatic fixed-bed reactor has
been suggested by Graf et al. (2014). Some methods have been proposed for improving
reactor performance during load changes. Based on modelling, Kreitz et al. (2019) found
that the studied reactor design should be improved, or buffer storage should be included to
ensure stable operation and good product gas quality. Matthischke et al. (2016) studied a
fixed-bed reactor experimentally. They suggested controlling the reactor during transient
operation using a variable recycle ratio for product gas.
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The various dynamic parameters are shown in Table 3.3. The warm start times are con-
sidered also as the maximum load ramp, if not stated separately in the specific study. The
assumption might be overly optimistic since the warm startup procedure is expected to
be quite similar every time, so it can be optimized more easily than more random load
changes during transient operation.

Table 3.3: Transient parameters of methanation.
Experimental Min. part load Max. load ramp Cold start

Lochbrunner (2019) 40 % 1.8-5.5 %/min 15 min
Böhner (2015) - 15.4 %/min -

Mörs et al. (2020) 20 % 5 %/min -
Mörs et al. (2020) - 3 %/min 2.5 h

Simulation
Fache et al. (2018) - 30 %/min 20 min
Giglio et al. (2021) 45 % 50 %/min -
Bremer et al. (2017) - - 13.3 min

Graf et al. (2014) - 0.7-1.0 %/min -

Few large-scale pilot reactors exist, from which transient performance data is available.
The Audi e-gas plant is the largest PtG test facility, utilizing an electrolyzer with nominal
electrical power of 6 MW (Böhner, 2015). The ramp-up time (0-100%) from hot idle is
approximately five minutes for the electrolyzer and 6.5 minutes for methanation.

The experimental facility HELMETH was able to start from hot standby in approximately
three minutes (Gruber et al., 2018), but otherwise load changes were not studied. A load
range of 20-100% was applicable.

As part of the STORE&GO HORIZON2020 project (Lochbrunner, 2019; Mörs et al.,
2020), three demonstration plants were commissioned and tested. At the Falkenhagen
plant, a honeycomb reactor structure was used. Delays of 45 min and more were observed
when controlling the gas feed to the reactor by the ratio of H2 to CO2 after the first reactor
stage. CH4 content of 70% was typically achieved with the honeycomb reactor, which
increased to over 98% with an additional polishing reactor. During a 2.5 h start-up from
a cold state 33 m3 of SNG was flared. Load change rates of 3 %/min were achieved. At
Solothurn, a biological methanation reactor by Electrochaea was utilized. At the nominal
load, stable operation and full conversion of CO2 were achieved. The start-up ramp was 15
minutes. There were no test runs reported for variable loading. There was no need to flare
any gas during startup since no flushing is needed after shutdown and good conversion
can be achieved immediately. Load change rates of 1.8-5.5%/min were obtained. The
long residence time of gases in the reactor and the large liquid volume are acting as a
buffer. The applicable part load range was 40-95%. At the Troia plant, a milli-structured
chemical methanation reactor was utilized. It achieved a load range of 20-80% with a
load change rate of 5%/min.
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3.2.3 CO2 capture

Various methods exist for CO2 capture, and they have been studied extensively with re-
spect to CCS. The technology is ready for scaling up to industrial use levels, but as
of yet economic incentives have been lacking for realizing many large projects. Mo-
noethanolamine absorption (MEA) is one of the most promising and currently utilized
technologies. (Vega et al., 2020)

MEA has also been considered in various PtG studies as the best method for obtaining
CO2 for methanation (Herrmann et al., 2020; Karjunen et al., 2017; Gorre et al., 2020a).
Therefore, it is the main capture technology explored in this dissertation. Physical ab-
sorption using pure water is considered as well, and modelled for a rough performance
estimation in Publication II.

Compared to conventional CCS projects, the required mass flow rates of CO2 regarding
PtG are significantly lower, thus it is not needed to capture most CO2 from large point
sources, such as power plants or industry. Instead, a smaller side stream should be enough.
Therefore, smaller sources with higher CO2 content, such as biogas plants, can also be
considered. (Götz et al., 2016)

When not relying much on the source, the capture rate of CO2 should fit the feed de-
mand of the methanation reactor. Since the capture process consumes a fair amount of
energy, 3.0-6.5 MJ/kgCO2 (Rabensteiner et al., 2016), only the required amount should
be captured. Studies on the dynamic operation of PtG have been mainly concentrated on
the flexibility of electrolysis and methanation, while neglecting the CO2 capture process.
One reason for that might be that storage cost for CO2 is different order of magnitude
compared to H2. For example, Kujanpää et al. (2011) estimated storage cost of 1.4 e/t for
CO2, while Gorre et al. (2020b) estimated cost of 375-490 e/kg for H2 storage. However,
to design and optimize the size of the CO2 storage for PtG, the applicable dynamics of
the MEA process should be known. The limitation for the loading range during the MEA
process is the flow conditions in the absorber, as stated in a study by Herrmann et al.
(2020). The upper limit for the flow rate is restricted by flooding and the lower limit by
dewetting. A load range of 78-125% was obtained with Aspen Plus model. A significant
increase in the CO2 content in the feed gas might reduce the capture efficiency, but it
should not decrease the purity of the produced CO2 stream. The study focused also on
PEMEC electrolysis and fixed-bed methanation and the MEA process was found to be the
most restrictive component in the whole PtG system.

There are few studies available regarding the dynamical operation of the MEA process,
which consider the applicable load range and load ramp. Mechleri et al. (2017) studied
different control strategies for operating the MEA process dynamically. The developed
control schemes were able to maintain the required capture performance for a feed gas
range of 50-100%, with a ramp rate of 0.28%/min. Jung et al. (2020) developed control
schemes for MEA capture. A step increase in the capture rate with a constant flue gas flow
rate yielded a ramp of 1.1%/min for the realized capture rate. With a constant capture rate,
the flue gas flow rate could be increased by 1.3%/min. Montañés et al. (2017) modelled
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and measured an MEA process, and a ramp up of 0.42%/min was used successfully. Bui
et al. (2018) did an experimental and modelling study, and utilized ramp rate up and down
of approximately 2.4%/min without problems.

3.3 Buffer storage

Buffer storage could be used to maintain a stable gas feed to the reactor when there are
short or long-term variations in the gas feed, as presented by (Tähtinen et al., 2016). With
a buffer storage, shutdowns, standby, gas purges, and flaring could be reduced or avoided
(Gorre et al., 2020a). In addition, the capacity factor of the plant could be increased,
which could improve its feasibility. Load changes and possible buffer storage in a larger
time frame (hours and days) are related to variation in the availability of surplus electric-
ity that can be used in electrolysis. In addition, there might be a mismatch in H2 and CO2

production. The few studies that take into account the sizing of buffer storage for H2 and
CO2 mainly consider restrictions on the minimum part load of the methanation reactor.
The main benefit is the increased capacity factor, which decreases the specific investment
cost of the whole PtG plant. The problem is that the cost of H2 storage is estimated high,
375-490 e/kg (Gorre et al., 2020b), thus the benefit should also be high for any invest-
ment decisions regarding storage. The cost of the storage is varying heavily depending on
storage pressure and type of the storage (Andersson and Grönkvist, 2019; Papadias and
Ahluwalia, 2021). Gorre et al. (2020a) optimized the capacity for H2 storage and metha-
nation, which operate with 10 MWe electrolysis. The electrolysis utilized either wind or
solar power with a direct connection. The optimized capacities were 640 kg and 3.7 MWth

for wind power, and 1250 kg and 1.7 MWth for solar power. Gorre et al. (2019) optimized
H2 storage size for a single PtG system, obtaining a capacity ranging from 1.5 to 9.9 h. A
buffer storage solution was also considered for CO2, but the size was not specified. Uch-
man et al. (2020) utilized H2 storage to increase the capacity factor of the PtG system,
but the economic impact was not studied. Methanation operated only at nominal capacity.
Michailos et al. (2021) utilized H2 storage sizes of 42, 45 and 50 m3 for an electrolysis ca-
pacity of 10.11, 12.95, and 18.67 MWe with biological methanation. Morgenthaler et al.
(2020) found that the usage of H2 storage was required to improve the economics of PtG
and maintain the desired load of methanation in country-level analysis.

Buffer storage for CO2 is even less studied than for H2, probably due to cheaper storage
costs: 1.4 e/t (Kujanpää et al., 2011). However, since the flexibility of the MEA process
is rather low compared to other components in the PtG system (Herrmann et al., 2020),
some emphasis should also be placed on CO2 storage. In addition, small sources of CO2,
such as biogas plants, vary significantly in terms of their production rates throughout the
year as shown in Publication III. Buffer storage would be required if the utilization rate
for CO2 is to be maximized. For the larger scope, Karjunen et al. (2017) estimated the
required CO2 infrastructure for PtG in Finland in the future. The cost of CO2 capture (354
Me) was clearly higher than the cost of transportation (85 Me) in the baseline scenario.
Large point sources proved the most attractive option. In total, 6 Mt of CO2 was utilized
for SNG production. Leonzio and Zondervan (2020) optimized CO2 infrastructure as a
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PtG source in Italy. The cost of storage was 1-54% (20.3% in average) of the capture and
compression cost. The simulated system could produce 35% Italy’s CH4 demand.

3.4 Main gaps in current knowledge
In a large scope, the uncertainties in the current knowledge consider the future role of
PtG. In many fields, PtG has several rival technologies, such as direct electrification,
other energy storage options, CCS, and PtX. Currently, it is not clear which technologies
will dominate in future. The uncertainty is not only a technical or even economic issue,
but political and public views have a great effect.

More specifically, the optimal PtG plant design and operation are not clear. What is the
optimal combination of flexible operation, buffer storage, curtailment, and standby losses?
All of these are heavily affected by the operation environment, such as availability of low-
emission electricity, electricity cost, and heat integration with other processes.

Cost of buffer storage is probably rather well-known, as both H2 and CO2 have been
treated and stored in various industrial processes. However, larger scale and intermittent
operation might still raise questions.

The main issue is the technical challenges related to variable operation of methanation
(and CO2 capture). How flexibly can they be operated, and at what cost? What is enough
for efficient operation, and can it be optimized for different boundary conditions. Existing
pilot reactors and modelling studies give some insights, but the results are not applied to
overall PtG plant performance. Further on, these restrictions should be applied somehow
in simulations with broader scope, such as in energy scenario analysis for a country or
other area, or LCA, or energy dispatch modelling.

The environmental effect of PtG is not straightforward, as the sources for electricity and
CO2, and the end-use of the products might vary significantly. Therefore, an LCA should
be considered for each major application to make sure that large enough emission reduc-
tions will occur.
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4 Modelling of PtG processes
Modelling and simulation are powerful tools for solving various problems. In general,
modelling can reduce the demand for experimental measurements, which are often costly
and time-consuming. The level of details in the model must be adjusted for a specific
problem. Energy scenario analyses and the simulating of energy systems are examples of
models with a very large scope. Since the scope and studied system are large, not many
details can be provided for each component. Techno-economic feasibility studies are
already more detailed, taking into account all the main components of a single PtG system.
Process models are more specific, including information about pipings, heat exchangers,
control logics, and so forth. Process models can help with plant design and the planning
of operation. The most detailed models focus only on one component of the system, such
as the methanation reactor. Due to the complexity of the synthesis process and demand
for transient simulations, many models utilize a one- or two-dimensional (1D or 2D)
domain with a simplified flow model to reduce the modelling effort and computational
time, while maintaining the most important aspects (Rönsch et al., 2016). Computational
fluid dynamics (CFD) simulations with full three-dimensional (3D) geometry and detailed
flow modelling are rarely utilized for methanation. Even with CFD, many simplifications
are required, and the model must be validated with experiments for reliable results. Since
one-dimensional models can also predict the reactor performance rather well when fine-
tuned with experiments, they are preferred over 3D CFD. The choice between models can
be done by evaluating the required results and the needed effort of the planned model.
Unnecessary details should be avoided. This chapter describes the general theory for
modelling related PtG processes. The main assumptions and methods are explained. The
case-specific details are presented in chapter 5.

4.1 Conservation of mass, energy, and momentum
The main issue in the modelling of technical processes is to conserve certain balances,
most importantly energy and mass. Energy can be converted from one form to another,
but not created or destroyed. Similarly, mass should not disappear or appear. PtG includes
various mass and energy streams. In steady-state operation, the sum of all flows should
be equal to zero when inflows are considered as positive and outflows as negative. During
transient operation, there can be an accumulation of mass or energy within the system
boundary or at the control volume. For example, a storage tank or methanation reactor
could represent a control volume. More detailed models can divide components into
several control volumes. A general mass balance for a control volume is

dm

dt
= Σṁin − Σṁout (4.1)

where ∂m
∂t

is the accumulation of mass in time, Σṁin is a sum of all mass flows entering
the control volume, and Σṁout is the sum of all mass flows that exit the control volume.
For many industrial processes involving continuous reactant and product streams, it is
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usually assumed that no mass accumulation occurs. However, accumulation is essential
to, for example, batch processes and intermediate storage. For processes with several
material streams, as in multiphase flows, mass balances can be formed for each phase
separately.

The general energy balance of a system can be given as

ΣΦ + ΣP + Σṁ

(
h+ hf +

w2

2
+ gz

)
=

d

dt
Σm

(
u+ uf +

w2

2
+ gz

)
(4.2)

where Φ is the heat flow rate, P is power, ṁ is the mass flow rate, h is specific enthalpy,
hf is the specific enthalpy of formation, w is velocity, z is elevation, u is internal en-
ergy and g is the gravitational constant. The right hand side of the equation describes the
time differential in the case of a transient system. Usually, many of the terms can be ne-
glected since they have such a minor impact on the result. Quasi steady-state operation is
one common simplification method for a PtG system, in which the system is assumed to
change instantaneously from one steady state to another between time steps. The assump-
tion is valid if the time step is significantly longer than the time required by the system to
reach the new steady state.

The terms included in energy balance are modelled on a case-specific basis. For example,
the power consumption of gas compression can be estimated via an enthalpy increase of
gas ∆h and gas mass flow rate ṁ. The enthalpy increase can be estimated via average
specific heat capacity cp and temperature increase ∆T through compression.

Pcomp = ṁ∆h = ṁcp∆T (4.3)

The final temperature and temperature change for polytropic compression can be calcu-
lated for ideal gases as follows:

T2 = T1

(
p2
p1

) R
Mηpcp

(4.4)

where p2/p1 is the pressure ratio, R is the universal gas constant, M is molar mass of the
gas, and ηp is polytropic efficiency.

Newton’s second law relates forces acting on the body to the rate of change in momentum.
The conservation of momentum can be used to solve the flow field, pressure, and velocity.
As presented by Patankar (1980), the equation for x-momentum is as follows:

∂

∂t
+ div(ρuu) = div(µ grad u)− ∂p

∂x
+Bx + Vx (4.5)

where p is the pressure, u is the velocity, µ is the viscosity, Bx is body force and Vx is
for additional viscous terms. Viscous forces take into account for example shear stress
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and drag forces between phases. In general, the equation must be solved iteratively with
some pressure-velocity coupling method, such as SIMPLE (Versteeg and Malalasekera,
2007). If the pressure field is known, the velocity field can be calculated directly using
the momentum equation. In this dissertation, momentum equation is not solved, but semi-
empirical correlations are used to estimate the flow field, and consequently, the gas hold-
up in gas-liquid multiphase flows.

4.2 Multiphase flows
The applications of multiphase flow considered in this dissertation include a continuously
stirred tank reactor and a bubble column reactor. The main characteristics of the different
flow regimes are summarized in figures 4.1 and 4.2. The type of flow is mainly determined
by the column diameter and superficial gas velocity. The homogeneous region occurs
with all column diameters with low velocity when the bubble shape and size are almost
constant. With higher velocities, two major regimes are possible: slug flow with a small
column diameter and a Churn-turbulent flow with a larger diameter. A transition regime
can at times be found between the former regimes, but not always. The exact location of
the transition regime is generally difficult to predict. (Kantarci et al., 2005)

Figure 4.1: Flow regimes and gas hold-up in bubble column reactors (reproduced from
(Kantarci et al., 2005; Manjrekar and Dudukovic, 2019)).

The effect of transition can also be seen in the gas hold-up, which is defined as the volume
fraction of the gas. Gas hold-up increases rapidly with increasing superficial velocity in
the homogeneous regime (A); it achieves a local maximum and then decreases during the
transition regime (B) and continues increasing with smaller slope in the heterogeneous
regime (C). It is also possible that there is no local maximum at the transition, or else that
there is no clear transition regime at all. (Manjrekar and Dudukovic, 2019).

The flow characteristics of the bubble column and CSTR are illustrated in Figure 4.2. In
bubble columns, the homogeneous regime (A) consists of bubbles with a similar shape
and size, and the rates of bubble breakage and collision are low. Slug flow (B) occurs
when many large bubbles are supported by the column walls, thus meaning the local gas
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fraction is near unity. At the churn-turbulent regime (C), the largest bubbles are formed
near the center, and there might be a downward flow near the column walls. Thus, some
of the small bubbles can also travel downwards and create backmixing.

Figure 4.2: Illustration of flow regimes in the bubble column and CSTR. Reproduced
from work of Kantarci et al. (2005) and Paglianti et al. (2000).

The operation of CSTR is characterized by stirring speed and gas flow rate. A combi-
nation of high gas flow rate and low stirring speed might create flooding of the impeller,
which then collapses mixing and gas hold-up. Similarly, a lower flow rate and higher stir-
ring speed enable first a loaded behavior and then a completely dispersed flow. (Paglianti
et al., 2000)

There are a variety of modelling approaches to handle multiphase flows. Homogenous
flow models combine the different phases into a single phase. A separated flow model
treats each phases individually. The interaction of the phases must be described with
some method. The Eulerian approach treats a phase as continuous, while the Lagrangian
method considers a phase as particles (or bubbles or droplets). Different combinations of
Eulerian and Lagrangian phases can be used. In this dissertation, a separated flow with
a Eulerian-Eulerian model is utilized. Volume fraction is defined for each of the phases.
Semi-empirical correlations are used to obtain the interaction between phases, which can
be described also as the velocity difference between phases (slip velocity).

The utilized modelling domains are vertical, cylindrical reactor columns. Two-phase
flows are considered, with liquid and gas as the phases. A counter current flow is used,
with liquid flowing from top to bottom and gas flowing from bottom to top.

This setup can be modelled with certain simplifications. For columns with high a aspect
ratio (height to diameter), the radial gradients can often be neglected. The turbulence of
the flows induces backmixing, which can be described with dispersion. Therefore, a one-
dimensional plug flow with axial dispersion can be utilized (Shawaqfeh, 2003; Li et al.,
2019; Han and Al-Dahhan, 2007). The mass balance of each phase is as follows:
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∂ (εC)
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= −∂ (uεC)
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is a source term. The source term can be described as, for example, a gas-liquid mass
transfer, or a consumption or production of species via reaction. A list of the derived
source terms is presented in sections 4.3 and 4.4 for gas-liquid mass transfer and metha-
nation.

The concentrations of components with respect to phase volume C and reactor volume c
are related as c = εC. Similarly, velocity u and superficial velocity U are related to one
another U = εu. If there are several components in the gas phase and ideal gas assumption
is used, then the volumetric (and molar) fraction of gas component y

[
m3

component

m3
phase

]
is related

to the physical density ρ = C
y

. The mass flow rate of the phase component is

ṁ = uCAphase = uCεAreactor = ucAreactor = UCAreactor (4.7)

where Aphase and Areactor are cross-sectional areas for the phase and the reactor, respec-
tively.

To solve differential equation 4.6, a numerical method is needed. Equations are dis-
cretized in space and time, to represent continuous variables with discrete points. Com-
mon methods for solving flow problems include the finite difference method and finite
volume method. An introduction for finite volume method has been provided by Versteeg
and Malalasekera (2007). With the finite difference method, as presented by Holzbecher
(2011), the partial time derivative, ∂C/∂t, can be described as

∂C

∂t
≈ C (t+∆t)− C(t)

∆t
(4.8)

,

where C(t) and C(t+∆t) are the concentrations before and after time step ∆t. If spatial
variations are considered, the model domain is represented by a calculation grid, which
consists of grid points (nodes) or control volumes that split the domain into smaller parts.
All variables can be calculated for each node separately, which makes it possible to esti-
mate different gradients and profiles. As an example, second order central discretization
can be approximated as

∂2C

∂x2
≈ C(x+∆x)− 2C(x) + C(x−∆x)

∆x2
(4.9)
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where ∆x is the distance between grid points, and x is the current grid point. There are
numerous methods for discretization, in which the order (1st, 2nd, 3rd and so forth) or
emphasis on direction can vary (forward, backward). For time discretization, either an ex-
plicit or implicit method can be used, for example. With an explicit method, the new state
in time (n+1) is calculated only using the values from the previous state (n), as illustrated
in Figure 4.3. For space discretization, C(x), C(x + ∆x) and C(x − ∆x) are denoted
by Ci, Ci+1 and Ci-1, respectively. The choice of method can affect the stability, accuracy,
and complexity of the model. The explicit method is simpler to implement, but it requires
a small enough time step to be numerically stable. The implicit method is stable, but it
requires writing and solving additional equations. In Publication I and Publication II,
the backward first-order method is used for convective flows and the second-order central
difference for diffusive flows. The explicit method is used in both publications.

Figure 4.3: Illustration of difference between explicit and implicit methods.

4.3 Gas-liquid mass transfer

The transfer rate (dissolving) of gaseous substances into liquid is an important design
parameter for many processes. An overview of different modelling approaches has been
provided by Garcia-Ochoa and Gomez (2004) and Clarke (2013). A specific overview
of the mass transfer of H2 related to PtG processes is given by Jensen et al. (2021). In
addition to the physical parameters of the gas and liquid (viscosity, density and surface
tension), operational parameters also have a major effect. The main characteristics are
bubble size db, gas hold-up ε and the dissipation of turbulence energy. The characteristics
depend on the gas sparger, stirring, gas flow rate and reactor geometry.

There are three main theories for estimating the mass transfer: two-film theory, penetra-
tion theory, and surface renewal theory. With two-film theory, it is assumed that there is a
stationary layer of fluid (film) on each side of the interface, through which the transferred
material needs to be diffused. Usually, the diffusivity is high in the gas phase, and the
bulk liquid can be considered well mixed, so the diffusion in the liquid film limits the
mass transfer rate. The diffusion process itself can be explicitly predicted with Fick’s law,
where the mass flux is defined with diffusion coefficient D and concentration gradient in
the liquid
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J = −D
dC

dx
(4.10)

However, the assumption regarding stationary film may not be valid in systems where
turbulence acts upon the film. The other two theories take that into account. In this
dissertation, penetration theory is utilized. It is based on Fick’s second law:

dC

dt
= D

d2C

dx2
(4.11)

which may be integrated to obtain the mass flux

J = 2

√
D

πτ
(C∗ − C) (4.12)

where τ is contact or exposure time, C∗ is the saturation concentration in liquid, and C is
the concentration in the bulk liquid. Since it is difficult to measure flux, usually the mass
transfer rate is defined in respect to volume. Therefore, the equation is multiplied by the
volumetric interfacial area a:

S = 2

√
D

πτ
a (C∗ − C) (4.13)

Since the liquid-side mass transfer is the limiting step, the equation is often expressed us-
ing the overall gas-liquid mass transfer coefficient kLa (1/s), which is a product of the liq-
uid side mass transfer coefficient kL (m3

liquid/m2s) and specific contact area a (m2/m3
liquid).

S = kLa (C
∗ − C) (4.14)

Since the system is rather complex with many interrelated parameters, the modelling ap-
proach has traditionally included the use of empirical methods to correlate kLa (Garcia-
Ochoa and Gomez, 2009). The approach can be accurate, but it requires extensive mea-
surements. However, predictive theoretical approaches do exist, which are used in this
dissertation (Garcia-Ochoa and Gomez, 2004). Individual equations are utilized to esti-
mate gas hold-up, bubble diameter and energy dissipation.

The driving force behind the mass transfer is the difference between the concentration of
the dissolved gaseous component in the liquid phase C and the saturation concentration
C∗. The saturation concentration is defined by Henry’s law as a function of pressure and
temperature:

C∗ = Hcp
(
T ref) exp

(
−∆solH

R

(
1

T
− 1

T ref

))
p (4.15)
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where Hcp is the Henry’s constant at the reference temperature, −∆solH is the molar
enthalpy of the dissolution and p is the pressure. If the gas consists of several components,
partial pressure of the specific component is used. The tabulated values for Hcp and
−∆solH/R can be found from work of Sander (2015).

4.4 Methanation

A number of studies have modeled chemical methanation, as presented in section 3. Most
of the studies focusing on a methanation reactor consider the 1D model domain, with
various level of detail related to heat transfer and fluid flow (Rönsch et al., 2016).

In this dissertation, both chemical and biological methanation are considered. Chemi-
cal methanation is modelled as quasi-steady with a simple mass and energy balance in
Publication III and Publication IV. A one-dimensional domain is utilized for biologi-
cal methanation in Publication I, and reaction kinetics are considered. Stoichiometry and
perfect conversion are assumed for chemical methanation, which yields an 83% efficiency
(with lower heating values for H2 and CH4). The amount of waste heat is calculated based
on the reaction enthalpy. The reaction for the Sabatier process (chemical methanation)
is

4H2 + CO2 ↔ CH4 + 2H2O ∆Hº = −165.0 kJ/mol (4.16)

where ∆Hº is the heat released during the reaction at a standard rate. Biological metha-
nation is modelled according to work done by Schill et al. (1996). Since the growth of
biomass is related to the overall reaction, a source of nitrogen is required, in the form of
ammonia. The yield parameters for Y , with all parameters regarding reaction kinetics,
are taken from study by Schill et al. (1996). The overall biomass growth reaction is

H2 + YC/DCO2 + YN/DNH3 → YX/DCH1.68O0.39N0.24 + YP/DCH4 + YW/DH2O (4.17)

In addition to the growth reaction, a maintenance reaction also occurs, which is a stan-
dard Sabatier reaction. It does not produce biomass, but produces CH4 instead, which is
beneficial for the process.

The production and consumption rates of the various components are based on the con-
sumption rate of H2 rD, which is estimated by the maximum H2 consumption qmax, the
concentration of dissolved H2 cD, the saturation constant kD, and the biomass concen-
tration in liquid cX. In addition, inhibition factors IC and ID are introduced to limit the
reaction when not enough CO2 or H2 is present. The maximum consumption rate of H2

qmax is defined by the maximum growth rate of biomass µmax, the biomass yield YX/D and
the maintenance constant mx. The obtained rates (equations 4.18, 4.19 and 4.20) are used
as source terms in the discretized differential equations for multiphase flow:
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rD = qmax cD

cD + kD
cXIC (4.18)

qmax =
µmax + YX/DmX

YX/D
(4.19)

rX = YX/D (rD −mXcXICID) (4.20)

4.5 Life cycle assessment
The purpose of LCAs is to evaluate the impact of a product on the environment. To be
comprehensive, all material and energy streams caused by the product are considered,
from raw resources to the disposal of waste at the end of a product’s lifetime. In addition
to emissions contributing to climate change (e.g. CO2, and CH4), other contributing fac-
tors are also considered, such as resource depletion, water usage, and acidification. The
LCA method has been standardized by the International Organization for Standardiza-
tion (ISO), specifically ISO standards 14040 and 14044 (International Organization for
Standardization (ISO), 2006a,b).

von der Assen et al. (2014) presents an overview of LCA within the scope of CCU, in
which PtG can be categorized. Even though the concept of LCA has been standardized,
it still allows for a great amount of freedom in a given model, creating challenges for
the analysis. The assessment must be prepared carefully so as to obtain meaningful re-
sults. The most comprehensive analysis would consider all energy, material, emission
and economic flows causally generated by CCU. However, this leads easily to an enor-
mous model, which is not practical. Therefore, some simplifications and assumptions
are usually considered. Whereas cradle to grave -analysis considers the whole lifetime
of the target of analysis, cradle to gate -analysis stops at a certain point. An illustration
of the two variants is presented in Figure 4.4. One common type of cradle-to-gate as-
sessment is to compare a conventional fossil-based product to PtG-based product. It is
important to ensure that the products are equal to obtain a fair comparison. In some cases,
the functional unit to be compared can also be a service, such as the distance driven with
a passenger car. Such a comparison makes it possible to include different fuels in the
comparison.

For the sake of simplicity, Figure 4.4 does not contain recycling or the further processing
of products from PtG. For example CH4 could be converted into syngas (CO and H2), and
further on into methanol or diesel (Caballero and Pérez, 2013). The same principle applies
to other PtX processes, which can be used as reactants for various chemicals. However,
the production of CH4 might be an unnecessary step in some of the cases. For example
methanol can be produced straight from CO2 and H2 (Nieminen et al., 2018), instead of
from syngas. Similarly, natural gas is used worldwide to produce H2 (IEA, 2019b). With
the PtG route, methanation and syngas production are not needed to produce H2, as it can
be done with electrolysis alone. Therefore, how the problem is constructed is important
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Figure 4.4: Illustration of the different streams and boundaries of LCA for PtG.

in LCA. Some of the common challenges for LCA when using PtG have been addressed
by von der Assen et al. (2013): handling of the CO2 source, allocation of emissions for
different products, and the effect of storage time. Since LCA is such a comprehensive
method, it can be used to avoid shifting problems, for example from present to future, or
from one sector to another.
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5 Results: Modelling of PtG system and components

5.1 Publication I: Biological methanation
The aim of the study was to create a general transient model that could predict the overall
efficiency of a biological methanation reactor, by conversion efficiency of hydrogen and
energy consumption of agitation. The aim was to arrive at a prediction, with reasonable
accuracy, without employing any sub-models that would require extensive experimental
measurements. The theoretical basis for reaction kinetics, hydrodynamics and gas-liquid
mass transfer were obtained from prior studies, and combined to form the model. The
model was validated by experimental results from the existing literature for lab-scale re-
actors. A scale-up study was also done using 1.0, 6.0 and 9.0 MW electrolysis power. A
cylindrical reactor with multiple impellers was used for the scaled-up reactor.

The model for the biological reactions was obtained from study by Schill et al. (1996).
The hydrodynamics of the agitated system were derived from work of Vasconcelos et al.
(1995), and the estimation of gas-liquid mass transfer was done according to proposals by
Garcia-Ochoa and Gomez (2004).

A one-dimensional model was developed to study gradients in the axial direction, while
maintaining the model’s simplicity. Plug flow with axial dispersion was assumed, with-
out any radial gradients. A local axial dispersion coefficient was estimated using semi-
empirical correlations for Rushton impellers. Additionally, the coefficient for gas-liquid
mass transfer was estimated separately for each node. A sensitivity analysis was con-
ducted for the main parameters.

The phenomena of absorption, desorption, and biological reactions are illustrated in Fig-
ure 5.1. Hydrogen and carbon dioxide were absorbed into the liquid and consumed by the
biomass. The produced CH4 was desorbed from the liquid, exiting the reactor.

Figure 5.1: Absorption and desorption of the gases.

The mass balances for gas phase and dissolved components are as follows:

dcg

dt
= −

uGcg

dz
+

d

dz

(
Γ
dcg

dz

)
− S (5.1)
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dcl

dt
= −uLcl

dz
+

d

dz

(
Γ
dcl

dz

)
+ S − r (5.2)

Figure 5.2: a) Illustration and b) model domain of the reactor for biological methanation.

where c is the concentration of the component with respect to the phase volume, u is the
interstitial velocity of the phase, Γ is the dispersion coefficient, S is the absorption rate of
a gas component, and r is the production or consumption of the component by biological
reactions.

The model geometry is a cylinder (Figure 5.2), with a gas inlet at the bottom and a liquid
inlet at the top. A fraction of the liquid is recycled back to the inlet, denoted by λ. The
inlet’s boundary conditions are as follows:

uG,1cg,1

dz
≈

uG,1cg,1

∆z
+

ṁg,in

MgA
(5.3)

uL,ncl,n

dz
≈

uL,ncg,n

∆z
+ λ

V̇L

A
cl,1 (5.4)

where ṁg,in is the inlet gas mass flow rate, Mg is the molar mass of the gas component,
A is the cross-sectional area of the reactor, λ is the recycling factor, and V̇L is the liquid
flow rate.

The dispersion coefficient was modelled by mixing velocities, which were estimated
based on work done by Vasconcelos et al. (1995). Reaction kinetics are taken from work
done by Schill et al. (1996). An illustration of the mixing velocities is presented in Figure
5.3

A comparison with experimental results from prior studies was done for several param-
eters. Full details were not available for the experiments, for example for the impeller



5.1 Publication I: Biological methanation 53

Figure 5.3: Hydrodynamic model for biological methanation reactor. V̇L,ci represents the
internal circulation flow rate within the flow pattern of a single impeller, while V̇L,is is the
mixing flow rate between two impellers. Corresponding velocities uci and uis are derived
from these flow rates, and used to define the axial mixing coefficient Γ

diameter, or the ratio of the reactor height to the diameter. The missing values were either
assumed (ratio of height to diameter) or used to fine-tune the model (impeller diameter).
The impeller diameter has a major effect on the reactor’s performance, as it affects the
gas-liquid mass transfer, which is the limiting step in the process. The sensitivity analysis
for the impeller diameter is presented afterwards.

If no recycling occurs during the liquid cycle, then the feed rate of the liquid affects the
biomass concentration. Increasing the liquid feed rate decreases the biomass concentra-
tion, and ultimately flushes the reactor, as seen in Figure 5.4. The resulting concentration
corresponds well with the measurements provided by Schill et al. (1996). The production
rate of methane was compared with the findings presented in three experimental studies:
(Schill et al., 1996; Martin et al., 2013; Seifert et al., 2014). While they exhibit discrep-
ancies, the trends are clearly similar.

Figure 5.4: Steady state operation compared to experiments from prior studies.

A sensitivity analysis was done for the reaction parameters (maintenance constant and
biomass growth rate), the impeller and reactor diameter, and the constants for axial mix-
ing, with only the impeller diameter and reactor diameter having a significant effect on
steady-state performance (Figure 5.5). They strongly affected the estimated gas-liquid
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mass transfer, which seems to be the limiting factor in the whole process. Therefore, the
effect of the other parameters was limited. The only exception was the maximum growth
rate, which must be large enough compared to the liquid feed rate so that a sufficient
biomass concentration can be maintained. Otherwise, the reactor will be flushed empty
of biomass. Since the mass transfer is important for the process, strong emphasis should
be given to its estimation.

Figure 5.5: Sensitivity analysis of various model parameters.

For the scale-up study, part of the design was similar to that for the BioCat plant (Lardon
et al., 2018). Ten impellers were used, and the reactor was pressurised to 7.5 bar of
overhead pressure. The ratio of the diameters of the impeller to the reactor and the height
of the reactor was 1:2:10. The input parameters and results are presented in tables 5.1 and
5.2.

Table 5.1: Input parameters of the scale-up study.
PAEC [MW] V [m3] dre [m] H [m] dim N [rpm]

1.0 8 1.0 10.0 0.5 110
6.0 115 2.4 24.5 1.2 40
9.0 212 3.0 30 1.5 30

All three cases achieved 51% efficiency with more than 98% methane content in the prod-
uct gas. Since the ratio of the impeller diameter dim to the reactor diameter dim was kept
constant, the stirring speed N decreased with increasing reactor height H . Due to the
increased production of methane, the heat production Φ also increased with reactor size
V .
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Table 5.2: Results of the scale-up study.
PAEC [MW] Pim [kW] CH4,out [%] CH4,prod [Nm3/h] Φ [MW] ηeff [%]

1.0 11 98.6 56 0.16 51.2
6.0 56 98.9 337 0.97 51.6
9.0 65 98.2 508 1.46 51.9

The main conclusions of the study are related to modelling of the main phenomena and
analysis of the overall process efficiency. It was shown that the proposed modelling ap-
proach combining different models for mixing, mass transfer, and growth kinetics was
able to predict the main phenomena with certain accuracy. It was expected that the gas-
liquid mass transfer is the limiting factor of the process, which can be seen also from
the results. It was found that the model is very sensitive to impeller and reactor diame-
ters, which affect directly the energy dissipation and gas-liquid mass transfer. Much less
sensitivity was obtained for parameters regarding the biological reaction. However, more
detailed aspects of biological reactions, such as the effect of pH or foaming, were not in-
cluded. From general process perspective, the most interesting values are conversion effi-
ciency, product gas quality, and electrical power of stirring, which can be estimated with
the model. With the presented assumptions, over 50% process efficiency was achieved
while maintaining methane content over 98% at the outlet. These values could be used
further in techno-economic analyses. However, more experimental measurements are
needed to adjust the model for a specific case for higher accuracy and confidence.
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5.2 Publication II: CO2 capture with water bubble column

The most common method for capturing of CO2, amine absorption, has some drawbacks.
Regeneration of the solvent requires a fair amount of heat. The utilized amine-based
solvents are toxic and sensitive to impurities in the feed gases. The use of regular tap
water could be one alternative, as it is cheap, non-toxic, and stable. The main problem
with water is that its absorption capacity is lower compared to amines, which yields larger
flow rates. To reduce the energy consumption of the regeneration process, an advanced
concept for pressure swing absorption has been developed, which includes several stages
of absorption and desorption (Teir et al., 2014).

Figure 5.6: CO2 capture system with an absorber and desorber column.

The aim of this study was to initiate detailed modelling for the process to make it possible
to analyze axial variations in the tall columns. The system was simplified to include only
single absorption and desorption columns, as presented in Figure 5.6. The absorption
column was modelled as a one-dimensional, with separate mass balances for the gas and
liquid phases:

d(εGCg)

dt
=

d(ugεGCg)

dz
− S (5.5)

d(εLCl)

dt
=

d(uLεLCl)

dz
+

d

dz

(
Γ
d(εLCl)

dz

)
+ S (5.6)

Danckwert’s boundary condition was used at the inlet for the liquid phase (top of the
column). Desorption was modelled with a constant for regeneration efficiency ηreg, which
defined the concentration Cl,n at the water inlet (top of the reactor, i = n). Mass flux was
used as the inlet condition for the gas phase at the bottom of the column:

Cl,n = Cl,in +
Γ

uL

dCl

dz

∣∣∣∣
z=n

(5.7)
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Cl,in = (1− ηreg)Cl,1 (5.8)

dCl

dz

∣∣∣∣
z=1

= 0 (5.9)

The model for the absorption column was validated with experimental results from the
existing literature. The model estimation for gas hold-up ϵ and volumetric mass trans-
fer coefficient kLa were compared to the measured values from studies by Zednı́ková
et al. (2018), Vandu and Krishna (2004), Manjrekar et al. (2018), McClure et al. (2015),
Gourich et al. (2006), and Jasim et al. (2019). As presented in Figure 5.7, the gas hold-
up results were rather similar in different experiments, but there was significant variation
in the kLa. The differences may have originated from the use of different bubble gener-
ation methods or else from other issues that are not modelled. The model prediction is
quite accurate for ϵ, and the results are virtually equal for each setup (reactor dimensions).
Similarly, the predicted kLa did not change between the different setups. The model pre-
diction underestimated kLa at low gas velocity Ug. With a Ug of 0.15-0.3, the estimation
for kLa fell somewhat between the measured values. At higher velocities, the model over-
estimated kLa, which may be because flooding issues were not taken into account in the
model.

Figure 5.7: Comparison of the model results with the experimental results from prior
studies.

The main phenomena related to pressure, temperature, and flow rates were also analyzed.
A constant temperature was assumed for water, and pressure swing was used for the
absorption and regeneration. The main parameters are presented in Table 5.3.

The results are presented in Figure 5.8 for different gas and liquid flow rates. The produc-
tion rate of CO2 was limited by liquid feed rate DL, as it affects the rate at which absorbed
CO2 is transferred to the desorber. With the highest liquid flow rate (DL = 0.1 1/s), the
production rate of CO2 increased nearly linearly with the inlet velocity. The counter-
effect of the increasing liquid feed rate was decreasing CO2 content in the product gas.
The highest content was achieved with the lowest liquid feed rate. The maximum content
with this configuration was approximately 80%.
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Table 5.3: Parameters of the case study of CO2 capture with water bubble column.
Variable Value Unit

Reactor height Hr 10.0 m
Reactor diameter dr 0.5 m

Reactor overhead pressure p 5.0 bar
Inlet CO2 content yC,in 10 %
Inlet N2 content yN,in 80 %
Inlet O2 content yO,in 10 %

Water density ρL 1000 kg/m3

Water temperature TL 25 ◦C
Gas superficial inlet velocity Ug 0–0.5 m/s

Water feed rate DL 0.0005–0.1 1/s

Figure 5.8: Production rate of carbon dioxide, capture efficiency, quality of the product
gas and energy consumption of the capture process.

The capture efficiency increased with higher liquid feed rates. Increasing the gas flow
rate decreased the capture efficiency. The specific energy consumption of the capture
process was thus greatly affected by the liquid feed rate and gas velocity. The analysis
proposed that there should be an optimum gas velocity for each liquid feed rate. If the
liquid feed rate is increased, the optimal gas flow rate should also be increased. How-
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ever, for the highest liquid feed rates, the optimum was not achieved within the studied
parameters.

The main findings of this paper are related to the energy consumption and CO2 content of
the product gas. The minimum energy consumption was below 1.0 MWh/tCO2, which is of
the same magnitude as in conventional amine-based capture processes. However, the CO2

content in the product gas was only 82% at the maximum, which should be improved for
PtG applications as presented by Teir et al. (2014). Both capture efficiency and product
gas quality were strongly dependent on water and gas flow rates in the adsorption column,
which are thus important operational parameters. It seems that a certain combination of
flow rates can be found to minimize the specific energy consumption, and a compromise
might need to be done between capture efficiency and product gas quality. The main
drawback of the model is that the desorption column is not modelled in such detail as the
adsorption column. In general, the results highlight the potential of the concept, as it does
not require high-temperature heat for regeneration. Instead of heat, mainly electricity is
used for regeneration, which may be beneficial in conditions where renewable electricity
is easily available



60 5 Results: Modelling of PtG system and components

5.3 Publication III: Wastewater treatment plant and biogas produc-
tion

The aim of the study was to discover the benefits of integrating a PtG system with a
wastewater treatment plant (WWTP) via anaerobic digestion that produces biogas and the
required buffer storages for H2 and CO2. The main integration benefits were supposed to
be the utilization of waste heat and O2 from the PtG system at the WWTP, thus creating
additional value for these by-products of the PtG system. In addition, the required CO2

for the methanation process could be obtained from the biogas with amine absorption.
By removing the CO2, biogas is upgraded to biomethane that can substitute for natural
gas. The system is presented in Figure 5.9. The considered sources of waste heat were
compressors, a methanation reactor, and electrolysis. Another by-product of the PtG
system is O2 from electrolysis, which is fed to the aeration process of WWTP. Added O2

reduces the required aeration flow rate and related compression power.

Figure 5.9: PtG integration to WWTP and biogas production.

The method used for the study simulated hourly mass and energy balances for annual
operation. An Excel VBA model was constructed. To fine-tune and validate the results of
the model, results for one week were compared to results from the Apros model, which is
a commercial, dynamic process simulation software. The Apros model and some of the
results are presented in study by Tähtinen et al. (2016).

A 3 MW alkaline electrolyser was used to produce H2, if the hourly market price of
electricity was below a constant threshold. A minimum part load of 20%, pressure of
1.0 bar, and an efficiency of 63% were considered. In addition, the electrolyser was
used to provide the grid balancing service FCR-N. If the hourly revenue from FCR-N
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was over the defined threshold, then the average power of the electrolyser was kept at
60% of maximum, so that +-40% could be offered as alternating power for FCR-N. If
the electricity price was higher and the FCR-N revenue lower than the corresponding
threshold, then no H2 was produced. Historical data from 2014 was used for both the
FCR-N and electricity price. A sample week of H2 production is presented in Figure
5.10.

Figure 5.10: A sample week of H2 production.

The system operation was studied using different thresholds for electricity price, which
led to a wide range of electrolyser full-load hours (FLH), as presented in Figure 5.11.
The presence of FCR-N decreased the production of H2, since the average power of the
electrolyser was lower. A fixed threshold of 40 e/MW was used for FCR-N.

Figure 5.11: FLH of the electrolyser as a function of electricity price threshold.

The CO2 for methanation was obtained from biogas produced via the anaerobic digestion
of sludge from the WWTP. The capture of CO2 was done by amine absorption, which
requires heat for regenerating the solvent. Based on work of Bauer et al. (2013) and Boot-
Handford et al. (2014), a heat requirement of 2.3 MJ/kgCO2 was assumed. Other input data
related to the WWTP included the aeration demand and heating demand of the digester.
Measured data from Suomenoja WWTP was used.

The effect of methanation dynamics were studied for three possible cases: 1) 100% case:
methanation must operate at full capacity throughout the year; 2) 50% case: methanation
must operate throughout the year, but a part load down to 50% is enabled; 3) cyclic case:
methanation must be operated at least six hours at a time, with full capacity. For the first
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two cases, the capacity of the methanation was the same as the average H2 production
throughout the year, thus it changed with electrolyser FLH. In the last case, the capacity
of the methanation was equal to a maximum H2 feed from the electrolyser. The main
parameters of the study are shown in Table 5.4.

Table 5.4: Parameters of the WWTP study
Electrolyser

Power 3 MW
Efficiency 63 %

Minimum part load 20 %
Thresholds

Electricity price 20-75 e/MWh
FCR-N 40 e/MW

Methanation
Capacity 100 %

Minimum part load 50 or 100 %
Minimum uptime 1 or 6 h

Pressure 6 bar
Efficiency 83 %

Carbon capture
CO2 content in biogas 38 vol.%

Heat demand 2.3 MJ/kgCO2

Buffer storage
High pressure (H2) 300 bar

High pressure (CO2) 100 bar
Low pressure (H2) 20 bar

Low pressure (CO2) 20 bar

To maintain the stoichiometric gas feed to the reaction for the required period, buffer
storages were utilized for H2 and CO2. There was an option to feed H2 directly to the gas
grid if the H2 storage was full and there was not enough CO2 for methanation. In practice,
a H2 feed to the gas grid might not be possible all the time, as the H2 content in a gas grid
is limited generally to 20 vol.% (Quarton and Samsatli, 2020). Therefore, the aim is to
convert all H2 into CH4.

The required buffer storage sizes are presented in Figure 5.12. The requirement for H2

storage was heavily affected by the FLH of the electrolyser in 100% case and in 50% case.
The maximum demands were close to 1500 and 1000 m3, respectively, which occurred at
the middle range of electrolyser FLH. For the cyclic case, as H2 storage capacity of 15 m3

was enough.

In contrast, a very small buffer storage capacity was required for CO2, until achieving an
FLH of approximately 7000 h. After that, there was a clear increase in the required storage
size, which was still below 60 m3. The reason for this was that the biogas production was
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rather stable, and the capacity of the PtG plant was not oversized compared to the total
CO2 potential of biogas.

Figure 5.12: Required buffer storages.

The potential side products for a WWTP were also studied. At full power, O2 production
from the electrolyser could cover only 4.7 % of the total demand at the WWTP. There-
fore, all O2 could be utilized, but the potential is rather low. The second side stream is
waste heat from electrolysis, methanation, and compressors, which could be used to heat
the digester. However, the regeneration of the CO2 capture also requires heat. If waste
heat could not cover all the heat demand, then the rest was provided by the combustion
of natural gas. The maximum potential of reducing heating costs is determined by the
annual heating demand of the digester, 5700 MWh. If waste heat is not able to cover re-
generation demand, additional heat must provided in form of natural gas, which decreases
the reduction of heating cost. As presented in Figure 5.13, FLH of the electrolyser affects
the potential to reduce heating costs of the old system. With low FLH, additional heat
requirement for regeneration exceeds the amount of waste heat supplied to digester. By
increasing the FLH, larger fraction of both heat demands can be fulfilled with waste heat.
With FLH close to 8000, nearly all digester and regeneration heating is provided by waste
heat, as the total heat production exceeds total heat demand. The system could benefit
from thermal energy storage, which could store excess heat and release it when waste
heat is not available directly from the PtG process.

Figure 5.13: The reduction potential of heating of digester and the regeneration heat that
could not be provided by waste heat.

As a conclusion, there are several benefits to integrate PtG system with biogas produc-
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tion and WWTP: rather steady CO2 source with high CO2 content and suitable capacity
for MW-scale PtG-system, and a possibility to utilize side streams of PtG (O2 and heat)
within the plant integration. From the modelling point of view, it seems a feasible method
to tune hourly-based mass and energy balance with more detailed Apros model, as it pro-
vides improved accuracy while maintaining fast simulations for long-term simulations.
Dynamical capabilities, or lack of them, of the methanation reactor has huge effect on
the demand of buffer storages, if the electrolyser is operated according to hourly marker
prices and the direct feed of H2 to gas grid or flaring are limited. For intermittent operation
of PtG, a thermal energy storage could improve the utilization of waste heat.
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5.4 Publication IV: Annual operation of PtG plant
In this publication, the transient operation of a PtG plant was studied. The main focus was
on the dynamics of a methanation reactor: load and thermal ramp rates, minimum part
load, and cooling during standby. The aim was to quantify the effect of each parameter
with respect to the plant’s annual efficiency. The variations in annual operations were
taken into account by utilizing different sources of electricity, which created variations in
the operational cycles and FLH. Various H2 buffer storage sizes were also considered, to
estimate a suitable combination of reactor flexibility and buffering capacity. The studied
system consists of a single PtG plant, with water electrolysis, H2 storage, CO2 capture,
methanation reactor, and compressors. An illustration of the system is presented in Figure
5.14.

Figure 5.14: Studied PtG plant.

It was assumed that high FLH for electrolysis would decrease the need for the dynamic
operation of methanation, as the losses related to standby, startup, and ramping would
become relatively low compared to the produced CH4. Also, the relative benefit gained
from H2 buffer storage was expected to decrease with increasing FLH.

Three cases (spot, wind and solar) with three types of boundary conditions were utilized
for production of H2 with electrolysis: electricity from Nord Pool with an hourly price
below a certain threshold, surplus electricity from scaled-up wind power, and surplus
electricity from scaled-up solar power. Historical data was used for the electricity prices.
The surplus power was modelled by scaling up either historical wind or solar power in
Finland and comparing the total power generation to historical power consumption. It
was assumed that the studied PtG plant had priority for any surplus power. A range of
price thresholds and scale-up factors were chosen so that a ranges of FLH up to 6000 h
(case spot), 6000 h (case wind), and 2000 h (case solar) were achieved. Sample boundary
conditions are presented in Figure 5.15.

To better study various combinations of the parameters describing the dynamic operation
of the reactor and entire PtG plant, a Monte Carlo -type scenario analysis was done, and
the effect of an individual parameter was extracted. Each simulation was done for one
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Figure 5.15: A sample operation environment for PtG plant.

year, with a one-hour time step. The size of the H2 buffer storage was varied from 2
to 10 h, defined by the nominal H2 consumption of the methanation reactor. For other
parameters, three different values were used. The three values were chosen by either
literature, or so that they would represent conservative, optimistic and average values
(groups A, B and C). In addition, three different years were studied: 2016, 2017, and
2018. All combinations of parameters were simulated to find out the individual effect of
each parameter. The varied parameters are presented in Table 5.5.

Table 5.5: Varied parameters in scenario analysis. All parameter combinations were sim-
ulated with whole range of FLH and H2 storage size.

Type Parameter Group A Group B Group C Unit
Load Min. part load 20 50 80 %

Max. load ramp 20 50 80 %/h
Thermal Max. thermal ramp 25 50 300 ºC/h

Max. standby time 2 12 72 h
Cooling rate 1 5 10 ºC/h

General Year 2016 2017 2018 -

General results are obtained by calculating the median value, such as annual process effi-
ciency, from all possible combinations of values from Table 5.5 for each FLH and buffer
storage size. By presenting the results as a function of FLH and buffer storage size in
form of contour maps, their effect can be clearly interpreted. The resulting PtG process
efficiency, the number of methanation cycles, and the duration of methanation cycles are
presented in Figure 5.16.

The effect of FLH and H2 storage size are evident for PtG efficiency. The lowest efficiency
occurred at the lowest FLH and with the smallest buffer storage size. The efficiency
increased with increasing FLH and storage size, while after a certain threshold no further
improvement occurred, except in the wind case, where the threshold was not so clear. The
maximum efficiency was approximately 46% in all cases.

The number of methanation cycles was clearly affected by FLH, but increasing the buffer
size reduced it only in the spot and wind cases. In wind and spot cases, the maximum
number of cycles tends to occur with intermediate FLH, as higher FLH yields also longer
cycle duration. In all cases, the median duration of the methanation cycle increased with
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Figure 5.16: Annual efficiency of the PtG plant, number of methanation cycles and aver-
age duration of a cycle.

increasing FLH and buffer storage size. In the solar case, the median cycle duration
was clearly shorter compared to other cases with all FLH and buffer storage sizes, as the
electrolyzer could not be operated during the night and buffer storage does not enable
methanation to continue over the night.

In order to evaluate how much an individual parameter can affect the system performance,
all resulting contour maps of PtG efficiencies were organized into groups A, B, and C in
turn by the studied parameters in Table 5.5, such as the minimum part load. Thus, in one
group, the minimum part load would be constant. Within all contour maps of a group,
the difference ∆ηPtG between the minimum and the maximum efficiency was calculated
for each point in the contour map (specific combination of H2 storage size and FLH).
An average was then taken from all the differences ∆ηPtG to obtain a single value for a
group. The average PtG efficiency variation ∆ηPtG for different groups and parameters
is presented in Figure 5.17. As the effect of a specific parameter is isolated to a single
group, the significance of the specific parameter is indicated by the variation and how the
variation changes between groups.

As the maximum efficiency is limited by the ideal steady-state operation and the studied
parameters do not affect steady-state performance, high variation of efficiency indicates
that there are many occasions of low annual efficiency. In contrast, low variation suggests
that a major part of the scenarios lead to higher efficiency. Further on, if parameter value
change from one group to another (in Table 5.5) leads to a major change in average effi-
ciency variation, the parameter seems to be significant for the system performance. As an
example, increasing the maximum thermal ramp from 25 to 300 ºC/h decreases the effi-
ciency variation from nearly 6% to below 2%, which shows good efficiency improvement
potential.

The general picture of the results is that the lowest variation of efficiency was obtained in
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Figure 5.17: The significance of each studied parameter expressed by a change in the
variation of efficiency due to different combinations of other parameters.

the spot case and the highest in the solar case. In spot case, the effect of all parameters
was close to each other. The exception was the simulation year which had a lower impact,
as in the solar case also. There was a difference between parameters regarding loading
and thermal management in wind case. All parameters for thermal behavior had a much
larger effect on the efficiency variation, so they hold a higher potential for efficiency
improvement. The simulation year had a larger effect compared to spot and solar cases.
The solar case showed a trend of a high variation of efficiency and a high potential for
efficiency improvement for all parameters. Similar for all cases was that the range for the
loading ramp was the smallest among all parameters.

The main results of this publication are the effects of FLH, H2 buffer storage size, and
other parameters on the operational characteristics and performance of the PtG system.
With the utilized H2 production profiles, certain thresholds of FLH were found, after
which the relative benefit from additional buffer storage capacity becomes low. For ex-
ample, a buffer storage of 4.0 h seems to be sufficient if FLH is 3000 h in spot case. The
significance of each parameter on system performance could be identified. The method
of the analysis could be used for techno-economic case studies to consider various un-
certainties in operation environment and different system setups. In concert with detailed
studies on dynamic operation of reactors, this kind of long-term simulation can illustrate
the value of improved flexibility.
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5.5 Publication V: Potential of greenhouse gas emissions reduction
with PtG and PtX

In this study, the potential of PtG and PtX for greenhouse gas emission reduction was
analyzed with an LCA based on ISO standards 14040 and 14044. In addition to the
production of CH4, H2 and methanol were also considered.

The assessment consisted of two types of comparisons. In the first one, the final products
(H2, CH4, methanol) were used as fossil fuel alternatives. Therefore, the difference in
greenhouse gas emissions came only from the production of the fuel, and the end use
did not affect it. In the second option, the produced fuels were used to replace some
secondary use, such as heating, transportation, or electricity. The second option included
more uncertainties related to what was really being replaced.

In addition to the chosen technologies for PtX, the main assumptions were all related to
sources of energy. All electricity used by the PtX processes was assumed to be from wind
power, which has low specific CO2 emissions. H2 was produced via a PEM electrolyser.
For CH4 production, a chemically catalyzed Sabatier reaction was used. Methanol pro-
duction was also catalyzed chemically, and the gaseous products were condensed to a
liquid form. The required CO2 was captured from flue gases with MEA. Combustion of
natural gas was used to provide the heat for regenerating the MEA solvent. The system
boundary for capturing CO2 is presented in Figure 5.18.

Figure 5.18: Boundary, and mass and energy flows of CO2 capture for a PtX system.

The results (Figure 5.19) show that replacing fossil-based H2 with H2 from water electrol-
ysis would result in the largest emission reduction, 60 gCO2eq for 1 MJ of utilized surplus
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wind power. Methanol had the second highest reduction potential: 40 gCO2eq. Replacing
fossil CH4 had the lowest potential: 20 gCO2eq.

Figure 5.19: Emissions compared to fossil fuel alternatives.

The emissions from H2 production with PtX related mainly to the electricity used for
electrolysis. The reference process, steam reforming, had very high GHG emissions, as
the carbon from the natural gas was converted into CO2 and vented into the atmosphere.
The production of CH4 and methanol with PtX requires CO2 capture, which created neg-
ative emissions. In addition to emissions from the utilized electricity for H2 production,
both processes consumed electricity for different compression and conversion processes.
Despite these additional emissions, the net emissions were negative.

The analysis was extended to the final use of the produced fuel in vehicles. In that case,
the CO2 captured in the PtX process was released again. H2 was an exception, as the
oxidation of H2 did not produce CO2, but water. However, the distribution of H2 for
vehicle use created some additional GHG emissions. Figure 5.20 shows that H2 had a 90
gCO2eq emission reduction potential for 1 MJ of utilized surplus wind power. For CH4 and
methanol, the potential was 40 gCO2eq.

The sensitivity analysis showed that the sub-process efficiencies (electrolysis, conver-
sions) had the greatest effect. Due to their direct impact on electricity consumption, which
was already identified as one of the main sources of emissions in PtX processes. When the
analysis was extended to include the secondary use of the produced fuels, the efficiency
of the vehicle itself had the largest impact on emissions.

The main outcome of the study was that each of the studied PtX processes could reduce
GHG emissions and that replacing fossil-based H2 would be the best option for PtX to
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Figure 5.20: Comparison of GHG emissions, when the final use of the product is in
transportation.

start with, as it provides the highest reduction in emissions. Additional conversion pro-
cesses decrease process efficiency and produce additional emissions, which should be
minimized. A rough estimate was done for the global potential of PtX products, and it
seems very large. Therefore, a large amount of excess renewable energy could be utilized
in PtX and PtG processes and be used to replace fossil fuel at the end use.





73

6 Discussion
The target and pathways for limiting global warming to 1.5ºC seem ambitious, as pre-
sented in Figure 6.1. Among the recent IPCC scenarios (IPCC, 2021), 1.5ºC target is
achieved only in SSP1-1.9. For that, a great change of course is required to achieve net
zero emissions before 2060. In addition, achieving a considerable amount of negative
emissions through CDR is required during the rest of the century. In scenario SSP2-4.5,
the current level of emissions is roughly maintained for decades, after which emissions
start to decline. The best estimate for the global warming in this scenario is 2.7ºC.

Figure 6.1: Historical development of global CO2 emissions (solid line) (IEA, 2021a)
combined with an IPCC pathways (IPCC, 2021).

Due to the scale of the challenge, all suitable options for decreasing emissions should be
considered. Until today, no single technology has been discovered that could solve the
problem on its own. Nuclear power, solar power and wind power each have technical
potential, as the energy sources are virtually unlimited. However, several social, political,
technical, and economic problems make it difficult to trust only one of them in decar-
bonization. CCS also has tremendous technical potential, but the cost is high. There are
also risks related to the leaking of CO2 from the storage sites. Nevertheless, the projected
scale of CDR requires CO2capture technologies in the energy sector through DAC and
BECCS.

PtG could play a significant role in future energy systems. Some of the benefits in-
clude:

• Flexible load for absorbing wind and solar power

• Replacement of fossil fuels

• Existing infrastructure for SNG and LNG

• Long term storage

• Energy carrier with low space demand
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• Sector coupling with heating, transportation and industry.

Since a well-established infrastructure already exists for methane (and LNG), it would be
extremely easy to utilize the SNG produced by PtG. This may play a role when deciding
on decarbonization methods for, for example, residential heating and marine transporta-
tion, as direct electrification would require extensive refurbishment of the existing infras-
tructure. Therefore, the challenges of PtG are more related to the cost and environmental
effect. Cost-wise, biofuels could be a better target for comparison than fossil fuels, since
in the future the consumption of fossil fuels should be decreased somehow. High amounts
of CDR could achieve net zero or negative emissions, even with a certain amount of fossil
fuels in the system. Finally, the major criteria for PtG usage have to do with its environ-
mental effects. If it does not decrease CO2 emissions enough, then the application should
be considered very carefully. In addition, because methane is a strong greenhouse gas
itself, leakages to atmosphere should be minimized.

If there will be a role for PtG in climate change mitigation, which seems to be the case,
then the technology should be developed and prove feasible. It would aid in the efficient
use of resources by maximizing efficiency, minimizing cost, optimizing location, and
integrating the system. Even if low-emissions technologies would need to be used, or if
there would be vast amounts of cheap surplus renewable energy available, there would
still be competition between other technologies and PtG. Despite the focus on PtG, many
of the issues studied and discussed here are valid also in the context of PtX. Since PtX
can produce liquid fuels and other hydrocarbons, a suitable range of applications covers
nearly everything that fossil oil is used for at present.

This dissertation has introduced new information related to the design, operation, and
performance of PtG components and an entire plant. The simulation approach was chosen
for its ability to account for broad range of problems. The initial research question arose
from the demand for buffer storage. If H2 is only produced by water electrolysis during
times of surplus wind and solar power, then it would be done intermittently. In contrast,
traditional chemical processes can operate on a steady state basis. A straightforward
option would be to just use intermediate (buffer) storage, which would provide a steady H2

and CO2 supply for the methanation synthesis. However, this solution seems unrealistic
due to the high cost of H2 storage. Another approach would be to make the synthesis
operate flexibly, following the supply of H2. That would require load changes, operation at
part load, shutdowns, and startups, for which not much information is currently available.
This research project began with the aim of looking for a sufficient combination of buffer
storage and synthesis flexibility that would best fit current H2 and CO2 supplies.

Two fundamentally different approaches were used. The first, a robust approach, involved
parameterizing a PtG plant without a detailed physical model. Focus was placed on the
synthesis step, since it is considered the limiting step. The transient operation restrictions
were described using a few general parameters, such as minimum part load, maximum
load ramp, maximum thermal ramp, and heat loss during idle. Sufficient values for these
parameters were obtained for different storage sizes for a certain H2 supply profile, which
provided the technical requirements for the system. Based on that finding, it is possible
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to discuss the most important aspects that need to be developed and concentrated on for
improving the overall system. If reliable cost estimates are available for each parameter,
then a cost-optimal solution can also be found. This kind of parametrization of flexibility
and a simple buffer storage model could be adopted for various analyses that utilize a
relatively long time step (minutes-hour). The performance would be represented more
accurately, and the demand for buffer storage could then be estimated. Thermal energy
storage could be added in the same manner, as several heat streams are present in PtG
applications.

The second approach involved providing a detailed estimation of the operation of PtG
components. Physical phenomena were modelled, so that the performance could be
predicted. Certain simplifications are required to keep computational costs acceptable
and limiting the modelling effort. The full potential of this kind of modelling would
require fine-tuning and validation based on the experimental measurements. With a well-
validated model, the results for such a specific system would be reliable and the model
could be used to, for example, test different operational scenarios. In this case, the re-
sults were obtained from the literature, which created some limitations, as full knowledge
of the measured system was not available. Therefore, the results are not expected to be
highly accurate, but they still provide a reasonable estimate. At the same time, the model
has the potential to be fine-tuned with proper measurements and could serve as a frame-
work for further model development. For example, the measured properties of a liquid,
estimation of flooding, and calculation of pH could be added to provide more details and
greater accuracy.
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7 Conclusion and future work

PtG is a promising technology to play a part in climate change mitigation. It can act as
a large-scale, long-term energy storage, flexible load, energy carrier and provide sector
coupling with the fields of heating, industry, and transportation. PtG could add more
variable wind and solar power to the energy supply mix, helping replace fossil fuels.
If PtG is mainly operated by electricity generated from wind and solar power, then it
must be able to handle the variations in production. Traditionally, chemical processes
should operate at a steady state (or batch). In the case of PtG, this would require large
intermediate (buffer) storage. This requirement can be eased if more flexible operation
could be achieved. H2 production is already rather capable of handling that problem, but
methanation synthesis and CO2 capture still have limitations. This dissertation has studied
the question with respect to the design, operation, and performance of PtG systems and
related components. The scale of the problem ranges from the detailed operation of a
methanation reactor to the annual operation of a PtG plant.

The main interest of the dissertation has been in analyzing the operation of methanation
synthesis. In Publication I, a transient model was developed for biological methanation
in a CSTR. The model was validated with experimental data from the existing literature.
The same trends in the experimental results were obtained with the model. The results
showed that the gas-liquid mass transfer is a limiting step in the process, and properly
estimating it is of great importance. The parameters related to biomass growth kinetics
had a significantly lower impact on the results from the sensitivity analysis. The model
was used for a scale-up study, in which high conversion efficiencies were achieved with
reasonably low energy consumption for stirring.

Another important component of PtG is CO2 capture. Commonly in PtG studies, CO2

capture receives less attention compared to electrolysis and methanation. In addition,
CO2 as a raw material is often presumed to be abundant. However, the main technologies
for CO2 capture have transient operation restrictions, such as for load change and part
load. Also, the energy consumption might be significant. In Publication II, a model was
developed for CO2 capture technology with physical absorption by water. The effect of
the main parameters on overall performance, such as column pressure, temperature, and
flow rates were analyzed. We noted the need for a compromise between capture efficiency
and the quality of the captured CO2. For energy consumption, the results show that there
is an optimum gas flow rate for a specific water flow rate. Further development is required
to increase capture performance and the accuracy of the model.

The possibility of heat integration and the demand for buffer storage was studied in Pub-
lication III. As a sample model-based case study, a PtG system was integrated with a
WWTP and biogas production. We also demonstrated the ability to provide several ser-
vices together with PtG. An electrolyser participated in grid frequency balancing, while
O2 from the electrolyser was utilized in the WWTP process and the heat from methana-
tion was used for heating the biogas reactor. The CO2 from biogas was considered a CO2

source for methanation, meaning that the biogas can also be upgraded to biomethane. The
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demand for H2 buffer storage is huge if the transient (on-off) operation of methanation is
limited. Though enabling part load for methanation decreases the H2 buffer requirement,
it still is considerable. Heat integration demonstrated good potential, but the amount of
O2 produced was rather small compared to demand during the WWTP process.

The flexibility of a methanation reactor and demand for buffer storage were studied fur-
ther in Publication IV. A scenario analysis was conducted for a generic PtG plant with
alkaline electrolysis and chemical methanation. The restrictions for transient operation
were parametrized, and the individual effect of each parameter on PtG efficiency was
studied for a range of buffer storage sizes and FLH of electrolysis. The largest changes in
efficiency were obtained with a small storage size and low FLH. Thresholds for storage
size and FLH can be found, after which the effects of the flexibility parameters vanish.
This analysis method revealed the importance of a single parameter, and the potential of it
to improve the transient performance of the PtG system. In addition, the annual operation
was characterized by reporting the number and average duration of the operational cycles
for different FLH and storage sizes. The results add to our findings on the coupled effect
of storage size and FLH with respect to the requirement for reactor flexibility.

The environmental effect of PtG was studied in Publication V via an LCA. The produc-
tion of SNG was compared to natural gas, with and without end use. The results suggest
that significant reduction in emissions is possible with PtG. The emissions related to elec-
tricity for electrolysis have a major impact on the potential. The source of CO2 and energy
consumption of CO2 capture also have an important effect on environment.

The utilized methods, model-based simulation with different levels of detail, were consid-
ered suitable for this kind of research. The annual operation and challenges of transient
operation can be analyzed with the more robust model, while the more detailed models
allow for deeper physical analysis.

For future research, the potential role of PtG (and PtX) in the decarbonization of an energy
system should be clarified. Since the main target is to reduce emissions, more emphasis
should be given to comparing PtG to other methods for reducing emissions, while re-
searchers should not just compare price of SNG and fossil fuels. The best combinations
of various technologies and PtG should be found to get rid of CO2 emissions and fossil
fuels. For example, PtG could supplement battery-based technologies in the electrifica-
tion of transportation, or HVDC transmission as an energy carrier. Public acceptance
and the current political environment must also be taken into account when choosing
technologies. Environmental issues related to PtG, such as methane leakages or mate-
rial usage, should be considered carefully and compared to other options for mitigating
climate change.

Model-based research can support decisions and conversation about the best pathways
for achieving net-zero emissions. Understandable results regarding operational and in-
vestment cost, land use, material use, the potential for avoiding CO2 emissions, and so
fort, should be made readily available for the public. Information about detailed simu-
lations and experimental tests should be implemented using higher level models, which
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could connect PtG to the rest of the energy system. In the middle, there is a demand for
accurate process modelling, which could help with operation and in optimizing demo and
commercial PtG plants.
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Löhr, L., Houben, R., and Moser, A. (2020). Optimal power and gas flow for large-
scale transmission systems. Electric Power Systems Research, 189, p. 106724. ISSN
03787796, doi:10.1016/j.epsr.2020.106724.

Loria, P. and Bright, M.B.H. (2021). Lessons captured from 50 years of CCS projects.
The Electricity Journal, 34(7), p. 106998. ISSN 1040-6190, doi:https://doi.org/10.
1016/j.tej.2021.106998, url: https://www.sciencedirect.com/science/
article/pii/S1040619021000890.

Lynch, M., Devine, M.T., and Bertsch, V. (2019). The role of power-to-gas in the fu-
ture energy system: Market and portfolio effects. Energy, 185, pp. 1197–1209. ISSN
03605442, doi:10.1016/j.energy.2019.07.089.

Mandley, S.J., et al. (2020). EU bioenergy development to 2050. Renewable
and Sustainable Energy Reviews, 127, p. 109858. ISSN 1364-0321, doi:https://
doi.org/10.1016/j.rser.2020.109858, url: https://www.sciencedirect.com/
science/article/pii/S1364032120301520.



References 91

Manjrekar, O.N. and Dudukovic, M.P. (2019). Identification of flow regime in a bubble
column reactor with a combination of optical probe data and machine learning tech-
nique. Chemical Engineering Science: X, 2, p. 100023. ISSN 2590-1400, doi:https://
doi.org/10.1016/j.cesx.2019.100023, url: https://www.sciencedirect.com/
science/article/pii/S2590140019300309.

Manjrekar, O.N., Hamed, M., and Dudukovic, M.P. (2018). Gas hold-up and mass
transfer in a pilot scale bubble column with and without internals. Chemical Engi-
neering Research and Design, 135, pp. 166–174. ISSN 0263-8762, doi:https://doi.
org/10.1016/j.cherd.2018.05.008, url: https://www.sciencedirect.com/
science/article/pii/S0263876218302399.

Martin, M.R., et al. (2013). A single-culture bioprocess of Methanothermobacter ther-
mautotrophicus to upgrade digester biogas by CO 2-to-CH 4 conversion with H 2.
Archaea, 2013.

Maruf, M.N.I. (2021). Open model-based analysis of a 100% renewable and sector-
coupled energy system–The case of Germany in 2050. Applied Energy, 288, p. 116618.
ISSN 03062619, doi:10.1016/j.apenergy.2021.116618.

Masson-Delmotte, V., et al. (2018). Global warming of 1.5◦C. The Intergovernmental
Panel on Climate Change.
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H I G H L I G H T S

• Modelling of hydrodynamics, gas–liquid mass transfer and biological reactions in a continuously stirred tank reactor.

• General model framework can be utilized for different reactor designs and biocatalysts.

• High gas–liquid mass transfer rate is the most critical parameter for high output gas quality.

• Scale-up study predicts stirring power to be 0.7–1.1% of the electrolyser power in order to reach over 98% CH4 gas output.

• Dynamic simulations show fast response to inflow transients.

A R T I C L E I N F O

Keywords:
Biological methanation
Gas–liquid mass transfer
Power-to-gas
Dynamic model
Stirred tank reactor

A B S T R A C T

Power-to-gas technology can facilitate the transition toward a renewables-based energy system by converting
excess electricity to hydrogen and then into methane via methanation. Unlike traditional chemical methanation,
biological methanation uses an aqueous solution of biomass (archaea), which consumes H2 and CO2 to produce
CH4. The process is limited primarily by the gas–liquid mass transfer step.

In addition to experimental research, modeling is often used to guide and expedite the development and scale-
up of bioreactors from the laboratory to the pilot and commercial scales. Modeling has been used to optimize and
test various operation conditions outside the range of experimentation. Estimations of gas–liquid mass transfer
and the related stirring power are important for optimization and feasibility studies in the application of bio-
logical methanation to power-to-gas systems. Related published literature, however, is limited.

In this study, a dynamic model for a continuously stirred biomethanation reactor was developed with novel
approach that combines semi-fundamental modeling of gas–liquid mass transfer, hydrodynamics, and biological
reactions. The model was validated against existing experimental data and used in a sensitivity analysis of
critical parameters, a scale-up study of a biomethanation reactor, and process dynamics studies. In each of the
varying operational conditions, the model reproduced the trends observed in the experimental studies. The
sensitivity analysis showed that biological parameters have a minimal effect on methane production. Conversely,
the model is very sensitive to the gas–liquid mass transfer properties, such as the geometry of the impeller and
reactor. The scaled-up study of biomethanation reactors with a CH4 production capacity of 56–508 Nm3/h re-
vealed that the required stirring power is 0.7–1.1% from the electrolyzer power and decreases as the size of the
reactor increases. High output quality (∼98%) of the methane could be reached in each of the studied cases, and
the overall efficiency of the power-to-methane process was roughly 50%. Dynamic simulations showed that the
modeled process is tolerant to large gradients in the input parameters. After correctly setting the reactor- and
process-specific parameters, the model can be used to perform scaled-up and dynamic studies of various reactor
designs and different biomass solutions.

1. Introduction

Power-to-gas (PtG) technology can help mitigate the fluctuations
caused by intermittent renewable electricity production by enabling the

storage of excess electricity in the form of CO2-neutral fuel. Although
some pilot plants already operate using this technology, PtG is not used
commercially [1]. Methane (CH4) is a promising energy carrier option
for PtG applications because the existing infrastructure for natural gas

http://dx.doi.org/10.1016/j.apenergy.2017.10.073
Received 2 June 2017; Received in revised form 8 September 2017; Accepted 23 October 2017

⁎ Corresponding author.
E-mail address: eero.inkeri@lut.fi (E. Inkeri).

Applied Energy 209 (2018) 95–107

Available online 04 November 2017
0306-2619/ © 2017 Elsevier Ltd. All rights reserved.

T



transportation can be used and the methanation reaction can use the
CO2 emissions as a raw material. There are several possible routes for
methanation that can roughly be divided into chemical and biological
types [2]. The main advantages of biological methanation are simpler
equipment, low operational temperature (< 70 °C), higher tolerance for
impurities in the input gases, and less complicated dynamic operation
than those of the corresponding chemical process [1]. Moreover, bio-
logical methanation offers the possibility to increase carbon yield from
municipal, agricultural and food waste—the key carbon sources in
urban areas—aiming for 100% renewable and self-sufficient energy
production. Dynamic modeling tools are essential for the intelligent
control and profitable operation of future energy systems, where ma-
terials of highly variable composition, such as wastes, are utilized in
conjunction with the generation of renewable electricity.

A broad review of biological methanation was done by Rittman

et al. [3]. They noted that the gas-liquid mass transfer is often the
limiting step of the process, and that the stirring power should be
minimized, while maintaining a high conversion efficiency. However,
no power consumption metrics were published in the reviewed litera-
ture. The gas-liquid mass transfer and scale-up processes for bioreactors
were extensively reviewed by Garcia-Ochoa and Gomez [4], under-
lining the complexity in scaling up. A comparison of several reactor
designs was performed by Kougias et al. [5], who found that a double
bubble column had the best performance. Thus far, techno-economic
and life cycle analyses have only been conducted for PtG-systems with
traditional chemical methanation, as in recent studies by Parra et al.
[6], Collet et al. [7] and Zhang et al. [8].

Several experimental studies on biological methanation have been
performed at the laboratory scale with biofilm plug-flow [9], fixed bed
[10], trickle-bed [11–13], closed batch [14] and continuously stirred

Nomenclature

A cross-sectional area of the reactor [m3]
a interfacial area [m−1]
b constant [–]
cg gas concentration [mol·m−3]
cl concentration in liquid [mol·m−3]
cX Biomass concentration in liquid [g·L−1]
c∗l solubility in liquid [mol·m−3]
db average bubble diameter [m]
dim impeller diameter [m]
dre reactor diameter [m]
DL liquid feed rate [s−1]
Dg gas diffusivity in liquid [m2·s−1]
g gravitational constant [kg·m−1·s−2]
h reactor height [m]
ΔH° enthalpy of formation [kJ·(C)-mol−1]
Hg Henry solubility [mol·m−3·bar−1]
I inhibition factor due to the lack of substance [–]
kD saturation constant for H2 [mol·m3]
kL mass transfer coefficient [m·s−1]
kLa volumetric mass transfer coefficient [s−1]
mX maintenance constant [(C)-molH2·(C)-molX-1·s−1]
ṁ mass flow rate [kg·s−1]
M molar mass [g·mol−1]
N stirring speed [rps]
n number of nodes in grid [–]
nim number of impellers [–]
Np power number [–]
Nis inter-stage number [–]
Nci circulation number [–]
p pressure [Pa]
ph hydrostatic pressure [Pa]
pre reactor overhead pressure [Pa]
Pt stirring power [W]
Pael electrolyser power [W]
Q heat flux [W]
qmax maximum specific H2 conversion rate [(C)-mol·(C)-

mol−1·s−1]
r volumetric conversion rate [(C)-mol·m−3·s−1]
rQ heat dissipation [W·m−3]
Sg source term for gas phase [mol·m−3·s−1]
Sl source term for liquid phase [mol·m−3·s−1]
t time [s]
T temperature [°C]
u velocity [m·s−1]
U superficial velocity [m·s−1]
V active reactor volume [m3]

V ̇ volume flow rate [m3·s−1]
VL̇,is inter-stage liquid flow rate [m3·s−1]
VL̇,ci circulation liquid flow rate [m3·s−1]
y component fraction is gas phase [–]
Y (C)-molar yield of substrate [(C)-mol·(C)-mol−1]

Subscripts

ael alkaline electrolyzer
C CO2

ci circulation flow
D H2

G gas phase
g gaseous component
h hydrostatic
is inter-stage flow
L liquid phase
l absorbed gas component in liquid
im impeller
N NH3

P CH4

re reactor
tot total
W H2O
X biomass (archaea)
0 ungassed conditions

Greek

α constant [–]
β constant [–]
Γ axial mixing coefficient [m2·s−1]
ε energy dissipation [W·kg−1]
η efficiency [–]
λ liquid recycle constant [–]
µ dynamic viscosity [Pa·s]
ρ density [kg·m−3]
σ surface tension [N·m−1]
ϕ gas hold-up without viscous effects [–]
ϕυ gas hold-up with viscous effects [–]

Abbreviations

CSTR continuous stirred tank reactor
LHV lower heating value
PtG power-to-gas
vvd gas volume flow per liquid volume in a day
vvm gas volume flow per liquid volume in a minute
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tank reactors (CSTR) [15–18]. The range of CH4 production by these
systems is 0.45–30.0 vvd (vvd=m3

gas/m3
liquid·d) [10–18]. Most reactors

can operate at a higher H2 input to increase CH4 production, but this
results in a lower CH4 content in the gas product. The active volume of
the studied reactors ranges from 0.75 to 61 L. The goal for the reactor
design is to maximize the CH4 production and CH4 content in the
product gas while minimizing the energy losses from stirring and gas
compression.

The first pilot-scale experiment is currently in operation in Denmark
as part of the BioCat-project [19], which uses a CSTR reactor. According
to Hafenbradl [20], over 98% of H2 and CO2 conversion efficiencies
were achieved with an H2 feed of 200 Nm3/h and a CH4 production of
50 Nm3/h. The H2 input was set at 850 vvd, which requires a reactor
size of about 5.6 m3. The CH4 production of over 200 vvd is sig-
nificantly higher than in all other presented experimental studies. The
high capacity and conversion efficiency achieved with a stirred-tank
reactor suggests that this approach is the most promising solution for
commercial-scale reactors and is thus the focus of this paper.

The prediction of gas-liquid mass transfer in CSTR is of great im-
portance to the development of a bioprocess from the laboratory to the
commercial scale. The design of commercial scale reactors using tra-
ditional scale-up methods usually requires extensive experimental
measurements of the pilot-scale reactor, which can be applied to only
one reactor design and limited operation conditions. Additionally,
large-scale experimental research is often very expensive and time-
consuming. In order to utilize measurements more effectively, modeling
is often used to facilitate and expedite development. With the help of
modeling, various operation conditions and reactor designs beyond the
experimental range can be tested more reliably in order to study and
optimize the commercial scale reactor. Therefore, various fundamental
and semi-fundamental modeling approaches have been successfully
used to predict reactor performance, most commonly for aerobic bio-
processes that require a continuous feed of oxygen [4].

Despite the extensive experimental work conducted, published re-
search on the modeling of biological methanation has been limited.
Models have been presented a small selection of previous studies by
Strevett et al. [21], Diaz et al. [22], Bensmann et al. [23] and Schill
et al. [15]. It should be noted, however, that the published models
cannot be used with other reactor designs and stirring properties due to
the experimental approach used for the evaluation of the gas-liquid
mass transfer.

To the best of our knowledge, the model developed by Schill et al.
[15] is the only published time-dependent model for ex-situ biological
methanation which includes the growth kinetics of the archaea culture
in a CSTR. Measurements confirm that their model accurately predicted
H2 consumption, CH4 production, and biomass growth in laboratory-
scale experiments (2.0-L reactor). However, the model cannot be
transferred to the study of other reactor designs due to the non-stoi-
chiometric conditions, variable feed gas composition, and axial varia-
tion of the key parameters in tall reactors, which are considered in this
study.

As noted by Savvas et al. [9], there is a gap in the literature re-
garding the prediction of the power requirement to enhance gas-liquid
mass transfer by stirring. The present study aims to fill this gap by
combining the existing knowledge on modeling gas-liquid mass transfer
and reactor hydrodynamics with that of methanation reactions, thus
providing a method to estimate the required stirring power for biolo-
gical methanation with CSTR. The gas-liquid mass transfer is modeled
through a lumped volumetric mass transfer coefficient as a function of
reactor height considering the main stirring parameters, i.e. stirring
speed and impeller diameter. The model approximates the influence of
liquid physical properties such as electrolytes, nutrients, antifoaming
agents, and impurities on the bubble size and the gas-liquid mass
transfer. Despite these simplifications, it is based on fundamental
equations describing the physical phenomena, and is therefore more
flexible toward parameter changes than models based only on

experimental correlations.
Published experimental data from laboratory-scale reactors was

used to validate the model. The data for validation was obtained in
studies where standard reactors were used with different gas and liquid
flow rates, which led to non-optimal reactor performance. Nevertheless,
published data covers a wide range of operational conditions and sev-
eral reactor setups and is therefore a good reference for model valida-
tion.

The major outcome of this work is a new model for the biometha-
nation reactor which can be used for studies related to real-world ap-
plications such as scale-up, process control, techno-economic analysis,
and life cycle analysis. The novelty of this work comes from the semi-
fundamental approach to the dynamic modeling of gas-liquid mass
transfer, one-dimensional calculation grid, and the separate mass bal-
ances for H2, CO2, and CH4. In comparison to existing models, these
new features enable the estimation of the optimal stirring power taking
into account the axial variation of key process parameters in tall re-
actors, different feed gas compositions, and non-stoichiometric perfor-
mance. A detailed description of the model and its use in the analysis of
parameter sensitivity, scale-up, and dynamic operation is presented in
Sections 2–4.

2. Methods

A 1-dimensional model was constructed for tall CSTRs in order to
acquire more detailed information about the performance of the bio-
methanation reactor. The 1-dimensional approach enables the calcu-
lation of local values for gas-liquid mass transfer and the estimation of
liquid hydrodynamics. The model solves mass conservation equations
and applies semi-empirical correlations for gas and liquid axial mixing,
as proposed by Vasconcelos et al. [24]. The gas-liquid mass transfer is
modeled as in the work of Garcia-Ochoa and Gomez [25], and the
modeling of the biological reaction kinetics is based on the study by
Schill et al. [15].

Three components were modeled: hydrodynamics in a CSTR, gas-
liquid mass transfer, and biological reaction kinetics. The central phe-
nomena, absorption of input gases and production of CH4, are illu-
strated in Fig. 1. The input gases (reactants) must first absorbed into the
liquid, and then the production of CH4 takes place in the liquid biomass
solution. Biomass (archaea) consumes H2 and CO2 for growth and
maintenance. The absorption of gases is enhanced by agitation with one
or more impellers. The mass transfer process is modeled using the
prediction of the volumetric mass transfer coefficient gathered from
fundamental and semi-empirical correlations that are applicable to
cylindrical stirred tanks with various dimensions and operational con-
ditions.

The model is spatially discretized into a 1-dimensional grid along
the reactor height, which enables the calculation of local values for all

Fig. 1. The major phenomena for biological methanation include gas-liquid mass transfer
(absorption) of H2 and CO2 as well as desorption of CH4 produced by biomass growth and
maintenance reactions.
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parameters. A plug flow model is used, with superimposed axial mixing
for both the liquid and gas phases. The radial gradients are assumed to
be zero. Axial mixing is induced by stirring and is modeled by semi-
empirical correlations based on impeller geometry, stirring speed, and
fluid properties. The mass balance for the 1-dimensional grid is calcu-
lated by explicitly solving the ordinary differential Eqs. (1) and (2) for
the gas and liquid phase concentrations. The first two terms on the
right, convection and axial mixing, are described in Section 2.1. The
third terms, Sg and Sl, denote absorption and desorption and are de-
scribed in Section 2.2. The calculation of reaction terms for the liquid
phase rl is described in Section 2.3. The subscripts G and L denote the
total values related to the gas and liquid phases, respectively, whereas g
and l are for the gaseous and diluted gas components, respectively.

⎜ ⎟= − + ⎛⎝ ⎞⎠−dc
dt

d u c
dz

d
dz

dc
S

( )
Γ

dz
g G g g

g
(1)

= − + ⎛⎝ ⎞⎠ + −dc
dt

d u c
dz

d
dz

dc S r( ) Γ
dz

l L l l
l l (2)

Additional equations are solved for the biological reaction kinetics, gas-
liquid mass transfer coefficients, and flow velocities. A first order up-
wind discretization scheme is used for convection. The model is im-
plemented in Matlab and calculated with the ode15s solver with a
variable time step.

The sequence of calculations performed by the model is illustrated
in a block diagram in Fig. 2 with references to the relevant equations.
The procedure is performed at each time step and iteration, and the
local values of the variables are calculated for each node in the 1-di-
mensional grid. The length of the time step and the number of iterations
are computed by the ode15s-solver using the defined error tolerance.

2.1. Modeling of axial mixing and hydrodynamics in the CSTR

Reactor dimensions are defined with height h and diameter dre. The
calculation volume V is spatially discretized with a 1-dimensional grid
along its height, as presented in Fig. 3. Values for all variables are
calculated for grid points (nodes) that are located in the center of
ideally mixed, equally sizes reactor slices with a height of Δh and cross-
sectional area A. The input gases are H2 and CO2, and CH4 when raw
biogas is used as a carbon source. Gases are sparged from the bottom of
the reactor.

The major flows of liquid and gas through the reactor are solved
using a first order upwind scheme for the convection Eqs. (3) and (4),
where Δh is the distance between two grid points and uG and uL are the
gas and liquid velocities. The gas concentration cg is defined as moles of
gas ng per reactor volume V, whereas the liquid concentration cl is
defined as the absorbed gas substance in moles nl per liquid volume VL.
Each of the components H2, CO2, and CH4 is calculated separately. The
subscript indexes “i” denote grid indexing.

≈ − − − −d u c
dz

u c u c
h

( )
Δ

G g G,i g,i G,i 1 g,i 1

(3)

≈ − − + +d u c
dz

u c u c
h

( )
Δ

L l L,i l,i L,i 1 l,i 1
(4)

The inlet boundary (i= 1) for gases is defined by the mass flux inlet in
the convection Eq. (5). Eq. (6) presents the liquid convection at the inlet
boundary (i= n) as calculated from the liquid volume flow rate VL̇ and
the concentration in the first node cL,1 (liquid outlet). The liquid-recycle
constant λ defines the fraction of liquid that is recycled to the inlet. In
the case of overflow reactors without recycling, λ is zero. Initial values
have to be set for variables cg, cl, uG, and uL for all nodes at the be-
ginning of the simulation. The biomass concentration cX must be non-
zero; otherwise, biological reactions will not initiate.

≈ − +d u c
dz

u c
h

m
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≈ − +d u c
dz
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λ V
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Δ

̇L,n l,n L,n l,n L
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In addition to the main axial flows, axial mixing is generated by stirring
as defined in Eqs. (7) and (8). The axial mixing coefficient Γ is defined
with Eq. (9), with the axial mixing velocity, either uci or uis, depending
on the position relative to the impeller stages. An estimation of the
mixing velocities is based on the method proposed by Vasconcelos et al.
[24]. Circulation velocity uci describes the internal mixing inside the
region (stage) of influence of an impeller. Each impeller creates an
individual circulation flow pattern; thus, the mixing between two stages
is described with the inter-stage velocity uis. It is assumed that the
mixing velocities are the same for both liquid and gas phases. Fig. 4
illustrates the approximation of mixing flows and main flows.

⎜ ⎟⎛⎝ ⎞⎠ ≈ − + +− − − + + +d
dz

dc
dz

c c c
h

Γ
Γ (Γ Γ ) Γ

Δ
g i 1/2 g,i 1 i 1/2 i 1/2 g,i i 1/2 g,i 1

2 (7)

Fig. 2. Block diagram of the model.
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⎛⎝ ⎞⎠ ≈ − + +− − − + + +d
dz

dc
dz

c c c
h

Γ Γ (Γ Γ ) Γ
Δ

l i 1/2 l,i 1 i 1/2 i 1/2 l,i i 1/2 l,i 1
2 (8)

= ⎧⎨⎩ −u h
u hΓ

Δ interiorface
Δ inter stage face

ci

is (9)

If the node adjacent to node i is located in the same impeller stage, the
mixing velocity at the interface is the circulation velocity uci. Other-
wise, the mixing velocity is defined using the inter-stage velocity uis.
The system is described in Fig. 5 for a grid with three nodes per stage.
The values of the mixing velocities at the faces of the nodes are cal-
culated by linear interpolation.

The mass flow rate for the gas phase is calculated using Eq. (10)
based on the gas velocity uG, gas concentration cG, total cross-sectional
area A, and molar mass MG of the gas mixture. Since water production
is neglected, the volume flow rate of the liquid VL̇ is determined directly
by the feed rate DL and the reactor volume V, as presented in Eq. (11).
For the gas phase, the volume flow rate VĠ is calculated by dividing the

mass flow rate of gas ṁG by the ideal gas density ρG at the reactor
temperature T and pressure p, as presented in Eq. (12). The axial ve-
locities uL and uG for the liquid and gas phases are calculated in each
node based on the local volume flow rates (VĠ and VL̇), the cross-sec-
tional area (A), and the local gas hold-up (void fraction, ϕυ), as in Eqs.
(13) and (14). The directions of the primary gas and liquid flows are up
and down, respectively.∑=m u AM ċ G,i G,i G g,i (10)=V D VL̇ L (11)

=V m
ρ

̇ ̇
G,i

G,i

G,i (12)

= −u V
φ A

̇
(1 )L,i

L

υ,i (13)

=u V
ϕ A

̇
G,i

G,i

υ,i (14)

The liquid axial mixing velocities inside the reactor are modeled as
proposed by Vasconcelos et al. [24] and illustrated in Figs. 4 and 5.
Under ungassed conditions, the impeller causes a rotating flow that
creates a circulating backflow Vċi0 between the interior nodes, which is
calculated using Eq. (15) with the circulation number Nci0, stirring
speed N, and impeller diameter dim. An inter-stage mixing flow, Vi̇s0,
occurs between two stirrers as described in Eq. (16), where Nis0 is the
dimensionless inter-stage number. Both Nci0 and Nis0 are constant if the
flow is turbulent and dependent only on the ratio of the impeller and
the reactor diameter, dim/dre. Values for Nci0 and Nis0 can be estimated
using the empirical correlations (17) and (18), as proposed by Vas-
concelos et al. [24]. Values of 0.21 and 0.236 were used for constants b1
and b2, respectively.=V N NdL̇,ci0 ci0 im

3 (15)=V N NdL̇,is0 is0 im
3 (16)

⎜ ⎟= ⎛⎝ ⎞⎠N b d
dci0 1

re

im

1.8

(17)

=N b d
dis0 2

re

im (18)

The axial mixing flows under gassed conditions are assumed to be
proportional to the gassed and ungassed stirring powers, Pt and Pt0,
respectively. The gassed circulation and inter-stage volume flow rates
(VL̇,ci and VL̇,is, respectively) are estimated using Eqs. (19) and (20), as
proposed by Vasconcelos et al. [24]. Using the flow rates and liquid
cross-sectional area (1− ϕυ)A, the axial mixing velocities uci and uis are
calculated as described in Eqs. (21) and (22).

Fig. 3. Illustration of: (a) the dimensions of the example reactor, (b) the spatial dis-
cretization, shown with gas and liquid inlets and outlets.

Fig. 4. Modeling of axial mixing within the reactor. Each impeller creates an individual
circulation flow VL̇,ci around the impeller volume (stage). The liquid mixing between two
the stages is described with the inter-stage flow VL̇,is. The velocities uci and uis are cal-
culated from mixing flows. The countercurrent main flow velocities uG and uL are for the
gas and liquid, respectively.

Fig. 5. The calculation of the diffusion coefficient Γ in equation (9) for: (a) a node in the interior of the impeller stage, (b) a node at the bottom of the stage and (c) a node at the top of the
stage is presented with an example grid with three nodes per impeller stage.
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2.2. Modeling the gas-liquid mass transfer

The process of transporting gaseous substrates to the archaea cells
begins with the stirring-aided absorption of the gases into the bulk li-
quid. In the liquid, the absorbed gases are transported to the cellular
surfaces of the biomass by convection and diffusion. The gaseous pro-
duct of the reaction, CH4, is conversely desorbed from the liquid to the
gas phase. Transfer rates for gaseous H2, CO2, and CH4 to or from the
liquid phase (absorption and desorption) are governed by Eq. (23),
where the driving force for the transfer process is the difference be-
tween the saturation and the actual substrate concentration in the li-
quid (cl∗− cl). In the case of absorption, Sg has a positive value; in the
case of desorption, it is negative. For the liquid phase, the source term
Sg is multiplied with the liquid hold-up as in Eq. (24) because Sg is
depends on the reactor volume. The whole resistance for mass transfer
is factored into the volumetric mass transfer coefficient kL,ga for each
gaseous substrate.= −∗S k a c c( )g,i L,g,i i l,i l,i (23)= −S S ϕ(1 )l,i g,i υ,i (24)

The solubility (cl∗) is calculated with Eq. (25) using Henry’s coefficient,
Hg, the molar fraction of gas component, yg, and pressure, p. Solubility
is calculated by Henry’s law, as a function of pressure and temperature.
Henry’s coefficients (Hg) are calculated as presented in Sander [26],
where the tabulated values for H2, CO2, and CH4 can also be found. The
values used in this study are shown in Table 1. The reactor pressure (p)
in each node is the sum of reactor overhead pressure (pre) and the hy-
drostatic pressure (ph), as in Eq. (26).=∗c H y pl,i g g,i i (25)= +p p pi re h,i (26)

The volumetric gas-liquid mass transfer coefficient kL,ga is predicted
using the fundamental approach proposed by Garcia-Ochoa and Gomez
[25]. In this method, kL,ga can be estimated based on the reactor di-
mensions, the stirring system properties, and the operational condi-
tions. The model can be used for designing reactor systems where no
measured data are available, for example, for scaling-up applications.
The coefficients are calculated separately for each node based on the
local conditions.

The volumetric mass transfer coefficients (kL,g and a) are calculated
separately for H2, CO2, and CH4. The coefficient is separated into two
parameters, the mass transfer coefficient kL,g and the interfacial area a.
The mass transfer coefficient describes the mass transfer in the fluid
phase around the bubbles based on Higbie’s penetration theory and is
multiplied by the interfacial area a to give the total mass transfer
coefficient. Eq. (27) defines the mass transfer coefficient kL,g for each
gaseous component, which is based on the diffusion coefficient (Dg),
dissipated energy (ε), liquid density (ρL), and liquid viscosity (µL). For
biological methanation, the hydrodynamic properties of the liquid are
assumed to be the same as for water because the concentration of
biomass is typically below 15 g/L [15].

⎜ ⎟= ⎛⎝ ⎞⎠k
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Dissipated energy (ε) results from the stirring power, which is delivered
by the impellers to the liquid by turbulent dissipation. The energy is
calculated using Eq. (28), from the stirring power (Pt), liquid density
(ρL), reactor diameter (dre), reactor height (h), and number of equally
spaced impellers (nim).=ε P

ρ π d h
n

i
t,i

L 4
re2

im (28)

The stirring power (Pt) is affected by the total gas flow rate (VĠ) through
the reactor, which is the sum of the flow rates of H2, CO2, and CH4.
Increasing the flow rate decreases the viscous resistance and, in turn,
the stirring power. The gassed power is calculated with Eq. (29) using
the ungassed power (Pt0), stirring speed (N), and impeller diameter
(dim). Constants α and β have values of 0.783 and 0.459, respectively
[25]. If the reactor has multiple impellers, the stirring power is calcu-
lated separately for each one. Correlation is not applicable for very low
flow rates because the gassed power becomes larger than the ungassed
power. Therefore, the maximum gassed power is limited to that of the
ungassed power in this model.

= ⎛⎝⎜ ⎞⎠⎟P α P Nd
VĠ i

β

t,i
t0
2

im

,
0.56

(29)

The ungassed power (Pt0) is calculated with Eq. (30), using the power
number (Np), liquid density (ρL), stirring speed (N), and impeller dia-
meter (dim). The power number takes into account the detailed geo-
metry of the impeller. Impeller manufacturers usually provide the
power number. In this study, a traditional Rushton impeller with a
power number of 7.0 is assumed [27].=P N ρ N dt0 P L

3
im
5 (30)

The interfacial area (a), defined in Eq. (31), is a function of the average
bubble size (db) and the gas hold-up (ϕυ), both of which are dependent
on the reactor dimensions, physical properties of the fluids, and flow
characteristics. The bubble size (db) is calculated with Eq. (32) and
depends on the stirring power (Pt), reactor volume (V), number of
impellers (nim), liquid surface tension (σ), liquid density (ρL), and the
viscosities of the liquid and gas, µL and µG respectively. It is assumed
that bubble coalescence and breakup are fast, so the bubble size is set to
the average stable bubble size during all operational conditions. The
hold-up with viscous effects (ϕυ) is estimated with Eq. (33). Gas hold-up
(ϕυ) without viscous effects is calculated with Eq. (34), using the gas
superficial velocity (UG), stirring speed (N), impeller diameter (dim),
gravitational constant (g), surface tension (σ), and the densities of the
gas and liquid, ρG and ρL respectively.
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Table 1
Henry’s solubility coefficients Hg for H2, CO2, and CH4.

Hg [mol·m−3·bar−1]

H2 0.60
CO2 13.25
CH4 0.66

E. Inkeri et al. Applied Energy 209 (2018) 95–107

100



⎜ ⎟− = − ⎛⎝ ⎞⎠ϕ
ϕ

ϕ
ϕ

μ
μ1 1

υ,i

υ,i

i

i

L

G,i (33)

⎜ ⎟⎜ ⎟− = ⎛⎝ ⎞⎠ ⎛⎝ − ⎞⎠⎛⎝ ⎞⎠
−ϕ

ϕ
U N d

g
ρ
σ

ρ
ρ ρ

ρ
ρ1

0.819i

i

G,i
2/3 2/5

im
4/15

1/3
L

1/5
L

L G,i

L

G,i

1/15

(34)

Superficial velocity (UG) is calculated with Eq. (35) using the gas mass
flow rate (ṁG), reactor cross-sectional area (A), and gas density (ρG).
The gas density is calculated with a weighted average using the ideal
gas law at a reactor temperature (T) and pressure (p).=U m

ρ A
̇

G,i
G,i

G,i (35)

2.3. Modeling biological reaction kinetics

In Eq. (2), the reaction source term (rl) describes the production or
consumption of a component. Hydrogen, carbon dioxide, and ammonia
are consumed by the reaction, while methane, biomass, and water are
produced. Since the liquid flow is kept constant in the model, the am-
monia and water flows are neglected as they appear only in the liquid
phase and are not of interest in this study. However, the NH3 and H2O
reactions are calculated in order to maintain mass balances.

The model for biological reaction kinetics is based on Schill et al.
[15]. Methanation of CO2 and H2 to CH4 is a result of growth of ar-
chaeon Methanobacterium thermoautotrophicum. The general reaction is
presented in Eq. (36). The coefficients (1.68, 0.39, and 0.24 for H, O,
and N, respectively) in Eq. (36) describe the elemental composition of
the biomass. The maintenance reaction described in Eq. (37) does not
produce biomass but consumes H2 and is beneficial in the calculation of
the CH4 yield. Subscripts for the various components are presented in
Table 2.+ + → + +Y Y Y Y YH CO NH CH O N CH H O2 C/D 2 N/D 3 X/D 1.68 0.39 0.24 P/D 4 W/D 2

(36)+ → +4H CO CH 2H O2 2 4 2 (37)

The constants Y in Table 3 describe the stoichiometric consumption and
yield of substances. Values for yield constants are computed based on
the measured biomass yield YX/D, which had a value of 0.019 molX/
molD in the study of Schill et al. [15], and the elemental composition of
the biomass. Other biomass-related constants include the saturation
constant kD, maximum growth rate of biomass µmax, and maintenance
constant mX. Experimental values from Schill et al. [15] are used in this
case. For a more accurate model, these constants should be measured
empirically and changed to match the specific culture of archaea used.

All production and consumption terms are related to the H2 con-
sumption rate rD, calculated using Eq. (38) based on maximum H2

consumption qmax, H2 concentration cD, biomass concentration cX, and
inhibition factors IC and ID for CO2 and H2 respectively. The maximum
consumption of H2 is determined with Eq. (39), where µmax is the
maximum growth rate of biomass, YX/D is the biomass yield, and mX is
the maintenance constant. The production and consumption of other
substances are presented in Eqs. (40)–(44). The reaction is exothermic
and the heat produced is calculated with Eq. (45) based on the en-
thalpies of formation ΔH°, listed in Table 4.= +r q c

c k
c ID,i

max D,i

D,i D
X,i C,i

(38)

= +q μ Y m
Y

max
max

X/D X

X/D (39)= −r Y r m c I I( )X,i X/D D,i X X,i C,i D,i (40)

= −⎡⎣ + ⎛⎝ − ⎞⎠ ⎤⎦r Y r Y m c I I1
4C,i C/D D,i C/D X X,i C,i D,i

(41)

= + ⎛⎝ − ⎞⎠r Y r Y m c I I1
4P,i P/D D,i P/D X X,i C,i D,i (42)= − −r Y r m c I I( )N,i N/D D,i X X,i C,i D,i (43)

= + ⎛⎝ − ⎞⎠r Y r Y m c I I1
2W,i W/D D,i W/D X X,i C,i D,i (44)

= − − + ⎛⎝ −⎛⎝ − ⎞⎠ ⎞⎠° ° ° ° °r r H Y H Y H m c Y H Y H(Δ Δ ) Δ 1
4

ΔQ,i D,i D X/D X P/D P X X,i X/D X P/D P

(45)

The biomass growth and CH4 production decrease if there is less than a
stoichiometric amount of a reactant substance (H2 or CO2) dissolved in
the liquid. Reactions will eventually stop if the substance concentration
approaches zero. In addition, the maintenance reaction for the biomass
requires dissolved H2 and CO2. Eqs. (46) and (47) define the additional
factors ID and IC that limit the reactions when H2 or CO2 are lacking.= + −I 1

1 c

D,i 10 3

D,i (46)= + −I 1
1 c

C,i 10 3

C,i (47)

3. Model validation and sensitivity analysis

The model can be used to study the effects of parameters such as the
liquid feed rate, stirring power, number of impellers, reactor pressure,
dimensions, and input gas flow for various compositions. The results
can also be obtained along the reactor height in order to study the ef-
fects of the vertical distribution on each variable.

Validation of the model was done by comparing model predictions
with measured values from the literature, as presented by Schill et al.
[15], Seifert et al. [16], and Martin et al. [17], for three reactors. Inputs
to the model are published values, and assumptions are made for
missing information. The dimensions of the reactor setups are presented
in Table 5, where the assumed values are denoted by an asterisk. In the
experimental studies, the performance of the reactors was investigated
by varying the parameters of liquid feed rate, inflow rate, reactor
pressure, and number of impellers. The same tests were performed with
the model developed in this study. The calculation grid was constructed
so that there are five nodes for each impeller. The assumed impeller
type is Rushton with a power number Np of 7.0 for all setups.

3.1. Effects of the liquid feed rate

Fig. 6 presents the model prediction for the biomass concentration
together with the experimental results from Schill et al. [15]. The model
tends to generate results similar to those in the experiments; however,
some small discrepancies can be observed. Because the parameters re-
lated to the reaction kinetics of this model are based on the measure-
ments given by Schill et al. [15], the differences between the model and
the experiment are mainly due to the modeling of the axial mixing, gas-
liquid mass transfer, and unsteady operation during the experiments.
Despite the small differences, the simulations produce trends similar to

Table 2
Subscript indexes for components.

Component Subscript

H2 D
CO2 C
CH4 P
NH3 N
H2O W
Biomass X
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those observed in the experiments, and the modeling approach appears
to be appropriate.

3.2. Effects of the gas inflow rate

The effects of variation in the gas inflow rate was studied in all three
experiments [15–17]. The gas inflow rate ranges from 0.1 vvm to
1.0 vvm. The model prediction for CH4 production as a function of the
total inflow rate is presented in Fig. 7 together with the experimental
values. When the inflow is increased, the model tends to under-predict
the decrease in CH4 production. Even though the trends for CH4 pro-
duction are the same in the modeled and measured results, there are

large differences in the degree of change. The increase in CH4 pro-
duction is non-linear because H2 conversion efficiency decreases with
high flow rates due to diminished gas-liquid mass transfer. Therefore, a
larger fraction of the H2 feed passes directly through the reactor.

3.3. Effects of reactor pressure

Seifert et al. [16] and Martin et al. [17] studied the effects of reactor
pressure on CH4 production and H2 conversion efficiency. The model’s
prediction of CH4 production is compared to the experimental values in
Fig. 8. As observed in the experiments, the model estimates a higher
CH4 production with elevated pressure, but the modeled estimates are
clearly lower than those determined experimentally. The increase in
CH4 production due to the increased pressure and inflow rates can be
seen in both the model and the experimental measurements. Increases
in pressure increase the solubility of H2, enhancing its absorption and
thereby improving the performance of the reactor. The higher pressure
also increases the density of the gas, which could also have a positive
effect on the volumetric mass transfer coefficient kL,ga.

3.4. Effects of the number of impellers

Seifert et al. [16] tested the mass transfer limitations of the biolo-
gical reaction using one and three impellers. The active volume of the
reactor was increased from 3.5 to 5.0 liters, while the other operational
conditions and gas inflow rates were kept constant. A comparison of the
model prediction and the experimental values is presented in Fig. 9.

The model predicts that both the one-impeller and three-impeller
reactors increase CH4 production with an increased inflow rate; only
the level of production is different. The model’s results might be overly
positive for the one-impeller setup because flooding with large flow
rates is not taken into account. If the gas inflow rate is too high, coa-
lescing bubbles can form large cavities around the impeller blades,
reducing the stirring power significantly. With a lower power, less en-
ergy is dissipated to the liquid and the mass transfer decreases.

3.5. Dynamic operation

The dynamics predicted by the model are compared with experi-
mental results by Seifert et al. [16] in Fig. 10. The rate of CH4 pro-
duction rP is proportional to the pressure of the reactor in both the
experiment and model. As Seifert et al. [16] found out, gas-liquid mass
transfer is limiting the reaction. Therefore, rapid increases in pressure
also cause a rapid increase of CH4 production by enhancing the H2

absorption. Biological reactions could consume more H2 than is avail-
able. The overall level of the CH4 production is clearly lower in the

Table 3
(C)-molar yield coefficients [(C)-mol/(C)-mol] and parameters related to growth of bio-
mass (archaea) [15].

YX/D 0.019 (C)-molX/(C)-molD

YN/D 0.00456 (C)-molN/(C)-molD
YC/D 0.259 (C)-molC/(C)-molD
YP/D 0.24 (C)-molP/(C)-molD
YW/D 0.511 (C)-molW/(C)-molD
kD 5.6 µmol·L−1

µmax 0.361 (± 0.011) h−1

mX 1.67 (± 0.46) (C)-mol·C-mol−1·h−1

Table 4
Enthalpies of formation related to heat production during the me-
thanation reaction.

Enthalpy of formation kJ·(C)-mol−1

ΔH°
D 285

ΔH°
P 892

ΔH°
X 458

Table 5
Description of the modeled reactors used for validation. * denotes assumed values.

Vtot [L] V [L] h:dre [–] dim [m] N [rpm] nim [–] T [°C]

Schill
et al.

2.0 1.45–1.55 2:1* 0.070* 1000 1 60

Seifert
et al.

10.0 3.5–5.0 2:1* 0.060* 1500 1, 3 65

Martin
et al.

7.5* 3.0–3.5 2:1* 0.060 700 4 60

Fig. 6. Comparison of the model prediction for biomass concentration cX as a function of
the liquid feed rate DL with the measurements by Schill et al. [15], for three inflow rates
VĠ.

Fig. 7. Model prediction of the CH4 production rP compared to the measurements from
experimental studies by Schill et al. [15], Seifert et al. [16], and Martin et al. [17].
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model, which was previously observed (see Fig. 8).

3.6. Sensitivity analysis

Because several phenomena are modeled in this study and detailed
information for all parameters in the experimental studies [15–17] was
not available, a sensitivity analysis was performed to quantify the un-
certainty of the results related to the missing and assumed parameters.
Parameters for analysis were chosen so that reactor geometry, axial
mixing, gas-liquid mass transfer, and biological reactions are con-
sidered. A one-at-a-time method was used, whereby one parameter is
varied repeatedly while others are fixed. This method gives a simple
way to obtain a ranking of the sensitivity of different parameters, as
stated by Hamby [28]. The results are plotted as the change in CH4

production rP as a function of the change in a given parameter.
The first parameters tested are related to reactor geometry and gas-

liquid mass transfer. The reactor setup of Schill et al. [15] was used, for
which the dimensions are presented in Table 5. The gas inflow rate VĠ,in
was set to 0.5 vvm and liquid feed rate DL was 0.2 1/h. The impeller
diameter dim has a strong effect on the dissipating energy ε, which is a
key parameter for the level of gas-liquid mass transfer. As presented in
Fig. 11, the impeller diameter has a substantial effect on reactor per-
formance and the model is very sensitive to variations in the impeller
diameter. In addition, the diameter of the reactor dre affects to the gas
superficial velocity UG. As the reactor diameter is varied, the height of
the reactor h is changed respectively to maintain a constant reactor
volume V. The maximum impeller diameter and minimum reactor
diameter are limited to +50% and −20%, respectively, in order to
prevent the impeller diameter from exceeding that of the reactor. As
presented in Fig. 11, the reactor diameter also has a large effect on CH4

production due to its significant impact on the gas-liquid mass transfer
process.

Fig. 8. Comparison of the model’s prediction and mea-
surements by Seifert et al. [16] and Martin et al. [17] for
CH4 production rP with two different reactor pressures
p.

Fig. 9. Comparison of the model’s prediction and the measurements by Seifert et al. [16]
for CH4 production rP as a function of total gas inflow rateVĠ with one-impeller and three-
impeller reactors.

Fig. 10. Comparison of model prediction and experimental results by Seifert et al. [16] of
dynamic operation of the reactor. Reactor pressure p was increased from 1 to 2 bar during
about 30 min after 5 h of operation.

Fig. 11. Sensitivity analysis of the impeller diameter dim and reactor diameter dre. Both of
these parameters have a strong effect on the reactor performance in CH4 production rP.
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In the model, all parameters related to biomass kinetics are taken
from measurements calculated by Schill et al. [15]. This causes un-
certainties regarding setups that utilize different archaea cultures. A
sensitivity analysis was performed for the hydrogen saturation constant
kD, maximum biomass growth rate µmax, and maintenance constant mX.
The reactor setup of Schill et al. [15] was used. The gas inflow rate VG,in
and the liquid feed rate DL were set to 0.5 vvm and 0.2 h−1, respec-
tively. Fig. 12 presents the results of the sensitivity analyses for these
parameters. It is clear that the parameters tested have only a minor
effect on the reactor performance, except if the maximum biomass
growth rate is very low compared to the liquid feed rate, which causes
biomass to vanish, stopping the reaction. If the reactor operates without
liquid recycling, it is important to keep the liquid feed rate low enough
to maintain the biomass in the reactor.

Modelling of axial mixing requires two semi-empirical constants, b1
and b2 in Eqs. (17) and (18), respectively. In order to test the model’s
sensitivity toward these parameters, a reactor setup with four impellers
by Martin et al. [17] was simulated, and the values of the constants
were varied. The gas inflow rate VG,in liquid feed rate DL was set to
0.5 vvm and 0.2 h−1, respectively. Each constant had a negligible ef-
fect, less than a 0.5% change in CH4 production rP over all the values
tested (Fig. 13).

In summary, the sensitivity of the model is greatest toward para-
meters related to gas-liquid mass transfer because it is the limiting
factor of the process. Therefore, it should be prioritized in models of
this type. However, in order to provide a comprehensive analysis, the
sensitivity of the model should also be studied for dynamic operation by
taking the variability of each parameter into account. In addition, the
effect of biomass concentration requires further research, as changes
occur on a significantly slower time scale than that of gas-liquid mass
transfer.

4. Results

4.1. Scale-up

Because the model is intended to predict performance in long term
energy storage applications, the reactor must be larger than laboratory-
scale. The size of the reactor can be estimated based on H2 input from
water electrolysis. The maximum electricity power input to the elec-
trolyzer can be used as a measure of scale for the biological methana-
tion reactor. There are currently at least three orders of megawatt
electrolyzers operating either for research or commercial purposes: 1.0
MWe in the BioCat project in Denmark [19], 6.0 MWe in the Audi e-gas
facility in Germany [1], and the 9.0MWe Woikoski plant in Finland
[29]. In the BioCat project, the hydrogen produced is used in a biolo-
gical methanation reactor (CSTR). The Audi e-gas project utilizes a
conventional chemical methanation reactor. At the Woikoski plant, the
hydrogen and oxygen produced are sold for industrial uses.

The dimensions at the one-megawatt scale are approximately based
on published data from the BioCat-project [19,20]. The height and
diameter of the reactor are assumed to be 10 m and 1 m respectively. As
the reactor diameter is very small relative to the height, the reactor is

assumed to have multiple impellers. The diameter of the impeller is
assumed to be half (0.5 m) that of the reactor diameter. According to
Gogate et al. [30], multiple impellers behave independently if the axial
distance between them is over two times the impeller diameter. If the
spacing of the impellers is assumed to be 2·dre, in this case 1 m, there
are ten impellers in total for the one-megawatt scale reactor. The re-
actor dimensions (Table 6) at larger scales (6.0 and 9.0MW) were
chosen so that a steady superficial velocity is maintained, as proposed
by Nauha et al. [31]. In addition, the aspect ratio of the reactor is un-
changed. Liquid outflow removes a small part of the absorbed gases;
therefore, 1% excess biogas was used in the model to avoid insufficient
amounts of CO2 at the top of the reactor. Values for the liquid feed DL

rate and liquid recycle constant λ were set to 0.05 h−1 and 0.75, re-
spectively. The value of 7.0 was used for impeller power number Np.

Steady-state results for 1.0, 6.0, and 9.0 MWe reactors are presented
in Table 6. All the reactors can produce gas with a CH4 content of over
98 vol%. The stirring speed was adjusted so that sufficient H2 conver-
sion was achieved. As the diameter of the impellers increase with scale
(0.5, 1.2, and 1.5m), the convenient stirring speed decreases (110, 40,
and 30 rpm). The stirring power increases with the size of the reactor,
but at a rate below that of the increase in CH4 production. This might be
due to a higher hydrostatic pressure, which enhances the gas-liquid
mass transfer rate. In all cases, the stirring power is 0.7–1.1% of the
input power of the electrolyze and decreases with increasing reactor
size. However, mechanical limitations might prove problematic for very
large or tall reactors. Furthermore, the radial gradients might not be
negligible in reactors with larger diameters, which may prevent proper
gas-liquid mass transfer. This stirring power is very low compared to
those published by Savvas et al. [9], who estimated a stirring power of
7–90% of the energy of the CH4 produced in a laboratory-scale reactor.
The methanation reaction also produces a heat flux Q at roughly 16% of
the power of the electrolyzer, and the reactor requires cooling to
maintain the operational temperature of about 60–65 °C. The waste
heat could be utilized in low-temperature applications, such as heating
anaerobic digesters or local buildings.

The overall efficiency of a PtG-plant is calculated by the electricity
consumed and methane produced. The electrical power Pael consumed
by alkaline water electrolysis is calculated with Eq. (48), where ηael is
the electrolysis efficiency, LHVH2 is the lower heat value of H2, and ṁH2

is the input H2 mass flow rate. The overall efficiency is then defined

Fig. 12. Sensitivity analyses for biological constants:
saturation of H2 consumption kD, maintenance con-
stant mX, and maximum biomass growth µmax.

Fig. 13. Sensitivity analysis for constants used in calculation of axial mixing.
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Table 6
Modeled results for scaled-up reactors with ten impellers. The ratios between the impeller diameter, reactor diameter, and reactor height have a constant value of 1:2:10 for all setups.

Pael [MWe] V [m3] dre [m] h [m] dim [m] N [rpm] Pt [kW] CH4,out [%] CH4,Prod [Nm3/h] Q [MW] ηtot [%]

1.0 8 1.0 10.0 0.5 110 11 98.6 56 0.16 51.2
6.0 115 2.4 24.5 1.2 40 56 98.9 337 0.97 51.6
9.0 212 3.0 30.0 1.5 30 65 98.2 508 1.46 51.9

Fig. 14. Scale-up results as a function of the vertical
position inside the reactor. Taller reactors have smaller
kL,H2a, but a larger solubility for H2 due to the large
hydrostatic pressure.
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with Eq. (49), where ṁCH4,prod is the mass flow of the produced CH4,
Pael is the electrical input to the electrolysis, Pt is the power con-
sumption of stirring, and LHVCH4 is the lower heating value of methane.
Values for LHVH2, LHVCH4, and ηael are assumed to be 119.95MJ/kg,
50MJ/kg, and 65%, respectively. Over 50% efficiency was achieved in
all cases.=P m

η
̇ LHV

ael
H2,in H2

ael (48)

= +η
m

P P
̇ LHV

tot
CH4,prod CH4

ael t (49)

4.2. Effects of reactor height on the reactor performance

In order to study the operation of the reactor in more detail, the
model results were produced as a function of the vertical position inside
the reactor. These profiles can give more information about the influ-
ence of the reactor height on the performance. Fig. 14 presents the
model results for the volumetric mass transfer coefficient for H2, mean
bubble size, gas hold-up, and H2 solubility for steady-state operation of
1.0, 6.0, and 9.0 MWe reactors with a liquid feed rate of 0.1 L/h.

The overall performance in terms of H2 conversion efficiency was
largely unchanged among the reactors, but some differences were ob-
served in the details. It can be seen that kL,H2a decreases for larger re-
actors; this is due to the increasing bubble size db and the decreasing
hold-up ϕυ. The decrease in the hold-up value for the 9.0MWe reactor is
significantly smaller than for the 6.0 MWe reactor. However, a higher
hydrostatic pressure increases the solubility of H2 in taller reactors,
compensating for the smaller kL,H2a value.

Gas hold-up is more significant at the bottom of the reactor in all
cases, mainly due to the low density of hydrogen and the corresponding
large volume of the flow rate. As the hydrogen is absorbed and con-
verted to the denser CH4 toward the top of the reactor, the total volume
flow rate decreases. There is a less significant difference in the average
bubble size, as it is only slightly larger at the bottom of the reactor than
at the top. Since the volumetric mass transfer coefficient is a function of
hold-up and bubble size, higher values are obtained at the bottom of the
reactor.

4.3. Dynamic operation

Since the model has been developed for engineering applications, it
is important that it can be used to study the dynamic operation of the
reactor. As the reactor should operate as part of a PtG plant, practical
and efficient control logic must be developed. It is important to study
the effects of load changes and off-design conditions or malfunctions
that can disturb normal operations.

For the presented 1MWe reactor setup, simple load change, start-up
and shut-down of the methanation is presented in Fig. 15. At first, the
reactor is operated at a full load for 10min, then gas inputs are reduced
to 40% of the original. After another 10min, the gas inflow is increased
to the full load. After 10min of a full load operation, the gas input is
shut down for another 10min. After that, the gas inflow is increased,
first to 80% for 10min and then to 100% for the rest of the simulation.

The spikes in the gas outflow might be due to the rapid desorption
or the inability of the reaction to adapt fast enough to absorb and
consume all the input hydrogen. The CH4 content of the outflow gas
does not remain above the desired 95% level. After a load change, the
reactor reaches a stable operation in less than 10min. A more stable
operation and higher CH4 content might be achieved with intelligent
control logics and buffer storages.

5. Conclusions

The aim of this work was to develop a model that can be used to

study the operation and performance of various biological methanation
reactor setups. The most central and novel contribution of this work is
the fundamental approach to dynamic modeling of gas-liquid mass
transfer based on local conditions in a tall vertical reactor. The model
can be used to study dynamic operation, feasibility, or life-cycle ana-
lysis of commercial scale bioreactors by providing either detailed in-
formation of single reactor performance or general values like stirring
power for different reactor designs.

The dynamic model developed in this work combines the prediction
of the volumetric mass transfer coefficient with the growth kinetics of
methanogenic archaea and modeling of reactor hydrodynamics. The
model constants related to biological reactions are based on experi-
mental values reported in the literature and can be adjusted for other
archaea cultures by using culture-specific constants.

The model was validated based on publicly available measurement
data for different operational conditions. The validation results showed
that the model is capable of qualitatively representing the operation of
a biological methanation reactor when different operational para-
meters, like the gas inflow rate, reactor pressure, and liquid feed rate,
are changed. However, the absolute values of the model results differ
from experimental values due to missing input data regarding the ex-
periments and simplifications in the model.

A sensitivity analysis was performed for critical parameters to

Fig. 15. Gas outflow and CH4 content during the inflow change, shut-down, and start-up.
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illustrate their effect on the results. The model does not appear sensitive
to parameters related to biological reactions, because the H2 avail-
ability (gas-liquid mass transfer) is the limiting step for the reaction.
The model was very sensitive to the impeller and reactor diameter,
which significantly affects the mass transfer rate and the overall per-
formance.

The model was used for analysis of the dynamic operation and of
scale-up. The scale-up analysis showed that over 98% of the hydrogen
produced from 1.0, 6.0, and 9.0MWe water electrolyzers could be
converted to methane in a reactor with ten impellers in series and with
stirring speeds of 110, 40, and 30 rpm, respectively. The stirring power
is only 0.72–1.1% of the electrolyzer input power. The stirring demand
is also relatively low for larger reactors due to higher hydrostatic
pressure. The overall efficiency from electricity to methane was above
50% in all cases. The low-temperature waste heat from the reactor
cooling could provide some additional profits.

The dynamic operation was studied by analysis of the effects of load
change, shut-down, and start-up. The reactor performed well in re-
sponse to these changes in operating conditions, but effective control
logics or buffer storage solutions are necessary to keep the produced gas
CH4 content over 95 vol% throughout.

A more detailed model would take into account the effects of
foaming, pH changes, and contaminants, which can influence the gas-
liquid mass transfer and disturb the biomass growth. These complex
phenomena are, however, beyond the scope of this study, and their
assessment would require detailed information on the specific archaea
culture.
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Abstract: The demand for carbon capture is increasing over time due to rising CO2 levels in the
atmosphere. Even though fossil emission could be decreased or even eliminated, there is a need to
start removing CO2 from the atmosphere. The removed CO2 could be either stored permanently
to a reservoir (CCS, Carbon Capture and Storage) or utilized as a raw material in a long-lasting
product (CCU, Carbon Capture and Utilization). The capture of CO2 could be done by direct air
capture, or capturing CO2 from biogenic sources. Amine absorption is the state-of-the-art method to
capture CO2, but it has some drawbacks: toxicity, high heat demand, and sorbent sensitivity towards
impurities such as sulfur compounds and degradation in cyclic operation. Another potential solvent
for CO2 could be water, which is easily available and safe to use in many applications. The problem
with water is the poorer solubility of CO2, compared with amines, which leads to larger required
flow rates. This study analyzed the technical feasibility of water absorption in a counterflow bubble
column reactor. A dynamic, one-dimensional multiphase model was developed. The gas phase
was modeled with plug flow assumption, and the liquid phase was treated as axially dispersed
plug flow. CO2 capture efficiency, produced CO2 mass flow rate, and the product gas CO2 content
were estimated as a function of inlet gas and liquid flow rate. In addition, the energy consumption
per produced CO2-tonne was calculated. The CO2 capture efficiency was improved by increasing
the liquid flow rate, while the CO2 content in product gas was decreased. For some of the studied
liquid flow rates, an optimum gas flow rate was found to minimize the specific energy consumption.
Further research is required to study the integration and dynamical operation of the system in a
realistic operation environment.

Keywords: CCU; CCS; bubble column; model; one-dimensional

1. Introduction

Carbon dioxide capture technologies have received increasing attention especially in sectors
that are difficult to decarbonize (cement, steel, aviation, and shipping) and also as a source of
carbon for different CO2 Capture and Utilization (CCU) routes [1]. In CCU, CO2 is used as a raw
material to synthesize or construct new long-lasting products, so that CO2 emissions are avoided.
Carbon capture technologies are also an essential part of negative emission technologies, namely Direct
Air Capture (DAC) of CO2 [2] and bioenergy combined with CO2 Capture and Storage (BECCS) [3].
Chemical absorption with amine-based solutions is one of the most mature solutions for CO2 capture,
which has been applied e.g., in the first large-scale Carbon Capture and Storage (CSS) plant in Boundary
Dam coal power station [4]; however, amine-based CO2 capture has several challenges like the
toxicity of sorbent, high heat demand for sorbent regeneration, sensitivity towards impurities, and
degradation [5]. In addition, production of monoethanolamine (MEA) sorbents from ammonia causes
CO2 emissions, if ammonia is based on natural gas as the case is mainly today [6].
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An alternative solvent for amines is water, which is cheaper, non-toxic, and more tolerant to
impurities. Water scrubbing is well known and largely used technology for removing CO2 and H2S
from biogas (biogas upgrading) [7,8], but in these solutions CO2 is not traditionally captured but
vented to the atmosphere along the stripping air. Additional capture step must be added in order to
utilize or store CO2. One proposed CO2 capture technology concept using water as a sorbent was
pre-evaluated by Teir et al., in the Finnish national CCSP (Carbon Capture and Storage Program)
project [9]. The energy consumption of the process was reported to be roughly similar to standard
MEA-process from literature, 0.4 kWh/kgCO2 , while the capture efficiency reached 90%, and the purity
of product gas was over 90%. Pressure swing was used to regenerate the water and obtain high purity
CO2. In comparison, a temperature swing was used for regeneration in typical amine-based process,
which requires heat. Pressure swing could be an advantage in future, as it requires only electricity
instead of heat, which could enhance electrification (and decarbonization) in future renewable energy
based systems. In addition, public acceptance could be achieved easier with water based process, as it
does not require any chemicals. The major drawback in physisorption of CO2 in water compared to
chemisorption in amine solutions is lower solubility of CO2 in water, which decreases the capture
capacity, thus increases the size of the capture plant. Also, heat generation by pumping must be
removed from the circulating water.

To the author’s knowledge, there is no other published literature regarding carbon capture with
pure water as a solvent, except the work by Teir et al. [10]. As a laboratory scale study, Al-Hindi and
Azizi [11] have measured the absorption and desorption coefficients for CO2 in a water bubble column,
finding that the absorption coefficient was always larger than the desorption coefficient.

However, there are many studies concerning biogas upgrading by pressure swing absorption,
with water as an absorbent. A comprehensive review was done by Ullah Khan et al. [12].
The absorption process in rather similar to this paper, as CO2 is absorbed into water in a column with
counter current flow, so similar modeling procedures can be used. The desorption process is different,
thus the same models do not apply.

Event though the water scrubbing is the most common method for biogas upgrading in the
world [13], the number of published numerical models are very limited, as stated by Wylock and
Budzianowski [14]. Many published studies utilize Aspen for modeling [13,15,16], or some simplified
zero-dimensional mass balance model [17]. The most comprehensive one-dimensional model is
presented by Wylock and Budzianowski [14], and it was successfully utilized to estimate proper sizing
for the components and the performance in steady state. This paper contributes to the research by
initiating the development of dynamic model that could be utilized for performance estimation in
intermittent operating conditions of CCU processes.

In this paper, the suitability of a bubble column reactor for capturing CO2 was studied, with water
as a solvent. The objective of the study was to develop a simple model that can predict the basic trends
of hydrodynamics and gas–liquid mass transfer in a bubble column reactor. The prediction of the
model was compared to experimental values from the literature. In addition, a scale-up analysis was
carried out. Further on, the proposed model could be extended and utilized to design and study the
dynamic operation of the whole process, and the integration to other related processes.

2. Materials and Methods

The bubble column reactor concept consists of countercurrent gas and water flows. The gas inlet is
at the bottom of the reactor, and the liquid inlet is at the top. Part of CO2 from the inlet gas is absorbed
into water. The solubility of CO2 is increased with increasing pressure and decreasing temperature
of the water. From the bubble column reactor, water and absorbed gas components are fed to the
regeneration step, after which the water is recycled back to the bubble column.

Regeneration separates part of the absorbed gases to the product gas, and the rest of the absorbed
gases are circulated back to the reactor. The regeneration is done by lowering the solubility of CO2 by
decreasing water pressure and/or increasing water temperature. The efficiency of the regeneration is a
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function of temperature and pressure of the regeneration step. However, in this study, the regeneration
step was modeled only with one parameter, regeneration efficiency. A pressure swing was assumed to
be used as a regeneration method, while the temperature of the water was kept constant.

The energy consumption of the system consists of power demand of pumping of water from
lower pressure of regeneration to higher pressure of reactor, compression of gases to bubble column
reactor, and cooling of circulating water. The heat produced by the pump must be removed in order to
keep water temperature constant. It was assumed that enough cold water was available from lake,
river, or sea, so that the energy demand for cooling can be neglected.

It was assumed that the liquid level was maintained constant. The liquid phase consists of
pure water and absorbed gas components. It was assumed that there was no water loss in the
system. The gas phase was a composition of carbon dioxide (CO2), oxygen (O2), and nitrogen (N2).
These components were chosen as they can represent many potential sources that contain CO2, like air
or flue gases. The illustration of the reactor is presented in Figure 1.

Bubble 
column

Regeneration

Product gas 

Gas outlet

Gas inlet

Water circulation

Figure 1. Illustration of the studied bubble column reactor.

Concentration differences in the radial direction are neglected. Therefore, a one-dimensional
model was used, which enables estimation of concentration profiles along the reactor length,
with varying hydrostatic pressure. A plug flow was assumed for the gas phase. In the liquid phase,
mixing in the axial direction was modeled with an axial dispersion coefficient.

The interaction between the phases was modeled with local gas volume fraction, which was
obtained from semi-empirical correlations. As a result, the velocities of the phases were also defined
by the volume fraction. As a summary, the main model assumptions were: no radial gradients, only
convective transport for gas phase (plug flow), convective and dispersive transport in the liquid phase,
constant temperature, variable gas volume fraction along with the reactor height, and variable gas
density (effect of hydrostatic pressure).

2.1. Mass Balance

The reactor was modeled as in the work of Li et al. [18], as plug flow with axial dispersion in the
liquid phase and plug flow in the gas phase. Time-dependent mass balances were calculated separately
for each gas and liquid components (CO2, O2 and N2) with Equations (1) and (2), where Cg and Cl are
the concentrations of each component in gas and liquid phases, εG and εL are volume fractions of gas
and liquid phases, DL is the axial dispersion coefficient, and S is the absorption term. The equations
are discretized to a one-dimensional domain with a finite difference method. The number of nodes
was ten. The first order upwind method was used for convection terms. The second order central
difference method was used for dispersion term. The product of concentrations C and volume fraction
ε determines the concentration in respect to the reactor volume. Danckwert’s boundary conditions
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were used for the liquid phase at the inlet, and mass flow inlet was used for the gas phase. At the
outlet, a zero gradient was used for both phases.

d(εGCg)

dt
=

d(ugεGCg)

dz
− S (1)

d(εLCl)

dt
=

d(uLεLCl)

dz
+

d
dz

(
DL

d(εLCl)

dz

)
+ S (2)

The physical nature of the gas–liquid mass transfer is complicated; therefore empirical or
semi-empirical correlations are often used for modeling. Correlations are typically valid for
certain geometries and limited operating conditions. In this study, the source term for absorption
(and desorption) was calculated by volumetric mass transfer coefficient kLa, and the concentration
difference to the saturation concentration ygc∗ of each component, as in earlier work by Inkeri et al. [19].
The saturation concentration was defined by Henry’s coefficients as a function of pressure and
temperature, while the coefficients were obtained from the work of Sander [20]. The effect of partial
pressure was taken into account by multiplying the saturation concentration with the molar fraction of
each component yg, as presented in Equation (3).

S = kLa
(
ygC∗ − Cg

)
(3)

2.2. Gas Hold-Up

The essential part of multiphase systems is the volume fraction of each phase. A local value was
calculated for each node. Volume fraction also defines the velocities of the phases, as the phase-related
cross-sectional area is determined by the volume fraction. A simple correlation by Joshi and Sharma [21]
was used, in the form of

εG =
Ug

0.3 + 2Ug
, Ug > 0.05 m/s (4)

2.3. Bubble Diameter

The average bubble diameter was estimated with Equation (6), as proposed by [21], where V is
reactor volume and σ is the surface tension of the liquid. The required gassed power PG was calculated
with Equation (5), where p and ph are overhead and hydrostatic pressure.

PG = qV,G,in (p + ph) ln
(

p + ph
p

)
(5)

db = 4.15
σ0.6

PG
V ρ0.2

ε0.5
G + 9 · 10−4 (6)

2.4. Mass Transfer Coefficient

The liquid side mass transfer is based on Higbie’s penetration theory [21]. Contact time was
estimated with bubble diameter db, gas hold-up εG, and gas superficial velocity UG. Coefficient was
calculated separately for each gas component by Equation (7). Contact time tb is predicted with
Equation (8).

kL,g = 2
(

Dg

π · tb

)0.5
(7)

tb =
dbεG

UG
(8)
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2.5. Volumetric Mass Transfer Coefficient

In order to get the overall value of kLa, the interfacial area a was estimated with Equation (9) [21].

a =
6εG

db
(9)

2.6. Hydrodynamics

The hydrodynamics of the system were modeled with the gas and liquid velocities uG and uL,
and dispersion coefficient DL for the liquid phase. The velocity of each phase is calculated with volume
flow rate qV , hold-up ε and cross-sectional area A, as in Equation (10).

The backmixing in the liquid phase was modeled with axial dispersion. The local dispersion
coefficient DL was calculated by correlation from study of Kawase and Moo-Young [22],
with Equation (11), where dr is the diameter of the reactor, g is gravitational constant and Ug is
the superficial velocity of the gas phase.

As the hydrostatic pressure of the water column might be significant compared to overhead
pressure, the local total pressure was calculated with Equation (12), where p is the overhead pressure
of the reactor, ρL is water density, z is the local depth of the water column and εG is the gas hold-up.
Gas density was calculated by the total pressure ptot.

u =
qV

εG A
(10)

DL = 0.343d4/3
r (gUG)

1/3 (11)

ptot = p + ρLgzεG (12)

2.7. Energy Consumption

An important part of the process design is the energy consumption of the system. In this case,
power was required for pumping the liquid in the system and compressing gas into the reactor.
It was assumed that the pressure of the liquid flow was decreased to 1.0 bar at the regeneration step.
Therefore, the liquid must be pumped to the reactor overhead pressure, 5.0 bar. Pumping power was
calculated as

Ppump = qV,L∆p (13)

where qV,L is the volume flow rate of water, and ∆p is the pressure increase over the pump.
Inlet gas must be compressed at the same pressure as the liquid at the bottom of the reactor,

which is the overhead pressure and hydrostatic pressure combined. Compression power was
calculated as

Pcomp = qm,Gcp,G(TG,out − TG,in) (14)

where qm,G is the mass flow rate of gas, cp,G is the specific heat capacity of the gas, and TG is the
temperature of the gas.

The compressor outlet temperature TG,out was obtained from polytropic compression.
The efficiency ηcomp of the compression was assumed to be 85%. The outlet temperature T2 was
calculated as

TG,out = TG,in

(
ptot

pin

) RG
ηcompcp,G

(15)

where RG is the gas constant, ptot is the pressure at the bottom of the reactor and pin is the inlet
pressure, 1 bar.

In addition, pumping heats the liquid, which should be removed. It was assumed that enough
cold water was available from a lake, sea, river, or air, so that the cost of cooling can be neglected.
Otherwise, a refridgeration cycle must be added, which increases the power demand of the system.
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2.8. Regeneration

The captured gas components were transported with the circulating water to the regeneration.
In this study, the regeneration mass transfer was not modeled in detail, but constant regeneration
efficiency was used, defined in Equation (16). The efficiency of 50% was utilized for all gas components.

ηreg =
qm,g,prod

uL ACl,in,reg
(16)

where qm,g,prod is the mass flow rate of the product gas, uL is the water velocity at reactor inlet, A is
the cross-sectional area of the reactor, and Cl,in,reg is the concentration of the absorbed gas component
at the regeneration inlet.

2.9. Numerical Method

The time-dependent equations for the mass balances were written in the Matlab software. Upwind
discretization was utilized for convective terms and central discretization was used for dispersion
terms. An explicit scheme with Matlab ode15s-solver was utilized to solve the equations.

A variable time step was used to achieve good accuracy and fast performance. For steady-state
analysis, simulations were run long enough with constant input in order to achieve
steady-state operation.

The model is rather stiff and requires well-defined initial conditions for concentrations and phase
velocities to avoid divergence. If the initial conditions were not stable enough, the simulation would
diverge. Only small changes could be done for the initial conditions at once, for example for the
dilution rate. Larger changes were done incrementally, by using the obtained steady state result as the
new initial condition for other parameters.

3. Results

3.1. Validation

In order to make a simple validation of the model, model predictions were compared to the
experimental data. Measured values of gas hold-up and volumetric mass transfer coefficients were
obtained from the experiments done by Zednikova et al. [23], Vandu et al. [24], Manjekar et al. [25],
McClure et al. [26], Gourish et al. [27], and Jasim et al. [28]. Liquid flow rate was set to 1 × 10−6 m3/s
and there was no liquid recycling. The resulting gas hold-up and volumetric mass transfer coefficient
were compared to the measured values in Figure 2. The simulated gas hold-up fits well with the
measured values, but there is more variation in values of kLa.
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Figure 2. Comparison of the model results to the experimental results from literature.

3.2. Scale-Up Analysis

In order to study system suitability for applications of CCS and CCU, the operation of a
larger reactor was studied. Higher column height will increase the effect of hydrostatic pressure,
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which enhances the absorption as Henry’s constant will increase with pressure. Increasing reactor
height should also increase the time that it takes for the gas phase to travel through it, which
should improve absorption. Another parameter affecting the value of Henry’s constant is the liquid
temperature, as the solubility of CO2 is higher in cold water.

Increasing pressure and decreasing temperature are not introduced without cost. The input gas
stream has to be compressed at least into the same pressure as at the reactor bottom, which consumes
power. As the water system is closed, the heat generation from pumping will accumulate to the system,
thus cooling is required to maintain the reactor in constant temperature. If lower temperatures are
used, even more cooling power is needed. Therefore, it would be finally an optimization task to select
the best operation pressure and temperature.

The analysis presents the trending effect of different parameters to the reactor performance:
reactor pressure, liquid temperature, liquid flow rate, gas flow rate, and regeneration efficiency.
The reactor performance is presented in terms of captured CO2 mass flow rate, CO2 content of product
gas, and CO2 capture efficiency. The values for the scaled-up bubble column were chosen based on
the VTT study [10] and after initial simulations. The parameters of the model are presented in Table 1.
The gas flow rate at the inlet is determined with superficial velocity UG (m/s). The liquid flow rate is
defined by dilution rate D (1/s).

Table 1. Parameters of the scale-up study.

Variable Value Unit

Reactor height hr 10.0 m
Reactor diameter dr 0.5 m

Reactor overhead pressure p 5.0 bar
Inlet CO2 content yC,in 10 %
Inlet N2 content yN,in 80 %
Inlet O2 content yO,in 10 %

Water density ρL 1000 kg/m3

Water temperature TL 25 ◦C
Gas superficial inlet velocity Ug 0–0.5 m/s

Water dilution rate D 0.0005–0.1 1/s

3.3. CO2 Capture Efficiency

The CO2 capture efficiency is determined by the difference between bubble column input and
output gas mass flow rates. The resulting efficiency is presented as a function of gas and liquid flow
rates in Figure 3. With the highest liquid flow rate, D = 0.1 1/s, over 95% capture efficiency was
achieved with almost all gas flow rates. Decreasing of liquid flow rate decreased also capture efficiency.
When the gas flow rate was decreased towards zero, the capture efficiency approached 100%.

0 0.1 0.2 0.3 0.4 0.5

U
g
 (m/s)

0

20

40

60

80

100

C
O

2
 c

a
p

tu
re

 e
ff

. 
(%

)

D: 0.0005 1/s

D: 0.005 1/s

D: 0.01 1/s

D: 0.02 1/s

D: 0.03 1/s

D: 0.06 1/s

D: 0.1 1/s

Figure 3. CO2 capture efficiency.
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3.4. Product Gas CO2 Content

For the purpose of CCS, and especially for CCU, it might be important to have pure CO2 as
the final product. Therefore, it would be beneficial if the regeneration part of the systems would be
selective for CO2, and not for other gas components. However, as the regeneration is not modeled in
detail in this study, regeneration efficiency is the same for all gas components. The resulting product
gas quality is presented in Figure 4.

For very low gas flow rates, product gas CO2 content approached 20%. The maximum obtained
CO2 content was about 82%, which could be reached already with UG of 0.1 m/s. For higher CO2

content, a more advanced system should be designed. In contrast to capture efficiency, which increases
with increasing liquid flow rate, high CO2 content requires low liquid flow rates. Therefore, it seems to
be a compromise between capture efficiency and product gas CO2 content.
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Figure 4. Product gas CO2 content.

3.5. Produced CO2

The mass flow rate of product gas CO2 is presented in Figure 5. It can be seen that increasing of
inlet gas flow rate does not linearly increase the production of CO2, as the capture efficiency decreases
with high gas flow rates. However, increasing of liquid flow rate enhances the production rate of CO2,
which was already observed in Figure 3.

With the highest liquid flow rate, the product gas CO2 mass flow rate increases almost linearly
with the inlet gas flow rate. However, it does not seem realistic that this trend could continue far
above the studied gas flow rates, as the mass transfer should be limited at some point if the reactor
is flooded with gas. It might be that the simple correlations used to predict gas–liquid mass transfer
cannot predict that. Other problems might arise from the increasing frictional losses, pumping demand,
and compression demand with larger flow rates.
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3.6. Energy Consumption

The estimated specific energy consumption per captured tonne of CO2 is presented in Figure 6.
For the smallest liquid flow rates, an optimum gas flow rate can be found within the studied range.
For these cases, energy consumption tends to increase with very low and very high gas flow rates.
With larger liquid flow rates, the minimum was found at the largest gas flow rate. For those cases,
it seems that the optimum would be achieved with even higher gas flow rates.

Energy demand for the conventional amine absorption in a coal-fired power plant is
0.9–1.2 MWh/tCO2 [29], which is the same order of magnitude as the energy consumption of the
studied system at the optimum.
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Figure 6. Specific energy consumption.

3.7. Parameter Analysis

As a sensitivity analysis, some of the main parameters are varied. The results for CO2 capture
efficiency and specific energy consumption were compared to the base case values: overhead pressure
of 5 bar, liquid temperature 25 ◦C, regeneration efficiency 50%. Results are presented in Figures 7 and 8.

As seen in Figure 7, the regeneration efficiency approaches 100% in all cases when the inlet
gas flow rate (UG) approaches zero. However, it is not practical, as the production of CO2 also
approaches zero.

Increasing of the dilution rate increases capture efficiency in all cases, as seen in Figure 7. It comes
with a cost in pumping power, as presented in Figure 8. With the smaller dilution rates, a minimum
value can be found for the specific energy consumption with a certain gas flow rate. For the high
dilution rates, the specific energy consumption decreases with increasing gas flow rate, but the
optimum is supposed to be out of the studied range of gas flow rate.

An increase of reactor overhead pressure increases capture efficiency significantly, as seen in
Figure 7. The minimum capture efficiency is over 60% with a pressure of 8 bar. However, higher
pressure yields more pumping and compression power, as presented in Figure 8. It seems that
increasing of pressure shifts the minimum specific energy consumption to higher gas flow rates,
which is desirable.

The temperature of the water has not as large impact on the capture efficiency as the overhead
pressure. As presented in Figure 7, capture efficiency gets lower with high temperatures, and the
change is rather small for higher dilution rates. Increasing temperature increases the specific energy
consumption slightly, and shifts the optimum towards lower gas flow rates, as seen in Figure 8.

The efficiency of the regeneration step has a clear effect on both capture efficiency and specific
energy consumption. The level of energy consumption increases with decreasing regeneration efficiency.
The optimum gas flow rate is not changed.
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Figure 7. CO2 capture efficiency, sensitivity to pressure, temperature, and regeneration efficiency.

Figure 8. Specific energy consumption, sensitivity to pressure, temperature, and regeneration efficiency.

4. Discussion

Carbon capture with water as solvent seems a prominent technology for CCS and CCU in future
energy systems with a high level of electrification, as the process does not require combustion or high
temperatures, but only electricity for pumping, compression, and cooling. The technology for the
absorption of CO2 to water is already commercialized in the field of biogas upgrading, but the capture
of CO2 (desorption from water) to the final use is not yet a mature technology. However, the initial
design has been already published.

The technology could be accepted easier compared to standard amine-based capture process,
as no toxic chemicals are used. This benefit could stand out more in decentralized systems if the
capture process is located near settlements.

Even though the state-of-the-art process design is rather efficient, it could be improved with future
research. In addition, integration of the capture plant to other components in the energy system should
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be studied. There might be possible benefits for example in heat integration. Also, the dynamical
capabilities should be addressed for a fluent integration, as the operation might be varying by the
production of renewable electricity. The proposed model could be improved and extended to include
the dynamics of CO2 source, synthesis or other carbon utilization process, and process that could
utilize the removed low-temperature heat.

5. Conclusions

The technical feasibility of a bubble column was investigated for the application of CO2 capture.
A one-dimensional model was developed. Three gas components were modeled: CO2, O2 and N2.
The gas phase was treated as plug flow, and the liquid phase as axially dispersed plug flow.

The resulting CO2 capture efficiency, CO2 content in product gas and produced CO2 mass flow
were strongly related to both gas and liquid inflow rates. High CO2 content could be achieved in the
product gas with low gas inflow rates, but the energy consumption becomes high. The increase of
liquid flow rate increased the CO2 capture efficiency, but decreased the CO2 content in the product gas.
The total CO2 production rate tends to increase with increasing inlet gas and liquid flow rates.

For lower liquid flow rates, optimum conditions were found regarding energy consumption.
Further studies would be needed for more detailed modeling of the regeneration step. Also,
the maximum CO2 content in the product gas was now only about 82%, which should be increased
with better system design.
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Abbreviations and Symbols

Symbols
A Cross-sectional area (m2)
a Interfacial area (1/m)
Cg Component concentration in gas (kg/m3)
Cl Component concentration in liquid (kg/m3)
C∗

g Saturation concentration in liquid (kg/m3)
cp Heat capacity (kJ/kgK)
DL Liquid dispersion coefficient (m2/s)
D Liquid dilution rate (1/s)
Dg Gas diffusivity in liquid (m2/s)
dr Reactor diameter (m)
db Bubble diameter (m)
hr Reactor height (m)
kL Mass transfer coefficient (m/s)
kLa Volumetric mass transfer coefficient (1/s)
p Overhead pressure (Pa)
ph Hydrostatic pressure (Pa)
ptot Total pressure (Pa)
PG Gassed power (W)
Ppump Pump power (W)
Pcomp Compressor power (W)
qm Mass flow rate (kg/s)
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qV Volume flow rate (m3/s)
S Absorption/desorption source term (kg/m3s)
T Temperature (◦C)
t Time (s)
tb Bubble contact time (s)
UG Superficial velocity of gas phase (m/s)
uG Velocity of gas phase (m/s)
uL Velocity of liquid phase (m/s)
yg Molar fraction of gas component (-)
z Cartesian axis direction (m)
Greek letters
ε Volume fraction (-)
ηcomp Polytropic compression efficiency (-)
ηreg Regeneration efficiency (-)
Subscripts
G Gas phase
g Gas component in gas phase
L Liquid phase
l Gas component absorbed to liquid
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1. Introduction 

Increasing the use of renewable energy leads to demand of energy storages.  IEA technology roadmap 

estimates 310 GW demand for additional grid-connected energy storage for year 2050 due to increas-

ing share of intermittent renewable energy. There are several types of storages, e.g. frequency regula-

tion, arbitrage and seasonal, as well as several technologies to offer these storages. The best solution 

depends from the specific system [1]. PtG (power-to-gas) process could produce CH4 by making H2 

with electricity and synthesizing it with CO2 to be used for long-term electricity storage and transport 

fuel production. End-use and infrastructure are well developed for CH4, but currently PtG is under 

development phase and not considered as fully mature nor feasible technology at large scale. [2] 

Because of high CO2 content and resulting low capture cost, biogas production could be 

one of the cheapest CO2 source for PtG-process [3]. Biogas is used as transport fuel and fuel for elec-

tricity and heat production. It is made from organic materials such as wastewater sludge and agricul-

tural waste by anaerobic digestion. If organic material is in anaerobic conditions with specialized bac-

teria, fermentative metabolic process will decompose organic material and produce biogas.  Resulting 

biogas consist mainly of CH4 and CO2 [4]. First MW-scale PtG-plant made by Audi utilizes CO2 from 

biogas plant nearby [5]. A case study shows 2.8 TWh biogas potential for southern Finland [6].  

Large WWTPs (wastewater treatment plant) commonly produce biogas as a part of the 

wastewater treatment process. Treatment process aims to purify wastewater so that the quality of the 

treated wastewater would not cause negative impacts to the receiving water body. This requires re-

moval of suspended solids, organic material, nutrients and pathogens. Removal system includes phys-

ical, chemical and biological processes like settling and degrading organic material and nitrogen bio-

logically [7]. After the treatment process, effluent is clean enough, but produced sludge is biologically 

instable, contains pathogens and has large volume to be treated. In order to create stable and hygienic 

end product, anaerobic digestion can be used. [4]  

Purpose of this work is to study the WWTP-integrated PtG-process, considering aspects 

like operational dynamics, benefits from heat integrations and buffer storage requirements. Modeling 

tools are used for simulations at different time scales.  



 

2. Modelling of the integrated system 

2. 1  System design  

PtG was chosen to be integrated with WWTP because it seems to have certain unique economical and 

technical benefits: O2 (oxygen) from electrolysis can be blended to air that is used for aeration in 

activated sludge system. Increasing the O2 content decreases the required volume flow rate through 

compressors and also the compressor driver power, and required volume of the reactor [8]. If ambient 

temperature is low, heating of digester is required [4]. This heat can be provided by waste heats from 

electrolysis, methanation and compressors. Biogas is produced through the whole year and offers fairly 

constant and cheap carbon dioxide source for methanation. If integration seems feasible, there are 

many possible locations around the world, since wastewater treatment plants with biogas production 

are very common.  

Suomenoja WWTP plant at Espoo covers catchment area for 310 000 people and treats 

average water inflow of 100 000 m3/d. Plant has also two anaerobic digesters (2 x 6 000 m3), from 

which biogas (10 000 m3/d) is upgraded with water scrubber and compressed into gas grid. This plant 

was chosen as basis for a case study because of availability of measurement data. The system studied 

in this paper is presented in Figure 1.  

 

Figure 1. Block diagram of the integrated system including main components as well as heat and material flows.  

 

It is build based on Suomenoja plant with some modifications. Alkaline electrolysis is used to produce 

H2 and O2. Latter is directly fed to activated sludge process by aeration compressors. Interim storage 



is used to provide steady H2 and CO2 flow to methanation. Interim storage has three pressure levels, 

with highest pressure of 300 bars. It is also possible to feed H2 directly to gas grid if storage is full. 

WWTP has three integration aspects, it consumes O2 in aeration process and produces sludge into 

digester, which has to be heated. Digester produces biogas, from which CO2 is captured to buffer 

storage. Carbon capture is done with amine scrubber instead of water scrubber that is used for biogas 

upgrade at the plant. Water scrubber dilutes captured CO2 with air in regeneration step, so it can’t be 

used as it is. H2 and CO2 are fed into fixed bed catalyst methanation reactor, and produced CH4 is dried 

and compressed to gas grid together with upgraded CH4 from biogas. Heat integrations are done so 

that all cooling flows to compressors and methanation are collected and used to provide regeneration 

heat for the amine scrubber. Cooling flow from electrolysis is used for heating of digester.  

 

2. 2  Modeling procedure 

Modeling procedure includes dynamical simulations with in-house Seasonal model and Apros process 

simulation software. Seasonal model solves mass and energy conservation equations for different pro-

cesses by ideal stoichiometry at one hour time step. Gas compression and storages are modelled using 

ideal gas assumption and polytropic compression with constant average heat capacity. Market envi-

ronment that system works on is derived from Nord pool market hourly data history for 2014. Seasonal 

model is used for preparing the input time series and for year-long simulations. It does not calculate 

WWTP or anaerobic digestion, but uses measured data as boundary conditions for these. Also initial 

system configuration design for Apros model, for example capacities of electrolyser, methanation and 

interim storage, is designed with Seasonal model 

 More accurate Apros model solves pressure-flow continuity equations to calculate flows, 

temperatures, concentration and pressures of the system with sub-second time step for one week long 

simulation periods. The model includes full PtG-process from electricity grid connection to gas net-

work connection with automation control. Detailed description of the Apros model is presented in [9], 

[10]. Additional components implemented to Apros are ASM3 and ADM1, which are used to model 

WWTP and anaerobic digestion. Detailed description of these models are presented in [11], [12]. 

Results from week-long simulations by Apros model are used to study physical, second-

to-minute time scale operational dynamics and heat integrations. The model is validated against meas-

ured data from Suomenoja WWTP. Seasonal model boundary conditions are initially set similar to 

Apros model, so that accuracy of the Seasonal model can be evaluated. After evaluation, the parame-

ters of seasonal model are adjusted so the produced results agree with Apros model results. Then the 



validated seasonal model is used for year-long simulations in order to study hour-to-week time scale 

operational dynamics.  

2. 3  Inputs and parameters 

Input time series for Apros are prepared with Seasonal model. It is assumed that the need to store 

energy can be determined based on electricity price, so that when there is surplus of electricity, spot 

prices will fall down. Currently the demand for storages is not evident, but this method is still used in 

order to give market-related variation for storage requirement. Amount of storage required is deter-

mined by fixed spot price limit, i.e. electrolyser is operating if electricity price is under specified limit. 

Electrolyser is also offering FCR-N frequency control service. Required electrolyser load for fre-

quency control is determined by measured grid frequency (year 2014 in Finland), droop curve and 

minimum part load of electrolyser. Resulting power input time series of one week time period for 

Apros with one minute interval is presented in Figure 2 together with hourly averaged values used in 

Seasonal model. 

 

Figure 2. Input time series have one minute time step for Apros model and one hour for Seasonal model. 

Input time series for WWTP are based on measurements from Suomenoja plant in Espoo. Some values 

are measured at the plant laboratory with three day interval: influent COD, nitrogen and flow rate. 

Other measurements are taken with one hour interval, including temperature at the aeration reactor, 

aeration power, heating demand for anaerobic digester and biogas production from digester.  

 Alkaline electrolysis used in the study has a maximum power of 3 MW, minimum part 

load of 20 %, operating pressure of 1.0 bar and efficiency of 63 %. Buffer storages try to maintain the 

feed flow into the methanation reactor so that reactor pressure would stay at 6.3 bar. High and inter-

mediate pressure H2 storages have maximum pressure of 300 and 20 bar, for volumes of 25 and 15 

m3, respectively. Methanation capacity is determined so that feed flow of H2 to reactor is 31 % of 

maximum H2 production from electrolysis. This enables stable operation of methanation with inter-

mittent H2 production.  



3. Results 

3. 1  Results from Apros simulations 

In the Apros simulations, the feed flow to the methanation reactor was kept constant. Interim H2 stor-

age was used to stabilize fluctuating H2 flow from the electrolysis to the methanation as presented in 

[9]. H2 feed flow to the methanation stays mostly stable during the simulated week leading to stable 

CH4 production also stable, as presented in Figure 3. In fast transients during electrolysis shut-down 

or start-up, valves and compressors in interim storage are not able to do full stabilization causing fluc-

tuations in methanation feed flow. H2 to CO2 ratio in methanation changes, which leads to incomplete 

methanation reaction. Incomplete reaction causes pressure fluctuation in methanation reactor in the 

range of 5.3 – 8.0 bar.  

 On wastewater treatment side of the model it was considered that biogas production and 

heating of digester are the most important measures for this study. Thus ASM3 and ADM1 models 

were taken as they are parametrised in IWA studies[11], [12]. Sludge from ASM3 side has different 

parameters what ADM1 uses. Parameter conversion was made as presented in [13]. The amount of 

produced biogas was adjusted to meet the Suomenoja measurement by tuning the amount of inflow to 

the digestion. Feed flow to digester was then kept constant during the simulations. Control logics in 

WWTP were taken as presented in IWA bench model [11], [12]. As the control logic is not the same 

than in the Suomenoja WWT-plant, the simulated results does not fully agree with measured values 

during dynamic changes.  

Heating demand of the digester (Figure 3) is first covered by heat from cooling flows of 

electrolyser. If electrolyser is not operating, heat from methanation and compressors is used also. Heat 

is also needed for amine scrubber (MEA), for which there is often not enough waste heat left. Addi-

tional heat has to be provided for example by combusting natural gas. More detailed distribution of 

heat flows is presented in Figure 8. 

 

Figure 3. At the left, total available heating capacity of the PtG system has a base load from biogas compression and methanation, and 

large peaks because of electrolyser and H2 compression. Heating demand is satisfied only partly. At the right, mass flow rate of CH4 

from methanation reactor is fairly stable with some peaks due to fast transients.  



3. 2  Validation of Seasonal model 

Seasonal model is compared with Apros simulations in order to adjust the parameters for more accurate 

results for year-long analysis. Results that are compared include production of gases, pressure of the 

storages, power of compressors and heat flows. Validation results for hydrogen production and pres-

sure of the high pressure H2 storage are presented in Figure 4. Coarser time discretization and the 

simplified process description of the Seasonal model flattens out the peaks produced by the Apros 

model. Despite small deviations, the average results agree well and justify the use of the Seasonal 

model for fast year-long analysis. It was assumed that similar behavior can be expected for longer time 

periods. 

 

Figure 4. Results from Seasonal model are compared with results from Apros model. At the left is the pressure of high pressure H2 

storage and at right is the total compression power.  

 

3. 3  Results from Seasonal model 

When same setup as in Apros is used, the problem is to utilize all H2 and CO2 with very limited flexi-

bility of the methanation. Methanation was not able to operate through the year, because H2 storage 

run empty several times. Large share of the produced hydrogen has to be compressed directly to gas 

grid when buffer storage is full and only one third of the captured CO2 is converted to CH4.  Better 

operation would require larger buffer storages or more flexibility to the system. Flexibility could be 

introduced by enabling shut-downs and start-ups for methanation, or making part-load operation pos-

sible.  

 Effect of O2 addition to the WWTP aeration process was found to be relatively small. 

Aeration requires O2 about 9500 kg/h and 3 MW electrolyser produces O2 only about 450 kg/h, which 

is 4.7 % of the demand. Therefore all O2 could be fed to aeration, but no big savings in aeration power 

can be expected.  

If methanation has to operate all the time at full capacity, the capacity has to be chosen 

so that it matches to annual average production of H2 i.e. full load hours of electrolyser. The effect of 



enabling part load capacity of 50 % for methanation was also studied. Third studied option was cyclic 

operation with the ability to shut down and start up the methanation, with minimum uptime of 6 h and 

no possibility for part load. The relation between full load hours and different options for methanation 

capacities is presented in Figure 5 together with resulting spot price limits to operate electrolyser. 

 

Figure 5. Methanation capacities for constant operation with 100 % part load minimum, constant operation with 50 % part load minimum 

and cyclic operation with 100 % part load minimum are presented at the left figure. The relation between electrolyser full load hours 

and resulting electricity spot price limit at 2014 in Finland is presented at the right figure. 

For 3 MW electrolyser, if methanation is operated constantly with full capacity, buffer storages as 

large as 1400 m3 would be required to stabilize H2 flow to methanation. Requirement is highly de-

pending on full load hours and maximum power of electrolyser, as presented in Figure 6. Very high 

and very low full load hours leads to smaller H2 storages than in the middle range. CO2 source is rather 

constant but also limited in quantity for higher methanation capacities. When methanation capacity is 

low, there is usually overproduction of CO2 and only very little storage is required. By increasing 

methanation capacity and CH4 production, increases also demand for CO2 storage. If methanation 

operates as cyclic, constant storage of 12 m3 is enough to satisfy minimum 6 h operation cycle.  

 

Figure 6. Case with 3 MW electrolyser. Constant operation of methanation with no possibility to part load requires very large buffer 

storages for H2, while enabling 50 % part load lowers the storage demand significantly. Cyclic operation of methanation requires only 

15 m3 high pressure storage for H2. Demand for CO2 storage tends to increase with increasing full load hours, because CO2 production 

is limited.  

Enabling 50 % part load for methanation makes constant operation possible with smaller buffer H2 

storage, but drawback was that there are more often times when storage is full. Therefore more H2 is 

fed directly to gas grid, which may not be feasible due to limit for H2 content in the grid. If there is no 



part load possibility in methanation, H2 storage becomes so large that only little amount of H2 goes to 

gas grid. Cyclic operation of methanation is so flexible that almost no H2 have to be compressed to gas 

grid. Relation of full load hours to H2 compressed to the gas grid and resulting CH4 production is 

presented in Figure 7.  

 

Figure 7. With constant methanation, smaller H2 storage size increases the amount of H2 that has to be compressed directly to gas grid, 

because storage gets full more often. With cyclic operation there is no this problem. Resulting production of CH4 is presented at right.  

Heating demand of the digester and amine scrubber are fairly stable through the year, with measured 

total demand for digester 5700 MWh/a. That is the upper limit for saved heat compared to the conven-

tional setup of Suomenoja WWTP. Amine scrubber requires heat about 1860 MWh/a. With low oper-

ation time, PtG-system can replace only part of the heat demand, and additional heat for amine scrub-

ber has to be provided by combustion of natural gas. Net sum of replaced and additional heat for 

different full load hours is presented in Figure 8. There is almost no difference between constant and 

cyclic operation of methanation. Also an example about distribution of total waste heat flow provided 

by Apros simulation is presented in Figure 8. Average heat flows from methanation, all compressors 

and electrolyser are 0.15 MW, 0.13 MW and 0.52 MW, respectively. Average values are highly de-

pendent of full load hours of the PtG-system.  

 

 

Figure 8. At left is heat balance between savings in digester heating and additional heat for amine scrubber. Additional heat for both is 

provided by combusting natural gas. Distribution of the total waste heat flow from PtG-system is presented at right.  

 



4. Discussion 

In this study, PtG integration to WWTP was studied by modelling. Studied process was not optimized 

and economics of the system was not considered. Therefore detailed analysis of the system feasibility 

cannot be made. However, some general conclusions about the system performance and operation can 

be drawn based on simulations. O2 mass flow is relatively small for continuous feed into aeration, so 

there might be better use for O2, for example selling it in bottles or usage of O2 storage that could be 

used for peak loads at WWTP. Heat integrations seems to have good value by replacing natural gas 

heating of digester. On the other hand, CO2 capture with amine scrubber requires additional heat. It 

might be better to use alternative CO2 capture method, such as pressure swing adsorption (PSA), that 

would require less heat and more electricity instead. Simple heat storage could be used also for deliv-

ering heat more uniformly. System operation and profitability depends strongly on market environment 

and especially on prices of electricity and frequency regulation services. Historical market data used 

in the study does not reflect the full potential of the process in the future, when the intermittent renew-

able energy production is expected to have significantly larger market share. 

 

5. Conclusions 

If WWTP integrated with biogas plant treats wastewater from 300 000 people, maximum amount of 

CH4 that can be produced from biogas CO2 content is about 13 800 MWh/a. In order to produce that 

amount of CH4, 3 MW electrolyser could be used. There is a possibility to save 5700 MWh of natural 

gas that is used to heat the digester with waste heat from PtG-system. Intermediate H2 and CO2 storages 

can even out the fluctuations of gas sources and maintain constant methanation, but resulting storage 

sizes might be too large to be feasible.  
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a b s t r a c t

Power-to-gas (PtG) is one option to integrate more renewable electricity production to the energy sys-
tem, by offering flexible load, seasonal energy storage and low-GWP (Global Warming Potential)
methane. The first step of the PtG process, hydrogen production by water electrolysis, requires electricity
with low specific CO2 emissions. Therefore, the operation of electrolyser is most likely variating ac-
cording to the intermittency of renewable electricity production.

The downstream processes of PtG should be capable to follow the dynamics and utilize the produced
hydrogen, avoiding curtailment. This could be done with a very dynamic reactor system, or with aid of
buffer storages for feed gases.

This paper studies the effect of dynamic properties of methanation reactor, hydrogen buffer storage
and electrolyser full load hours on PtG system efficiency. The operation of electrolyser is following
intermittent renewable electricity production and electricity markets, leading to varying full load hours
(FLH) with different characteristics.

Enhancement of single parameters related to thermal dynamics of the reactor could improve the
system efficiency more than parameters related to the loading of the reactor. Coupled threshold were
found for FLH and H2 storage size, after which average efficiencies became nearly similar as in steady-
state operation.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

As the intermittent renewable electricity will contributemore to
the future energy sector [1], power-to-gas (PtG) systems might
have an important role in it. PtG can provide long-term energy
storage and flexible load by producing methane (CH4) that could be
utilized instead of natural gas [2]. The existing natural gas infra-
structure can be used to store, transport and utilize produced CH4.
The core processes of PtG are production of hydrogen (H2) from
water with electrolysis and conversion of hydrogen and carbon
dioxide (CO2) to methane (CH4) [3e5]. Also the source, capture and
pretreatment of the required CO2 are critical points in a PtG system
[2].

As an energy storage option, PtG has an advantage of high ca-
pacity long-term storage, compared for example to batteries, which
are better for short-term storage [6]. The key point of PtG is to
utilize excess low-emission electricity, as otherwise the CO2

emissions of the produced CH4 tend to become too high compared
to natural gas and biogas [7]. Vo et al. [8] stated that PtG from
biogas can be sustainable only with electricity mix that has mini-
mum 85% of low-emission production, as renewables. Part of the
hydrogen could be also obtained from biogenic sources by gasifi-
cation of biomass, as proposed by Anghilante et al. [9].

As contradiction to short periods of excess renewable electricity,
high full load hours are often preferred for PtG economically, as the
investment cost is high [7,10,11]. Vandewalle et al. [12] calculated
that minimum 2000e2500 full load hours would be needed for
feasible operation, if the electricity is free. In the study of Parra et al.
[13], the optimum capacity factor for the hydrogen production was
found to be about 0.55e0.60, which translates to full load hours of
4800e5300 h. In addition to CH4 as the only product, various other
sources for revenues and benefits are considered to make a prof-
itable business case: CO2 certificates, grid balancing services, heat,
mobility fuel, oxygen and limiting of grid expansion demand
[14e17].

The real environment in which PtG system operates can be very
dynamic at many scales, depending on integrated processes and* Corresponding author.
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industries. By providing grid balancing services with electrolyser,
power consumption of H2 production can vary megawatts in sec-
onds [18]. Wind and solar driven system has to operate with large
capacity from few hours to several days, depending the weather
conditions [19]. In addition, the CO2 production can vary depending
on source and available heat for CO2 capture. In industrial point
sources, there is usually some base production and unpredictable
variation on top of that as wells as planned and unplanned shut-
downs. Seasonal CO2 storages and transport of CO2 from distributed
sources can also be options, as studied by Karjunen et al. [20]. If PtG
is integrated with residential heating, the heat demand is deter-
mined by large seasonal change, especially further from the equator
[21]. In this study the CO2 source is assumed continuous and effect
of CO2 storages have not been considered.

Many recent studies [12,17,22e24] concerning long-time
dynamical operation of PtG plants consider variable load and
standby for the methanation reactor, but with instantaneous
change from one operation point to another. Restrictions in
ramping the load or temperature have not been considered. Also
the limitations of the minimum part load have been neglected. To
the knowledge of the authors, the study by Frank et al. [25] is the
only one that has load and thermal ramp limitations (10%/h and
50 �C/h) in PtG-plant modeling study. In an optimization study,
Gorre et al. [26] utilized a load ramp of 180%/h.

Gorre et al. [26] optimized economically the size of H2 storage
and methanation capacity for a 10 MWe electrolyser. Proper sizing
was identified to be important, in order to have good performance
in typical operating conditions. The profile of H2 production had a
major impact on the results. However, the full load hours of H2
production were fixed and the reactor was assumed to be in
operation temperature all the time.

There are some more detailed studies focusing on the dynamic
restrictions of the methanation reactor. Matthischke et al. [27]
modeled partial load operation and warm startup for adiabatic and
cooled methanation reactor, observing warm startup times of
2e7 min and acceptable partial loads of 10e40%. Matthischke et al.
[28] studied experimentally several load change rates for lab-scale
fixed-bed methanation reactor, and found out that load changes of
44e550%/h do not have a large influence for the behavior of the
reactor. Fache et al. [29] modeled a packed bedmethanation reactor
dynamics during startup. Reactor was first heated to operational
temperature in 20 min, then reaching nominal operation in 1 h.

An alternative to chemical methanation is biological methana-
tion, which has different restrictions. As the biological methanation
operates at low temperatures (<80 �C) in liquid phase, thermal
stresses are significantly lower, but the main limiting step is given
by gas-liquid mass transfer rate. Dynamical model for biological
methanation was earlier presented by Inkeri et al. [30].

A straightforward method to overcome dynamical restrictions
of the reactor would be to use buffer storages for feed gases (H2 and
CO2). With large enough buffer storages, the feed to the reactor
could be kept constant. However, large gas storages might not be
economically or technically feasible. Therefore, some optimization
or estimation for feasible buffer storage size would be needed if the
reactor is not capable to tolerate dynamical conditions.

Several studies foresee demand for buffer storages for H2 and
CO2, but calculations and data are limited. McKenna et al. [31]
discuss that H2 buffer storage could enable themethanation reactor
to operate in more dynamic environment, as the gradient for load
change is limited (10%/h) and start-up time can be relatively long
(1e24 h). Frank et al. [25] propose a H2 storage as an option to
operate methanation and electrolyser separately, which could in-
crease possibilities for system optimization. O’Shea at al. [32]
estimated the PtG potential for current CO2 sources in Ireland and
proposed that bothH2 and CO2 storages should be included into PtG

plant configurations, if methanation is not operated continuously.
McDonagh et al. [33] consider the size of hydrogen storage to be
very important for the operation and the economics of a PtG plant,
as it has a large effect to CAPEX and costs from shutdowns. Van Dael
et al. [34] did a techno-economic assessment for biological PtG
plant with CO2 source from biogas plant, and assumed a 24 h buffer
storage for CO2. Leonzio [35] designed a PtG plant which included a
hydrogen storage, with 600 h accumulation time.

In order to study the required dynamics of the methanation step
of a PtG plant, it is assumed in this study that the H2 production
cannot be curtailed. Therefore, the system can be controlled only
with buffer storages and the methanation reactor itself. There are
two ultimate options: First is to decouple methanation from the H2
sourcewith a buffer storage. This enables operation of methanation
with a constant load, and requires either large enough buffer
storages for hydrogen, or shutdown of the reactor when there is no
H2 available. Second options is to operate methanation very flex-
ibly, responding quickly to changes in H2 production, so that there
is need only for minimal buffer storage. Shutdown of the reactor is
still needed, if there is no H2 production.

However, there are technical challenges and cost issues for both
options. Therefore, the optimal design is most likely a combination,
including shutdowns, load changes, standby and buffer storages.
The results of this paper presents various combinations of flexibility
and buffering that enable efficient methane production. In future
research with up-to-date cost estimates for different ramping rates
and H2 storage sizes, the results from this study can be used as a
basis for techno-economic analysis.

The main objective of this study is to estimate the importance of
reactor dynamics at different combinations of annual H2 produc-
tion profiles and H2 buffer storage sizes. The dynamical constraints
of the methanation step are described with five variables: the
minimum part load, the maximum load ramp, the maximum
thermal ramp, cooling rate and the maximum standby time. Three
different types of boundary conditions are used for H2 production:
the first one is derived from the hourly spot price of the electricity
market, second from wind power and third from solar power. All
boundary conditions represent Nordic Europe, and three different
years are simulated (2016e2018). A comprehensive scenario anal-
ysis is conducted, in which all the combinations of the parameter
values are simulated, for whole range of FLH and H2 storage size.

The aim of this work is to propose a method to identify general
requirements for reactor dynamics, which enable enough flexibility
to a PtG system for a feasible operationwith different combinations
of intermittent H2 production and H2 buffer storage size. The sig-
nificance of each parameter on the system efficiency is detected
and compared to other parameters. Model sensitivity for each
parameter is presented in form of variation of efficiency, as how the
single parameter can affect the model efficiency regardless the
other parameters. In addition, the average number and duration of
the operational cycles of methanation are calculated for each type
of boundary condition. Also the energy consumed by the com-
pressors in the system is estimated with realized pressure levels
and mass flows in hourly manner, which gives better estimation
than simple fixed energy consumption. The results will also
emphasize the role of predictive control methods for the PtG sys-
tem to minimize buffer storage demand, number of startups and
required startup time. A dynamic model for mass and energy bal-
ance is developed in Matlab to calculate annual operation of PtG
system with realistic boundary conditions and 1-h time step.

2. Studied system

The studied PtG system consists of 3.0 MWalkaline electrolyser,
balance of plant (BoP) for the electrolyser, H2 compressor, H2 buffer
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storage, fixed bed chemical methanation reactor, carbon capture,
CO2 compressor and CH4 compressor. The representation of the
model is presented in Fig. 1. Main values for the system are pre-
sented in Table 1. The maximum feed of H2 to the methanation
equals the maximum H2 production capacity of the electrolyser.

Mass and energy balances are calculated with 1-h time step.
Produced mass flow rate of hydrogen qm,H2 is based on electrical
power PAEL provided to alkaline electrolyser, efficiency of the
electrolyser hAEL and the lower heating value of hydrogen LHVH2
(119.95 MJ/kg) as given in equation (1). Modern alkaline electro-
lysers (AEL) can achieve 0e100% load change in few minutes [42],
which is nearly negligible delay compared to the 1 h time step of
the model. The power PAEL delivered to electrolyser is defined by
boundary conditions, which are presented in section 3.1.

Buttler and Spliethoff [36] presented an overview about com-
mercial electrolysis systems. From their data, efficiency (LHV) is
65e79% for alkaline electrolysers with maximum pressure at least
30 bar and nominal power at least 1.0 MW. In this study, a con-
servative value of 65% is used for the electrolyser efficiency. The
outlet pressure for the hydrogen is assumed to be 30 bar
throughout the study. Electrolyser produces also oxygen, but it is
not considered further in this study.

qm;H2 ¼
PAEL,hAEL
LHVH2

(1)

As in the studies of Hannula [43] and Tsupari et al. [17], it is
assumed that the conversion of the input gases is perfect in the
methanation reactor and methane production is calculated from
the Sabatier reaction (2) with stoichiometric feed of CO2 and H2
gases. Based on lower heating values of the hydrogen andmethane,
the efficiency of the reaction is 83%.

The reactor is simplified as a fully mixed fixed bed reactor with
an average temperature of 350 �C. At high temperatures the con-
version is limited by the thermodynamics and at low temperatures
the reaction rate will decrease, thus most of the fixed bed reactor
concepts utilize several reactors that operate at different temper-
atures. Reactor is operated at 10 bar pressure and temperature
<300 �C is required to achieve high, over 98% CH4 content in at the
output gas [44]. The water produced in the reaction must be
removed before CH4 compression by cooling. The energy con-
sumption of water removal is neglected.

CO2 þ 4H2 4 CH4 þ 2H2O (2)

Required CO2 is assumed to be captured from an unlimited
source of biogas with amine absorption. Biogas is recognized as one

of the cheapest CO2 source, but limited in capacity compared to flue
gases frompower plants [45]. Capturing CO2with amine absorption
requires power to run the system and heat to regenerate the sol-
vent. In this study, it assumed that the required heat is provided
with electricity, as this approach is not tied to system configuration.
An optionwould be to provide at least part of the heat by the waste
heat from methanation, which would increase the system
efficiency.

Bauer et al. [41] presented the energy and heat consumption for
biogas upgrading (amine absorption) as 0.13 kWh/Nm3

biogas of
electricity and 0.55 kWh/Nm3

biogas of heat. The CO2 content of
biogas is assumed 40%, resulting electricity and heat consumption
for CO2 are 0.12 kWh/kgCO2 and 0.52 kWh/kgCO2, respectively. Total
energy consumption is therefore 0.64 kWh/kgCO2.

The intermediate buffer storage for hydrogen is implemented
with pressurized tank. Type III tank is assumed for H2, which allows
maximum 350 bar pressure [38]. The size of the tank is determined
by the maximum duration of nominal mass flow rate to metha-
nation reactor. If buffer storage gets full while the reactor is not yet
at operating conditions, produced H2 is flared. The size of the H2
storage is one of the main studied parameters, and it is varied from
2 to 12 h in each analysis.

In order to simplify the calculations and maintain focus, it is
assumed that the CO2 source is not limited, and the process for CO2
capture can be operated very dynamically. Therefore, no buffer
storage is needed for CO2, as stoichiometric amount of CO2 can be
always obtained and captured from the source. It is also assumed
that the CO2 is captured at atmospheric pressure, thus compression
is needed before feeding CO2 to the methanation reactor.

Energy is needed to compress H2 to the buffer storage, CO2 to the
methanation reactor and CH4 to the gas grid. The required
compression power is calculated by mass flow rate and enthalpy
increase with equation (3). The outlet temperature is calculated by
pressure ratio and polytropic compression with equation (4). All
gases are treated as ideal gases. The values for polytropic effi-
ciencies are specified separately for each gas H2, CO2 and CH4, and
presented in Table 1. It is assumed that hydrogen compression has
improved from the time of the study of Onda et al. [37], therefore
60% polytropic efficiency is used. For other compressors, 85% effi-
ciency is used [40].

In order to reduce compression energy, four-stage compression
with even pressure ratios and intercooling is assumed. Intercooling
decreases the gas temperature to 40 �C. The produced CH4 is fed to
gas grid. In this paper, the grid pressure of 50 bar is used. The
pressure levels vary from 1 to 70 bar in Europe, according to CEER
report [46].

Pcomp ¼ qmcp;1�2ðT2 � T1Þ (3)

Fig. 1. Process model of the studied system.

Table 1
Input data.

Variable Value Unit Reference

Electrolyser efficiency (LHV) 65 % [36]
Pressure of electrolyser H2 outlet 30 bar [36]
Polytropic efficiency of H2 compression 60 % [37]
Max. pressure of H2 storage 350 bar [38]
Pressure of gas grid 50 bar [39]
Polytropic efficiency of CO2 compression 85 % [40]
Polytropic efficiency of CH4 compression 85 % [40]
Nominal power of electrolyser 3 MW This paper
Pressure of methanation reactor 10 bar [3]
Temperature of methanation reactor 350 �C [3]
Energy consumption for CO2 source 0.64 kWh/kgCO2 [41]
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T2 ¼ T1

�
p2
p1

� R
cphp

(4)

The total efficiency of the PtG system hPtG is calculated by
dividing the chemical energy based on LHV in produced methane
with the total energy consumption, as in equation (5). The energy
content of produced methane mCH4 is defined with lower heating
value LHVCH4 of 50.0 MJ/kg. EAEL, Ecomp, ECC and EBoP are the annual
electricity consumptions of electrolyser, all compressors, carbon
capture and balance of plant, respectively. Qreactor and QCC are the
annual heat consumptions of reactor heating and carbon capture.

hPtG ¼
mCH4LHVCH4

EAEL þ Ecomp þ ECC þ Qreactor þ QCC þ EBoP
(5)

2.1. Reactor parameters

One of the main research questions in this paper is the signifi-
cance of the reactor dynamics to the performance of the PtG plant
with different combinations of FLH and H2 storage size. In order to
study this, the dynamical restrictions of the methanation reactor
were set with five parameters. Two of them are limiting the reactor
loading: the maximum load ramp and the minimum part load.
Three parameters describe the thermal restrictions: the maximum
thermal ramp, the maximum standby time and cooling rate of the
reactor. In addition, three different years were studied
(2016e2018), as the boundary conditions varied from year to
another.

All parameters describing the loading and thermal dynamics of
the system have three values, low, medium and high, which are
presented in Table 2 and named as group A, B and C. The values
were selected partly by literature and partly by choosing repre-
sentative values within clear intervals. Mainly conservative values
are used, in order to highlight the importance of these parameters.

Even if enough H2 would be available, production of CH4 cannot
be started immediately if the reactor must be heated from low/
ambient temperature. R€onsch et al. [47] modeled that if the oper-
ation of the reactor was interrupted for over 4 h, problems as for-
mation of nickel carbonyl or inhibition of methane formationmight
occur during next startup, as the temperature decreased below
550 K and 503 K. The temperature before interruption was not
mentioned.

In addition, the heating rate of the methanation reactor is
limited due to thermal stress. Frank et al. [25] proposed amaximum
thermal ramp of 50 �C/h. In this paper, values of 25, 50 and 300 �C/h
were used. The medium value, 50 �C/h, is similar to one used in
study of Frank et al. [25]. The high value, 300 �C/h was chosen so
that it virtually does not limit the dynamics of the reactor. The low
value, 25 �C/h was an ad hoc estimation and chosen so that it made
a clear difference to the medium value.

Other option is to keep the reactor in the operation temperature
(standby), when there is no CH4 production. The range for energy

consumption during standby is wide in literature, from 0.76 kW for
30 kWCH4 (2.5%) [48] to 387 kW for ~600 kWCH4 (65%) [25]. In this
study, the value of 2.5% was used and electrical heating was
assumed. During the reactor startup, when the temperature of the
reactor is not maintained but increased, it was assumed that the
heating demand was doubled from the standby demand.

The value for the maximum standby time would not be a
physical property, but an optimization task between insulation and
heat loss. The optimization task is out the scope of this paper.
Similarly, the cooling rate of the reactor during shutdown is
resulting from ambient conditions, insulation and mass of the
reactor. In addition, no representative values could be found from
the literature related to PtG or similar reactors. Therefore, repre-
sentative ad hoc values were chosen for both cooling rate and the
maximum standby time: 1, 5 and 10 �C/h for the cooling rate and 2,
12, and 72 h for the maximum standby time. The ambient tem-
perature was 20 �C in this study.

It is assumed that there are no significant restrictions in load
ramp of electrolyser, as it is stated that 0e100% load can be reached
in less than a minute [18]. Unlike electrolyser, the methanation
reactor is not so flexible, but there is a limit for rate of change for
gas feed. For the maximum load ramp, Frank et al. [25] propose
10%/h, Gorre et al. [26] 180%/h and Matthischke et al. [28]
44e550%/h. Due to large variation, values of 20, 50 and 80%/h were
used to cover the main range within the time step of 1 h.

There is a certain limit how low the gas feed to the methanation
can be set, and still get grid quality CH4 as an output. This limit is
denoted as minimum part load. During startup, while the gas feed
is lower than the minimum, it is assumed that the produced gas
quality is not good enough, thus gas must be flared. Lowest value
for the minimum part load (20%) was chosen by the simulation
results (10e40%) of Matthischke et al. [27]. The high value, 80%,
describes traditional large-scale chemical production plant that is
mainly operated in steady state. The medium value, 50%, is selected
from the middle between high and low value.

2.2. System control

The startup heating of the reactor was started when the H2
storage pressure was increased to reactor pressure. It is assumed
that the gas feed to the methanation could be started when the
temperature reached the operational temperature. The logics of the
startup is described with a flow chart in Fig. 2. The gas feed was
increased so that the maximum load ramp was not exceeded.
Before the minimum part was reached, the product gas was
assumed to be not good enough for gas grid, thus it was flared. If the
pressure of the H2 buffer storage decreased below reactor pressure,
gas feed was stopped, and standby heating was started. Standby
heating was carried until the maximum standby time was reached.
After that, the reactor started to cool down towards ambient tem-
perature (20 �C).

If the production of H2 started during the standby mode, a hot
start could be done. During hot start, the gas feed could be started
immediately, as the reactor was already at the operation
temperature.

There would be room for more detailed control method that
could predict the development of the pressure in H2 storage, so that
the heating of the methanation could be done in advance. Thus, the
reactor would be immediately available for gas feed. However, the
objective of this paper is more to highlight the need for predictive
control rather than develop them.

The control of the H2 feed to the reactor was done as a function
of H2 storage level. The minimum part load of the methanationwas
used, when the storage is within the lowest 5% of the working
storage capacity. At the minimum level, storage pressure equals

Table 2
Studied values for the key parameters. All combinations of parameters were simu-
lated for each case and combination of FLH and H2 storage size.

Type Parameter Group A Group B Group C Unit

Load Minimum part load 20 50 80 %
Maximum load ramp 20 50 80 %/h

Thermal Thermal ramp 25 50 300 �C/h
Maximum standby time 2 12 72 h
Cooling rate 1 5 10 �C/h

General Year 2016 2017 2018 e
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reactor pressure. Therefore, the H2 mass at the minimum level for
operation is changed, if the reactor pressure or storage size are
changed.

From 5% to 95% of the working capacity of the storage, the load
of methanation is increasing from the minimum load towards to
the nominal load. Nominal load is achieved when 95% of the
working capacity is reached. In order to keep the storage level high,
the load is increased slower until 80% of the working capacity is
reached. An example of a control curve is presented in Fig. 3, where
the minimum part load of methanation is 40%.

3. Method for analysis

The main method of this study is scenario analysis. The two
main parameters were full load hours (FLH) of the H2 production
and the size of the H2 buffer storage. Three different cases (Spot,
Wind and Solar) were studied in order to have different annual
distribution for H2 production. Each of the cases had a certain range
for FLH, as described in section 3.1. Same range of values were used
for the size of the H2 buffer storage in all cases, from 2.0 to 10.0 h,
determined as duration of nominal H2 feed to the methanation
reactor. All the combinations of FLH and H2 storage size were
simulated for each case. In addition to ranges of FLH and H2 storage
size, all combinations of parameters and years from Table 2 were
simulated. As there are n ¼ 36 ¼ 729 combinations in Table 2, three
cases together with the different studied values for FLH and H2
storage size, total number of simulation were about 800 000.

3.1. Source for H2 production

The focus of this study is in the dynamics of the methanation
synthesis and buffer storage demand. Therefore, the production of
H2, in this case the operation of the electrolyser, was directly
following certain boundary condition. All intermittency in the H2
feed had to be handled by H2 buffer storage and dynamics of the
methanation reactor. This method was chosen to emphasize the

flexibility requirements for the downstream system.
Three different boundary conditions were selected to model

different type of intermittency. For these three cases, the inter-
mittency of H2 production was caused by variations in weather
conditions (wind or solar) and hourly electricity market price, all
representing conditions in Nordic Europe. Full load hours (FLH) of
H2 production was used as a parameter to describe the intermit-
tency, and for enabling the comparison of the cases. The upper limit
for studied FLHwas set to 6000 h, as the overall efficiency of the PtG
system approached steady state performancewith higher values. In
order to present the results from the meaningful FLH range more
clearly, a lower limit of 300 h was set for FLH when analyzing the
results. Boundary conditions represent Northern Europe, with large
seasonal variation due to cold winter and variation in daylight
hours.

First case, called Spot, is based on an hourly spot price of Nord
Pool market for Finland. Data was obtained from the Nord Pool AS
website [49]. A fixed price threshold was utilized to control the
operation of electrolyser. Electrolyser operates at the nominal po-
wer when the electricity price is lower than the price threshold. 23
thresholds from 5 to 60 V/MWh were utilized to obtain a
comprehensive range of FLH up to 6000 h. An example threshold of
40 V/MWh and hourly electricity spot price for 2018 are presented
in Fig. 4.

The second and third cases are called Wind and Solar. In both
cases, the electrolyser was operated by modeled excess electricity.
It was assumed that the studied PtG plant has the priority to utilize
the excess electricity up to the nominal power of the electrolyser.

Historical hourly data was used as a basis for modeling of excess
electricity production. As the current power system does not pro-
duce large amounts of excess electricity, it is modeled by scaling up
historical electricity production from solar or wind power. In order
to cover an appropriate range of FLH, several scaling factors were
used. The utilized scaling factors were 1e101 for solar and 1e10 for
wind power.

The scaled electricity production was added on top of the base
electricity production in Finland. The excess electricity production
was then calculated from the difference of total electricity pro-
duction and consumption. The resulting operation of the electro-
lyser is presented in Fig. 5.

The data for base electricity production, electricity consumption
and wind power were downloaded from the open data service of
the operator (Fingrid Oyj) [50]. Because the data for solar power
production in Finland was limited, data from Sweden was used

Fig. 2. Simplified flow chart of the model.

Fig. 3. An example for a control curve of methanation based on the level of H2 storage.
In this example, the minimum part load is 40%.
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instead. The data for solar power was obtained from the open data
service of Svenska kraftn€at [51]. As a neighbor country, the char-
acteristics of the solar power production are assumed to be rather
similar to Finland.

The average duration of the H2 production cycles over the whole
year were different for different full load hours: 3.7e53.0 h in case
Spot, 2.4e30.3 h in caseWind and 2.7e8.2 h in case Solar. Similarly,
the number of electrolyser operational cycles during the year var-
ied: 8e117 in case Spot, 1e200 in case Wind and 1e240 in case
Solar. All values are averages from the three studied years.

4. Results

4.1. Share of energy consumption

In order to present the results conveniently from the high
number of studied parameter combinations (n¼ 36 ¼ 729, Table 2),
certain averaging was done. All the results for a specific value and
case were stored in a three-dimensional matrix. Example illustra-
tions of the result matrixes are presented in Fig. 6. Similar structure

was used also for other values.
Axis i is for the obtained full load hours (FLH), and axis j is for H2

storage size, which was an input parameter. Axis k describes the
unique combinations of studied parameter values from Table 2.

The distribution of average energy consumption of all the sce-
narios were calculated by equation (6), and presented for each case

Fig. 4. left figure: An hourly electricity spot price for Finland (2018) is presented with an example price threshold (40 V/MWh) for H2 production. In middle and right figures,
examples of modeled (scaled-up) wind and solar power production are presented at the top of other power production, without import. Scaling factors for wind and solar power are
5 and 40, respectively.

Fig. 5. An example operation of electrolyser for each case and the resulting full load hours (FLH).

Fig. 6. The indexes of the result matrix for each case are: i for obtained electrolyser full load hours (FLH), j for H2 storage size and k for a unique combination of parameters from
Table 2. Values of a and b are dependent on the boundary condition of H2 production and H2 storage size.

Table 3
Share of energy consumption of different components, calculated by equation (6).

variable Share of energy consumption [%]

Spot Wind Solar

Electrolyser 84.8 85.1 85.1
Reactor heating 1.7 1.2 1.7
Carbon capture, heat 6.9 6.9 7.0
Carbon capture, electricity 1.6 1.6 1.6
H2 compression 2.0 2.1 1.6
CO2 compression 0.6 0.6 0.6
CH4 compression 0.3 0.3 0.3
BoP 2.2 2.1 2.1
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in Table 3. Variables a and b denote the number of studied values
for electrolyser full load hours (FLH) and H2 storage size. The values
for awere 23, 19 and 21 in cases Spot, Wind and Solar, respectively.
The value of b, 33, was same in all cases. The variable c is the
number of studied parameter combinations, 729 in all cases.

These results indicate the most probable performance within
the utilized boundary conditions and assumptions. Therewere only
negligible differences between the cases, as the largest deviations
was only 0.5% point in the energy consumption of H2 compression.

The most dominant energy consumer was the electrolyser.
Carbon capture was the second largest, consuming about 8.5% of
the total energy. A major part of this was heat, which could be
provided at least partly from the waste heat from the reactor. It
could be one of the easiest way to improve PtG efficiency, if the
methanation and carbon capture operated at the same time.
However, this was out of the scope of this paper. The third largest
energy consumer was the compressors combined.

variablecase;avg ¼

Pa
i¼1

Pb
j¼1

Pc
k¼1

variablecase;i;j;k

abc
(6)

4.2. Total efficiency and operational cycles

For each scenario, the overall PtG efficiency was calculated with
equation (5). Then for each case, an average efficiency was calcu-
lated as a function of full load hours (FLH) and H2 storage size by
equation (7), where the value of c is 729 in all cases. The formation
of the data set is described in Fig. 6. The resulting average efficiency
of all parameter combinations (from Table 2) is presented in Fig. 7.

hcase;avg;i;j ¼

Pc
k¼1

hcase;i;j;k

c
(7)

There were no large differences in the maximum efficiencies, as
all cases reached almost steady-state operation with the highest
FLH and largest H2 storage. With a nearly steady-state operation,
the differences from dynamics vanished, and the maximum effi-
ciency was about 46% in all cases.

However, there was large deviation between the cases in how
often high efficiencies were obtained. In case Spot, over half of the
combinations of FLH and H2 storage size yielded to the efficiency
over 46%, but in case Wind, the share is clearly lower. The most
obvious difference between the case Solar and other cases is the
low FLH, which was only about 2000 h at the maximum. It is due to
the nature of solar power, which is available mainly during the
summer and daytime in northern Europe.

The benefit from adding larger H2 storage varies from case to
another. In case Spot, the benefit is rapidly decreasing with higher
FLH. Already at FLH of 3000 h, there is no need for larger than 4 h

storage, as steady-state efficiency (46%) is reached. However, in
case Wind over 8 h storage was required for similar performance
with the same FLH. In case Solar, larger than 5 h storage was not
increasing the efficiency at any FLH.

The number and duration of operation cycles of methanation
was affected by the FLH of electrolyser and H2 storage size. The
median values in respect the axis k are presented in Fig. 8. Large H2
storage with high FLH enabled longer cycles in cases Spot and
Wind, which decreased themedian number of cycles. Case Spot had
the largest number of cycles, which occurred when FLH was
4000e5000 h and H2 storage size was 2 h. In case Wind, the main
shape of the figure was the same as in case Spot, but the number of
cycles were smaller. Case Solar was significantly different from the
other cases, as the H2 production occurred mainly during summer,
and not during the night. This led to low FLH compared to other
cases. Increase of the size of H2 storage did not have significant
effect to the number of cycles for case Solar, but the duration of the
cycles was still increased.

4.3. Significance of the reactor parameters

The significance of each reactor parameter to the system effi-
ciency is studied in this section. Analysis was done by calculating
the potential of efficiency improvement for each parameter, while
the effect of other parameters was eliminated.

An individual analysis was carried out for each parameter (and
year) listed in Table 2. All the simulated scenarios were divided into
three groups based on the value of the parameter of interest. Group
A consist all scenarios inwhich the parameter had the lowest value.
Consequently, scenarios with medium value for the parameter are
selected into group B, and the rest for group C, with the highest
parameter value. An example groups for the analysis is presented in
Fig. 9.

In the analysis, the variation of efficiency is calculated along axis
k, which gives the result as a function of FLH and H2 storage size.
The variation of the efficiency is defined as the difference between
the maximum and the minimum efficiency for a combination of
FLH and H2 storage size, as presented in equation (8). As the
number or resulting figures was high, they are presented in
Appendix 1.

Dhcase;group;variation;i;j ¼max
n
hcase;group;i;j;1; :::; hcase;group;i;j;k

o

�min
n
hcase;group;i;j;1; :::; hcase;group;i;j;k

o

(8)

The variation of efficiency reveals how much a value of a single
parameter could affect to the efficiency, despite the values of other
parameters. It can be interpreted also as the potential to improve
the efficiency.

In order to compare the potential of efficiency increase of each
parameter, an average value was calculated for each parameter and

Fig. 7. Average efficiency of the PtG-system for all the scenarios.
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case, by equation (9). The type of source data, available in Appendix
1, is illustrated in Fig. 10. Three different values, low, medium and
high were used for each parameter. The resulting average values
were compared with each other as a bar chart in Fig. 11.

hcase;group;variation;avg ¼

Pa
i

Pb
j
Dhcase;group;i;j

ab
(9)

An average variation of the PtG efficiency for each parameter
and case is presented in Fig. 11. Three values were used for each
parameter, and together they form a range. The length of the bar
equals to the resulting potential of efficiency improvement.

Case Spot had clearly the lowest level of average efficiency
variation for all parameters. The ranges for every parameter were
between 1.1 %-point and 3.0 %-point. There was no large differences
between the parameters, which makes parameters equally impor-
tant for the system behavior. The simulation year created even less

variation to the results. The average potential of efficiency
improvement (bar length) was 1.1e1.7 %-point for all parameters
except for year (0.3 %-point).

Fig. 8. The median number of operational cycles of methanation and the median cycle duration varies with electrolyser FLH and H2 storage size.

Fig. 9. An example illustration of formation of groups for case Spot. Each group consists of all scenarios in which the parameter of interest had corresponding value from Table 2.

Fig. 10. Formation of the data set that was used to compute the average and maximum efficiency variation.

Fig. 11. The range for the obtained average sensitivity of PtG efficiency is presented for
each studied parameter.
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In case Wind, the upper end of the average values for efficiency
variation were 5.7e6.2 %-point for all parameters. The average
values could not be decreased below 4 %-point by improving the
maximum load ramp or the minimum part load. However, with
more favorable values for the three parameters considering ther-
mal restrictions, the average variation was decreased to 1.3e2.5
%-point. The lowest value, 1.3 %-point, was reached with the
maximum thermal ramp of 300 �C/h. Still, the lowest values for the
average efficiency variation were higher than in case Spot. The
potential for efficiency improvement (bar length) was high in case
Wind: 3.7e4.5 %-point for the parameters regarding thermal re-
strictions. Less potential was found for parameters regarding load
ramp and part load: 1.6 and 2.2 %-point.

Case Solar had the largest and highest range for the average
efficiency variation. As in other cases, the upper end of the range
was nearly similar within all the parameters. The main level was
higher than other cases, as the average efficiency variation reached
7 %-point with all parameters. Parameters for both loading and
thermal dynamics had a good potential to improve the efficiency:
from 3.2 to 5.3 %-point.

In order to study the greatest effect of the studied parameters,
the range for maximum efficiency variation is presented in Fig. 12.
As seen in Appendix 1, the largest efficiency variations were usually
obtained with the lowest electrolyser full load hours (300 h) and
smallest H2 storage (2 h). Same regions have the possibility for the
largest efficiency improvements.

Case Spot and case Solar had the lowest and highest levels of the
maximum efficiency variation, respectively. In case Spot, the range
(efficiency increase potential) for all parameters was rather similar,
4.1e6.7 %-point. The maximum thermal ramp resulted clearly
lower level of efficiency variation than other parameters, also in
case Wind. In cases Wind and Solar, the potentials for efficiency
improvements were 3.0e8.5 and 7.0e14.3 %-point (year not
included). In general, there were lot of potential to improve PtG
efficiency with the studied parameters, if the electrolyser full load
hours were low and H2 storage is small. Parameters regarding
thermal restrictions have higher potential than reactor loading
parameters. When comparing cases, parameter values were most
significant in case Solar.

5. Discussion

In this study, the significance of the dynamical constraints of the
methanation reactor were studied with different boundary condi-
tions for H2 production. The boundary conditions consisted of a

large range of electrolyser full load hours (FLH), three different
sources for the excess electricity for the electrolyser, and a broad
range for H2 buffer storage.

The dynamical constraints for the reactor were divided into two
categories, first two parameters dealing with reactor loading (input
gas feed) and last three for thermal restrictions. All parameters
were given three values to describe a broad range of flexibility. In
addition, three different years were studied. All combinations of
values and years were simulated as a scenario analysis.

The results suggested that with high enough FLH and large
enough H2 storage, the effect of reactor parameters vanished. For
example in cases Spot and Wind, H2 storages of 4 and 8 h were
required with a FLH of 3000 h. Above these limits, the system
operated essentially at the steady state, and the losses from start-
ups were negligible compared to the produced methane. In case
Solar, themaximum FLHwas limited to about 2200 h due to the low
yearly availability of solar power, and about 5 h H2 storage was
enough to decouple system efficiency from the reactor parameters.
Above these limits, there would not have been a large error if the
system had been modeled as quasi-steady, without any restrictions
for operation transition from time step to next.

However, within those combinations of FLH and H2 storage size
that the model experienced variation of efficiency, the values of the
reactor parameters matter. The lower the FLH and H2 storage size,
the more significant the parameters were. Quasi-steady model
would create distortion to the results, as the losses from dynamical
restrictions would not be captured.

For all parameters, results of case Solar were strictly related to
the H2 storage size, as high FLH could not decrease the sensitivity
with small storages. In cases Spot and Wind, efficiency could be
increased significantly by increasing just FLH, even with the
smallest H2 storage. With simultaneous increase of H2 storage size,
lower FLH was required for same efficiency increasement.

Among the studied dynamical parameters, the maximum
standby time, the maximum thermal ramp and cooling rate had the
strongest effect to the model in casesWind and Solar. By improving
the values of these thermal parameters, the losses of the system
could be reduced more compared to the loading parameters, the
maximum load ramp and the minimum part load. In case Spot, the
difference between loading and thermal parameters was seen only
in the maximum efficiency variation with the maximum thermal
ramp.

Design of a commercial (PtG) system is a balancing act between
appreciating operational flexibility and buffering, both of which
have a direct link to product yield and overall cost. This study
provides information about potential PtG system efficiency gains
achievable through different technological solutions. When proper
cost information is available, the results will support techno-
economic analysis, by suggesting best available combinations of
reactor flexibility and buffering under given circumstances.

Additional contribution of this study was the energy con-
sumption of gas compression: the average energy consumptionwas
0.89, 0.93 and 0.77 kWh/kgCH4 for cases Spot, Wind and Solar,
respectively. This could be improved by introducing separate low
and high pressure storages, instead of the single tank with high
pressure. Low pressure storage could handle the shorter fluctua-
tions, and high pressure storage would be utilized only if needed.

In a real case, there could be some forecasting of electricity
prices and more sophisticated control system to produce hydrogen
based on control feedback from the other components. It would be

Fig. 12. The range for the obtained maximum sensitivity of PtG efficiency is presented
for each studied parameter.
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finally an optimization task to choose whether to produce
hydrogen or not at certain electricity price, based on amount of gas
in the buffer storage, current operational status of the methanation
reactor, other sinks for hydrogen and forecasted electricity prices
for near future. There might be also a fixed target quantity for the
weekly/monthly/yearly produced CH4, which affects to the control
scheme of the whole system.

The obtained overall efficiency could be improved significantly
by utilizing the produced heat. Heat could be used within the plant,
replacing heat demands in CO2 capture and reactor heating during
standby and startups. Heat could be also sold outside of the plant, if
some third party requires it. In the modeling study by Frank et al.
[25], the efficiency of the PtG plant was increased from 54.3% to
85.9%, when excess heat utilization was increased from zero to
comprehensive.

6. Conclusions

This paper studied the required dynamics of PtG system that is
fed with intermittent H2 production, derived by price variations of
electricity market, or modeled excess wind and solar power gen-
eration. The dynamic capabilities were introduced with either H2
buffer storage, or dynamic operation of methanation reactor, or
both. It were assumed that the variation of the H2 production
cannot be controlled, thus all the intermittency had to be dealt with
the rest of the system.

Several parameters related to reactor dynamics were studied
with a scenario analysis, and their effect on the PtG efficiency was
evaluated with different combinations of full load hours of the
electrolyser (FLH) and the size of H2 storage. The individual po-
tential to improve system efficiency was calculated for each
parameter. Putting cases Spot, Wind and Solar in order, in case Spot
the parameters had the least impact on the system performance,
and the largest impact was obtained in case Solar.

The potential of parameters to improve system efficiency was
split to the average and maximumvalues within cases. In case Spot,
the potential of all parameters were rather similar: 1.1e1.7 %-point
in average and 4.1e6.7 %-point at the maximum. In case Wind, the
maximum thermal ramp had the largest potential: 4.5 %-point on
average and 8.5 %-point at the maximum. Largest potentials were
obtained for the maximum standby time in case Solar: 5.2 %-point
on average and 14.3% at the maximum. Generally, in cases Wind
and Solar, parameters regarding thermal dynamics had greater ef-
fect to system performance than parameters regarding reactor
loading.

With high enough FLH and large H2 storage, the effect of studied
parameters could be eliminated, so that the losses due to dynamical
restrictions became negligible. For example, for a FLH of 3000 h, H2
storage of 4 h and 8 h were enough for cases Spot and Wind to
achieve average efficiency that is nearly similar as in steady-state
operation. In case Solar, a H2 storage of 3 h was required with the
highest FLH, and 5 h with the lowest FLH.

The results can be used as a basis for techno-economic analysis
by supplying required combinations of buffering and reactor flex-
ibility for efficient methane production. Future research should
obtain similar constraints related to intermittency of CO2 sources
and the dynamics of CO2 capture systems related to methanation
dynamics and variation of H2 production. In addition, the utiliza-
tion of the waste heat from the reactor should be studied for effi-

ciency improvement.
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Symbols and abbreviations

Abbreviations and indices
AEL Alkaline electrolysis
a Number of different full load hours
b Number of H2 storage sizes
c Number of parameter combinations
case Studied cases: Spot, Wind, Solar
CAPEX Capital expenditures
CC CO2 capture
comp compressor
FLH Full load hours (of electrolysis)
group Parameter groups: A, B, C
LHV Lower heating value
PEM Proton Exchange Membrane
PtG Power-to-gas

Symbols
cp Specific heat (J/kgK)
E Energy (J)
m Mass (kg)
P Power (W)
p Pressure (Pa)
Q Heat (J)
qm Mass flow rate (kg/s)
R Gas specific constant (J/kgK)
T Temperature (K)
h Efficiency (�)
hp polytropic efficiency of compressor (�)

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.renene.2020.09.029.
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Fig. 13. The maximum variation of PtG efficiency among all the scenarios for each studied value of the maximum load ramp.

Fig. 14. The maximum variation of PtG efficiency among all the scenarios for each studied value of the minimum part load.
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Fig. 15. The maximum variation of PtG efficiency among all the scenarios for each studied value of the maximum standby time.

Fig. 16. The maximum variation of PtG efficiency among all the scenarios for each studied value of the maximum thermal ramp.

E. Inkeri, T. Tynj€al€a and H. Karjunen Renewable Energy 163 (2021) 1113e1126

1124



Fig. 17. The maximum variation of PtG efficiency among all the scenarios for each studied value of the cooling rate.

Fig. 18. The maximum variation of PtG efficiency among all the scenarios for each studied year.
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a b s t r a c t

Using a life cycle perspective, potentials for greenhouse gas emission reductions using various power-to-
x processes via electrolysis have been compared. Because of increasing renewable electricity production,
occasionally surplus renewable electricity is produced, which leads to situations where the price of elec-
tricity approach zero. This surplus electricity can be used in hydrogen, methane and methanol production
via electrolysis and other additional processes. Life cycle assessments have been utilized to compare
these options in terms of greenhouse gas emission reductions. All of the power-to-x options studied lead
to greenhouse gas emission reductions as compared to conventional production processes based on fossil
fuels. The highest greenhouse gas emission reductions can be gained when hydrogen from steam reform-
ing is replaced by hydrogen from the power-to-x process. High greenhouse gas emission reductions can
also be achieved when power-to-x products are utilized as an energy source for transportation, replacing
fossil transportation fuels. A third option with high greenhouse gas emission reduction potential is
methane production, storing and electricity conversion in gas engines during peak consumption hours.
It is concluded that the power-to-x processes provide a good potential solution for reducing greenhouse
gas emissions in various sectors.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Climate change due to increased greenhouse gas (GHG) emis-
sions is one of the greatest global environmental challenges.
Energy production by fossil fuel combustion is the most significant
source of GHG emissions, comprising approximately 65% of global
GHG emissions [17]. Various targets have been set for overcoming
the problems, such as the EU 20-20-20 target for reducing GHG
emissions, increasing the use of renewable energy and to improve
energy efficiency [16]. This has led to rapidly increasing production
of renewable energy.

Increased renewable energy production may in turn lead to sit-
uations where electricity production is occasionally at a higher
level than electricity consumption. This has already happened for
instance in Germany, Scotland and Denmark, where there is rela-
tively high capacity for producing both wind and solar power.
According to Neslen [41] on windy conditions Denmark have been
able to exceed domestic electricity consumption with wind power.

The same also happened in Scotland during 2016 [56]. It is likely
that similar challenges will also appear in other regions in the near
future.

According to Plessmann et al. [45] global 100% renewable
decentralized electricity supply scenario is feasible at decent cost
but requires electricity storages. The chief problem is that renew-
able electricity production peaks occur only temporarily and sepa-
rately from consumption peaks. Therefore, the price of electricity
may drastically fall during those surplus electricity production
hours. Also, storage resources or dispatchable generation methods
are needed in order for grid operators to balance demand and sup-
ply on a real-time basis [34]. This surplus electricity can be stored
and used in several ways, depending on the energy form required
as an outcome of the storage. When it is desirable to use surplus
electricity later in the form of electricity, it can be stored in
pumped hydro storages, compressed air storages or batteries.
These processes are more detailed explained by Sternberg and Bar-
dow [52], Beaudin et al. [4] and Ma et al. [35]. However, battery
technology is not yet where it needs to be for storing electricity
and balancing energy systems on a large scale [29]. A new solution
could be to produce liquid or gaseous fuels by means of using sur-
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plus electricity via electrolysis. These fuels could provide a large
energy storage capacity and an option to move energy from the
electricity markets to other sectors, such as transportation. A
recent techno-economic comparison of different energy storage
options have been carried out by Amirante et al. [2]. The study
shows rapid development in different storage options.

The production of hydrocarbons and hydrogen would allow for
the use of hydrogen storage options and hydrogen utilization
instead of direct electricity storing and power-to-power options.
Further, hydrogen production also facilitates the production of
other chemicals, such as methane and methanol, which have even
better storage characteristics [53]. All these options to produce
something from renewable electricity via electrolysis and addi-
tional processes are referred to as PtX (Power-to-X) in this paper.
In addition to balancing electricity systems, hydrogen, methane
and methanol have multiple utilization alternatives for energy,
transportation, fertilizers and materials. Global markets for these
commodities are tremendous [18,37].

Hydrogen can be produced through various types of electrolysis
processes. At the moment, the focus of research is on reducing cap-
ital costs and integrating the compression of hydrogen into an elec-
trolysis process [57]. Methane can be produced via a
thermochemical catalytic or biological methanation of hydrogen.
Thermochemical catalytic methanation has been viewed as a more
potential option in the near future. Etogas started a 6 MW thermo-
chemical catalytic methanation process in 2013 in Germany, which
can be regarded as mature technology [47]. The good availability of
natural gas, have been seen to limit large scale methanation plants
[25]. Methanol can be produced with the hydrogenation of carbon
monoxide and carbon dioxide by using catalysts, which is also
mature technology [3]. Various pilot-scale demonstration plants
have confirmed the possibility to produce methanol from CO2

captured from flue gas, and H2 from electrolysis [54]. In addition,
Mitsui Chemicals is working with a 100,000 t methanol plant that
uses CO2 from flue gas and H2 from the photochemical splitting of
H2O [38].

There are relatively few life cycle assessment (LCA) studies
related to surplus electricity utilization in different products and
energy options. Denholm and Kulcinski [13] have compared differ-
ent electricity storage options from a life cycle perspective. Their
conclusions is that electricity generation method have the highest
contribution on climate change. However they did not include PtX
processes in their study. The most thorough study has been carried
out by Sternberg and Bardow [52], who have compared GHG emis-
sions results from various PtX processes. They found that the high-
est GHG emission reductions can be achieved by surplus electricity
use in heat pumps or in electric vehicles. However, they did not
include hydrogen compression electricity consumption in their
study, and there are various options for heat recycling also not
included in their study. One of the key process steps of PtX is
CO2 capture. Sternberg and Bardow [52] did not include CO2

capture-related GHG emissions in the overall emissions of PtX
products. Therefore, its importance from a GHGs standpoint is

unclear. Oliveira et al. [44] did an LCA comparison of various elec-
tricity storage methods. Their conclusion is that from climate
change perspective electricity production methods have the high-
est contribution to the results. Spath and Mann [51] studied GHG
emissions from hydrogen production via electrolysis utilizing
renewable electricity. Their conclusion was that in the operational
phase, emissions are minimal, and that the majority of emissions
are related to the construction phase. Galindo et al. [23] compared
the economy of conventional methanol production with that of
methanol production from CO2, and they concluded that conven-
tional methanol production is less expensive. They also collected
data from previous studies on the GHG emissions of methanol pro-
duction from CO2. According to the previous studies, 1 kg of
methanol produced from CO2 leads to 0.8 kg of CO2 emissions.
Since then, development has occurred in the methanol conversion
process. Schaaf et al. [48] conclude that methane production from
surplus electricity and storage in natural gas grids enables a high
balancing option for the electricity system. Clemens et al. [10] have
studied photocatalytic methane and methanol production from
CO2. The weak point of this process is the high water consumption,
which may limit its use, especially in dry regions. There may also
be economic limitations as Bydny et al. [8] study shows that PtX
options cannot be operated profitably for bridging the balancing
markets for power and gas currently without subsidizes.

Due to the various utilization options and PtX routes, deciding
how surplus electricity should be utilized is challenging. We still
lack knowledge about the ways and means that hold the most
potential for utilizing surplus electricity via PtX routes especially
compared to traditional production ways. In this paper, our focus
is on GHG emission reductions from these routes. Some are more
direct, such as conventional hydrogen, methane, and methanol
replacement with PtX products. However, backed by political deci-
sions and economic support, these fuels could also be utilized as
replacement of fossil-based transportations fuels or in various
energy production options. The aim of this research is fourfold:
(1) to calculate the GHG balance for various PtX options; (2) to
compare, for the same products, GHG emissions from PtX methods
to GHG emissions from alternative production methods; (3) to pro-
vide recommendations for how PtX processes should be utilized in
order to gain the highest GHG emission reductions; and (4) to dis-
cuss the potential of PtX commodities for replacing conventional
fossil fuel-based systems globally.

This paper gives novel information related to GHG emission
reductions for PtX processes and products compared to those pro-
duced by fossil energy. The conclusions of the paper can help
researchers, companies and decision makers to develop more sus-
tainable electricity systems that are linked to fuel production.

2. Materials and methods

In this chapter at first general principles for the life cycle assess-
ment model have been presented. The second part of this chapter
presents detailed assumptions and data used in the model.

Nomenclature

CH3OH methanol
CH4 methane
CO2 carbon dioxide
EPA U.S. Environmental Protection Agency
GaBi LCA software
GHG greenhouse gas
H2 hydrogen

H2O water
EC European Commission
ISO International Organization for Standardization
LCA life cycle assessment
MEA monoethanolamine
O2 oxygen
PtX power-to-X
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2.1. The LCA model

The core method of this research is life cycle assessment, which
has been carried out according to the instructions of the ISO 14040
[30] and 14044 standards. In addition, GaBi 6.0 [22] software and
databases have been applied for modelling. Additional data has
also been collected from relevant literature. The literature is pre-
sented in a chapter ‘‘data and assumptions”. A model have been
created to calculate the carbon footprints of different PtX products
and to compare these to similar products produced by conven-
tional processes. This research has been carried out in the EU oper-
ational environment. The functional unit used is 1 MJ of surplus
renewable electricity produced by wind power. Wind power was
chosen for the study because it holds the highest potential for pro-
ducing surplus electricity in the EU [12].

The LCA model was created so that hydrogen, methane and
methanol production via PtX could be compared to alternative
options for producing these products (Fig. 1).

In addition, the products can be used to replace other fuels and
energy systems indirectly, for instance in the transportation sector.
These comparisons have been classified into two options: (1)
primary product replacement, and (2) secondary use replacement.

In the case of the first option – primary product replacement –
hydrogen, methane and methanol directly replace hydrogen,
methane and methanol from alternative production processes. This
substitution may be well-justified because it does not require any
additional uncertain assumptions which could be related to the
secondary use replacement. Justifying the second option – sec-
ondary use replacement – is more complicated. To illustrate, all
of the products under study can be used as energy sources for

transportation to replace other transportation fuels; however, it
is unclear which fuels they are actually replacing. Methane can
directly replace natural gas in gas-operated vehicles, but it could
also substitute for fossil fuel (petrol or diesel) if political decisions
and economic support are directed towards higher amounts of gas-
operated vehicles or to the conversion of cars from petrol-operated
to gas-operated. Similarly, electricity produced from methane may
replace marginal electricity production methods if the methane
electricity production is adjusted to peak production hours.

2.2. Data and assumptions

This section of the paper provides the data utilized in the mod-
elling. The values in parentheses represent the potential variation
of values, which have discuss later in the sensitivity analysis. The
model has mainly been created so that the PtX processes are mod-
elled based on values from the literature. The replaced conven-
tional processes and energy production processes have been
modelled based on GaBi 6.0 [22] database values. Direct surplus
electricity use in heat pumps or electric vehicles is excluded from
this study because this has already been studied by Sternberg and
Bardow [52].

Electrolysis is the first step in transforming surplus electricity
into different commodities. In the electrolysis process, H2O is sep-
arated into H2 and O2 with the use of a direct electric current. There
are three main electrolysis methods available: (1) alkaline electrol-
ysis cell (AEC), (2) proton exchange membrane electrolyzer (PEM),
and (3) high temperature electrolysis. For the purposes of this
research, proton exchange membrane technology has been
selected. This is because in comparison to the other production
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methods, the slightly higher efficiency and shorter startup time
improve the usability of this electrolyzer when a variable electric-
ity source is used in production [20]. According to Sternberg and
Bardow [52] 1 MJ electricity can produce approximately 0.0052
(0.0050–0.0061) kg of H2. Based on Reaction (R1), this requires
0.046 kg of H2O and also produces 0.041 kg of O2.

H2O ) H2 þ 1
2
O2 ðR1Þ

In addition to hydrogen, production of hydrocarbons requires
carbon feed for the process in the form of CO or CO2. In this study,
carbon is taken from the flue gas of a combustion plant as CO2,
because worldwide, there are tremendous amounts of CO2 avail-
able. There exist various methods for separating CO2 from the flue
gases. This separation can be based on absorption, adsorption,
membranes, or other physical and biological separation methods
[1]. Monoethanolamine (MEA) absorption is a commercially avail-
able and commonly utilized separation method for CO2 in biogas
production [46]. In addition it can also be used in power plants
to capture CO2 as is presented by Fytianos [21] and Abu-Zahra
et al. [1]. Thus, that technology was chosen for this study. MEA
has a strong affinity for CO2, but the regeneration process requires
high temperatures and therefore thermal energy use [1]. A small
proportion of MEA has to be constantly removed from the process
and replaced with new MEA due to the MEA degradation. MEA
degradation leads to problems with corrosion, among other things.
MEA degradation and resulting problems are further described in
Fytianos [21] and Zhou [62]. Fig. 2 presents modelling of MEA pro-
duction and CO2 capture processes. After capture, CO2 is com-
pressed for storage before the hydrocarbon production. The
electricity consumption in CO2 compression is assumed to be
0.61 MJ kg�1 of CO2 [61].

In the methanation process, CO2 can be converted to methane
via chemical reactions. A thermochemical catalyst was selected
for this study because it has been viewed as the method with the

most potential in the near future [47]. This technology is still under
development. The methanation process is exothermic, thus provid-
ing heat in addition to main products. Reaction (R2) presents the
methanation process [25]. It is assumed that the conversion pro-
cess for methanation is 95% [52]; therefore, a little unconverted
H2 and CO2 remain in the product gas. The methanation process
is further described in Helmeth.

CO2 þ 4H2 ) CH4 þ 2H2O DhR ¼ �165 kJ mol�1 ðR2Þ
In the methanol conversion process, CO2 and H2 are converted

into methanol and water via chemical reactions in the presence
of the catalyst. The reaction is exothermic as well and is presented
in Reaction (R3) [52]. The methanol conversion process produces a
mixture of gas, which is cooled down in order to condense the
formed methanol and water. The unreacted CO2 and H2 are cycled
back into the process, whereas the methanol is separated from the
water and purified. Evald et al. [19] very high selectivity, i.e. near
100%, has been attained for methanol using a SiO2-modified Cu/
ZnO catalyst [54]. Methanol conversion is described in more detail
in Suhas et al. [54].

CO2 þ 3H2 ) CH3OHþH2O DhR ¼ �49 kJ mol�1 ðR3Þ
Based on Reactions (R2) and (R3), inputs and outputs for metha-

nation and methanol conversion processes can be calculated. The
results and additional data are presented here in Table 1.

Additionally, different ratios have been presented for the
methanol conversion process. Evald et al. [19] present that the
CO2:H2 ratio can be approximately 1:3, and that energy consump-
tion in the process is much higher than assumed. This is probably
due to rapidly developing technology. In this case, a relatively high
amount of extra CO2 is added to the process, but the carbon
amount in the methanol produced is similar whether extra CO2

is added to the process or not. Capturing and storing extra CO2 nev-
ertheless leads to additional GHG emissions, especially in electric-
ity consumption.
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Various utilization options exist for hydrogen, as it can be used
directly in hydrogen-operated vehicles or as a chemical. The major
chemical applications for hydrogen are fuel production processes
and ammonia production. Traditionally, hydrogen has been pro-
duced from natural gas with a steam reforming process. This pro-
cess leads to relatively high GHG emissions because carbon from
the methane reacts to CO2 [58]. Hydrogen utilization requires com-
pression or liquefaction of hydrogen. Both consume relatively high
amounts of electricity depending on the length of the storage per-
iod [26,58]. For the purposes of this paper, it is assumed that the
hydrogen production is at close range from its utilization; thus,
no long-term storage would be needed. Compression for low pres-
sure and for the methanation or methanol conversion processes
requires only about 1% of hydrogen energy content [6].

In addition to hydrogen, electrolysis also produces oxygen. Pure
oxygen is used in numerous industries for a variety of reasons and
also in medicine, aircraft and submarine applications. Oxygen can
be produced with certain processes, such as cryogenic separation
and pressure swing adsorption; or by using membranes and pass-
ing air through a membrane filter [50]. Oxygen is also formed as a
by-product from processes where nitrogen is produced from air
[55]. In some cases, oxygen use may not directly replace oxygen
produced by a cryogenic process. In the majority of oxygen-
consuming processes, such as combustion and aeration in waste
water treatment, oxygen is added as air. However, if pure oxygen
from electrolysis is available, there can be various advantages over
air use. This is because there is 78% nitrogen in air, leading to
unnecessary electricity use in compression and to unnecessary
capacity investments, for example.

Methane can be used in various energy production processes
developed for natural gas. In addition, methane is utilized for
instance as feedstock in hydrogen production via steam reforming.
There is tremendous demand for methane, and EU28 natural gas
consumption alone was 18,000 TJ in 2014 [18].

Methanol is a feedstock for various chemical applications. It can
be utilized in plastic and paint production, for example. It is also an
energy carrier and can be employed for energy production or as a
transportation fuel. Worldwide, 180,000 t of methanol is used daily
[37].

Distributing hydrogen, methane, methanol or electricity for
transportation use requires compression and pumping processes.
For vehicle use, hydrogen must be compressed to approximately
600 bars of pressure [9]. The compression consumes approxi-
mately 11% of hydrogen energy content [6]. According to Uusitalo
et al. [59], methane compression and distribution in 55 bars of
pressure consumes 0.71 MJe kg�1

methane. In addition, compression to
250 bars, which is the tank pressure of the vehicle, requires an addi-
tional 0.29 MJe kg�1

methane electricity. Methanol refueling consumes
0.07 MJe kg�1

methanol electricity [5].
For secondary use, comparisons of tank-to-wheel efficiencies of

different vehicle types play an important role. Data related to vehi-
cle use is presented in Table 2.

For the purposes of this paper, it is assumed that all electricity
consumed in the processes is produced by average electricity

production methods in the EU. For reference processes, GaBi
databases have been utilized. In addition, for methanol
production from fossil syngas, GHG emissions are approximately
1 kg CO2 kg CH3OH�1 [36]. Higher GHG emission factors
have been presented for methanol production, varying from
3.8 kg CO2 kg CH3OH�1 (coal) to 1.6 kg CO2 kg CH3OH�1 (natural
gas), but in this paper, the lower value has been utilized [23].

Electricity and heat production from methane requires the use
of gas engines or gas turbines. Due to its high electricity-
production efficiency, a gas engine has been chosen for this study.
An example gas engine used in the model is TCG 2020 V16. The
electricity and heat production efficiencies for the gas engine are
both 0.42 [15]. The calculations have also been carried for lower
electricity production efficiency (35%) if for example gas turbines
are utilized. Use of Organic Rankine Cycle technology could slightly
increase electricity production capacity, but this option has not
been studied in this paper [11].

3. Results and discussion

In this section, the GHG emissions for various PtX products and
their uses as well as the GHG emissions from alternative produc-
tion methods have been presented. In addition, the applicability
of PtX for different sectors have been discussed. The GHG balance
results for the production of H2, CH4 and CH3OH is presented in
Fig. 3. Similar products can be further directed for secondary use.
GHG emissions for transportation uses are presented in Fig. 4.
The first bars in the figures present GHG emissions and sources
from PtX processes. The second bar summarizes these GHG emis-
sions. The third bar presents GHG emissions from reference cases.
The reference case bar also includes an option to replace reference
oxygen production with oxygen produced in electrolysis.

As can be seen in Fig. 3, with the use of a PtX process, hydrogen
can be produced with very low GHG emissions. Emissions from
hydrogen production are mainly related to renewable electricity
production. The renewable electricity utilized in electrolysis was
assumed to be produced by wind power. If the electricity had been
produced by solar power, the GHG emissions from this phase
would be slightly higher [40]. In addition, changes in electrolysis
efficiency would either improve or weaken GHG emission perfor-
mance of PtX solutions, compared to the alternative production
methods. However, changes in electrolysis efficiency do not affect
the order of different PtX routes in terms of GHG emissions. The
electricity production method could also be something else, but
in the cases here, the GHG emissions are directly linked to the pro-
duction method. The electrolysis process is assumed to have no
direct GHG emissions. Methane and methanol production lead to
negative GHG emissions, due to the CO2 capture. The majority of
GHG emissions from these processes are related to the electricity
use in the CO2 and H2 compressions as well as in the methanation
and methanol conversion processes. Methanol conversion results
in higher GHG emissions than methanation because the electricity
consumption is approximately four times higher in the former.

Table 1
Inputs and outputs for methanation and methanol conversion processes [19,31,52].

Methanation Methanol conversion

Inputs Outputs Inputs Outputs

CO2 (kg) 2.89 0.14 1.38 0
H2 (kg) 0.53 0.03 0.19 0
CH4 (kg) 0 1 0 0
CH3OH (kg) 0 0 0 1
H2O (kg) 0 2.25 0 0.56
Electricity (MJ) 1.19 0 4.78 0
Heat (MJ) 0 10.53 0 1.23

Table 2
Initial data related to vehicle use of various PtX processes [39,52].

Energy
source

Vehicle type Tank-to-wheel
efficiency,
MJ km�1

Hydrogen Fuel cell vehicle 1.30
Methane Gas-operated vehicle developed for natural

gas
1.87 (2.3)

Methanol Traditional petrol cars in small portions or
in cars developed for methanol use

1.58 (2.5)

Electricity Electric vehicles 0.65 (0.40–0.79)
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Evald et al. [19] have presented an even much higher electricity
consumption for methanol conversion, which would significantly
increase methanol conversion bar in Fig. 3. Methane production

leads to the lowest GHG emissions of the studied options. How-
ever, alternative methane production methods (natural gas) have
relatively lower GHG emissions than alternative H2 and CH3OH

Fig. 3. A comparison of GHG emissions from H2, CH4 and CH3OH production, according to PtX route used or alternative production method used.

Fig. 4. GHG emissions from PtX products and reference fuels in the transportation sector.
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production methods. The highest GHG emission reduction can be
achieved by replacing H2 from steam reforming with H2 from
PtX. In Fig. 3, GHG emissions from methane or methanol combus-
tion are not included, but the combustion emissions are similar,
whether they come from conventional production routes or from
PtX routes.

There are also other developing options to utilize renewable
surplus electricity in methane and methanol production which
are not included in this study. Some methanogen microorganisms
can metabolize electricity into chemical energy in the form of
methane. These methanogens require also CO2 which can be cap-
tured from flue gas or from the atmosphere. However there are still
challenges with large scale process [49]. This process is more
detailed described by Deutzmann et al. [14].

Amine technology was utilized to capture CO2 from flue gas
flow. With this technology, electricity and heat production pro-
cesses result in relatively high GHG emissions: GHG emissions
are 9% from electricity use and 16–17% from heat use. With the
use of other CO2 capture technologies, electricity and heat con-
sumption could be lower, but amine technology was chosen for
this study because it is commercially available. Attractive options
for obtaining CO2 could also be biogas plants or biofuel production
incorporating hydrotreatment. These processes produce almost
pure CO2 that could be applied in PtX processes [59,60].

Fig. 4 presents a situation where PtX products are directed to
transportation use. As the figure illustrates, all of these options
lead to GHG emission reductions as compared to fossil petrol
use. The reductions with transportation use are even higher than
those for primary product replacement, which confirms the con-
clusions of Sternberg and Bardow [52]. Methanol use leads to
lower reductions than the other options because of the higher fuel
emissions from methanol combustion. The life cycle GHG emis-
sions for methanol are approximately at the same level as those
presented previously by Galindo et al. [23]. Methane and methanol
use in vehicles leads to the release of CO2 captured in the MEA pro-
cess. The highest GHG emission reductions would be achieved with
hydrogen use. However, it is important to note that the vehicle
engine efficiencies and the assumptions related to the engine effi-
ciencies have significant impacts on the results. For example, a 10%
reduction or improvement in engine efficiency would decrease or
increase the reference petrol use bar by 10%. Therefore, in real
decision-making situations, attention should be paid to the vehicle
types chosen for the study.

Globally, there are 20 million gas-operated vehicles [42]. Petrol-
operated vehicles can be modified to use gaseous fuel at relatively
low costs. In addition, methane is also an applicable fuel for heavy-

duty vehicles. Electricity is applicable only in light-duty vehicles
due to limitations of battery technology. There are 0.7 million elec-
tric vehicles globally, and they represent only 0.08% of all vehicles.
Nevertheless, in some locations, such as in Norway, the share of
electric vehicles is as much as 12% [27,28]. There are only a little
over 10,000 hydrogen-operated vehicles worldwide. One of the
biggest challenges with hydrogen-operated vehicles is the com-
pression requirements for hydrogen fuel. Methanol is one option
for future synthetic fuel, and it is currently used in cars with high
compression engines (e.g. race cars) for performance and safety
reasons. Methanol can be blended with fossil-fuel petrol, but any
amount of ethanol in the fuel will further limit blending options.
Also, higher methanol blends are possible alongside engine modi-
fications, but currently, the global amount of methanol vehicles
is marginal. Methanol has fire-safety advantages over petrol, and
vehicle motor and fuel systems in current use can be converted
to utilize methanol relatively easily. The use, handling and distri-
bution processes of methanol resemble in large part those of petrol
[43]. One drawback for methanol use in transportation is low
energy density – only half that of petrol. This means that more
methanol needs to be distributed and used on a weight basis. On
the other hand, compared to hydrogen, methanol requires less vol-
ume for the same energy content [43].

Fig. 5 presents the GHG reduction potential of electricity pro-
duction using methane as compared to average and marginal elec-
tricity production. Particularly high GHG reductions can be
achieved if the methane is stored and utilized for electricity pro-
duction during peak production hours. For the purposes of this
paper, the electricity produced from methane is assumed to
replace marginal electricity produced by coal. However, most of
the variation between electricity consumption and production is
adjusted by hydropower. Therefore, the peaks from the utilization
of fossil fuel-based marginal electricity may become rarer in the
future. If a gas turbine or a gas engine with a lower efficiency
would have been used instead of the chosen gas engine type espe-
cially the amount of electricity produced could have been dropped.
In this case a smaller amount electricity could have been replaced.
In Fig. 5 GHG emissions from the replaced processes are displayed
also when electricity production efficiency is 35%. As can be seen in
the figure reductions in electricity production efficiency also
reduce GHG emissions reduction potential. However the process
still leads to GHG emission reductions.

There are also opportunities for heat integrations and heat uti-
lization in PtX processes. CO2 capture requires heating, which in
this paper was assumed to be produced by natural gas. In addition,
both methanation and methanol conversion processes produce
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Fig. 5. Comparison of GHG emissions from PtX methane production and from further electricity production from methane with those of average electricity and marginal
electricity (coal based) production. Electricity production efficiency is displayed in parenthesis (42% and 35%).
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heat because they are exothermic processes. Heat integration
could be carried out by directing heat from methanation or metha-
nol conversion processes to CO2 capture. It is also possible to use
heat from these processes in other heat-consuming applications
that are available at close range. Methanation produces more heat
(0.10 MJ) than required for the CO2 capture (0.06 MJ), but all the
heat from the methanol conversion process (0.03 MJ) could be uti-
lized in CO2 capture (0.09 MJ). Fig. 6 presents the effects of heat
utilization on GHG emissions.

Further on a sensitivity analysis have been carried out for differ-
ent factors in the model. Analysis have been carried out so that ini-
tial data values have been modified at a range from �10% to +10%.
Effects of variation are presented in Table 3.

As can be seen Table 3. Production efficiencies in electrolysis,
methanation and methanol conversion have the highest effect on
the results. In addition vehicle efficiencies have high impact on
secondary use options. Other factors and initial data assumptions
have minor impact on the results.

Potential for PtX products can be roughly estimated by calculat-
ing how many different products could be produced if a 3 MW
wind turbine with an operational period of 2200 h were to produce
electricity for the electrolysis process. Annually, 20 million t of
hydrogen is utilized for ammonia production worldwide,
360,000 t of hydrogen are consumed in the EU, and over 1 million
gas-operated vehicles are used in the EU [42,18]. In reality, only a
portion of electricity produced by wind power is actually surplus
electricity. Table 2 shows the potential of each product (H2, O2,
CH4, and CH3OH) to produce different PtX products, if all the elec-
tricity from a 3 MWwind turbine were utilized. Table 4 also shows
the potential for direct electricity use in electric vehicles. Accord-
ing to both Table 4 and to the total consumptions provided above
in the text, there is a huge potential for production of all the PtX
products, so production should be directed towards those path-
ways that pose the highest potential for GHG emission reductions.

One of the major technical challenge related to PtX processes is
that wind power production is intermittent. Therefore there may
be challenges on how electrolysis, methanation and methanol con-
version can be applied. It is likely that electrolysis process can be
adjusted based on wind power availability but a more stable driv-
ing would be needed for methanation and methanol conversion
[20]. To create smooth operational conditions a hydrogen storage
may be required. However this issue should be further studied.

There are still challenges in feasibility and technical operations
of renewable electricity, electrolysis and methanation or methanol
conversion combinations. Götz et al. [24] compared various elec-
trolysis and methanation processes from technical and economic
perspectives. According to their study alkaline electrolysis is cur-

rently the most economic option but PEM electrolysis could be bet-
ter suited for PtX processes due to its better performance in
transient operation. Their study also show that catalytic methana-
tion requires smaller reactor size and is more efficient than biolog-
ical methanation. However biological methanation has a higher
tolerance for impurities. According to the study none of the pro-
cesses is competitive with natural gas or biomethane production.
Hydrogen production cost dominates the whole process costs.
For feasibility different services such as mobility, electricity grid
balancing and CO2 services have to be combined. Breyer et al. [7]
found out that PtX integrated to an existing pulp mill is already
profitable. At the moment there are various projects going on to
combine operations of renewable electricity production, electroly-
sis, CO2 capture and methanation process. For example a test facil-
ity will start operation in Finland in 2017 [33].

In the future, more research is required to determine how GHG
emissions from different sectors could be most effectively
decreased. This paper demonstrates the GHG reduction potential
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Fig. 6. Comparison of GHG emissions from methanation and methanol processes
with the reference processes when heat is utilized.

Table 3
Sensitivity analysis of initial data.

Initial data Effect on GHG reduction (%)

Initial data
�10%

Initial data
+10%

Primary use
H2

Emissions factor of wind power +0.4 �0.4
Electrolysis efficiency �9.6 +9.6
Emissions factor of H2O production a a

CH4

Electricity consumption in methanation +0.9 �0.9
Electricity consumption in CO2 capture +1.3 �1.3
Heat consumption in CO2 capture +2.2 �2.2
Electricity consumption in CO2

compression
+1.3 �1.3

Methanation efficiency �14.2 +7.1b

MEA production a a

H2 compression a a

Electrolysis efficiency +8.7 �8.7

CH3OH
Electricity consumption in methanol
conversion

+4.6 �4.6

Electricity consumption in CO2 capture +0.9 �0.9
Heat consumption in CO2 capture +1.6 �1.6
Electricity consumption in CO2

compression
+0.8 �0.8

Methanol conversion efficiency c �7
MEA production a a

H2 compression a a

Electrolysis efficiency +9.6 �9.6

Secondary use
Hydrogen vehicle efficiency �11.3 +11.3
CH4 vehicle efficiency �14.0 +14.0
Electric vehicle efficiency �12.8 +12.8
Methanol vehicle efficiency �18.3 +18.3

a Factors that lead less than 0.001 kg CO2eq emissions are discarded from the
sensitivity analysis.

b Methanation efficiency can be improved only by 5%.
c Methanol conversion efficiency cannot be improved anymore.

Table 4
Product potentials when a 3 MW wind turbine produced electricity for electrolysis.

Product t a�1 Vehicle use km a�1 Cars

H2 123 H2 car 11,380,000 632
O2 974 CH4 car 6,230,000 346
CH4 233 CH3OH car 8,270,000 459
CH3OH 656 Electric car (CH4) 7,560,000 420

Electric car (direct) 36,550,000 2031
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for selected PtX pathways, but more information is needed related
to future surplus electricity production. In addition, there may be
other more environmentally friendly ways to produce the same
products, such as via biofuel production. Moreover, the future is
most likely to hold a combination of other production pathways
that are limited because of feedstock availability, the economy or
other reasons. In addition biological methods to use electricity in
methane and methanol production are interesting from a GHG
perspective.

4. Conclusions

This study demonstrates that PtX processes lead to GHG emis-
sion reductions if renewable surplus electricity is utilized for elec-
trolysis and if conventional production processes based on fossil
energy are replaced. By direct replacement, GHG emission reduc-
tions resulting from 1 MJ of renewable electricity are 60 g of CO2eq

for hydrogen, 20 g of CO2eq for methane, and 40 g of CO2eq for
methanol. Therefore, hydrogen from steam reforming replacement
leads to the highest GHG emission reductions. Also, methanol from
gas synthesis replacement leads to high GHG emission reductions.
Natural gas replacement leads to lower GHG reductions than the
other options studied.

Even higher GHG reductions could be achieved if PtX products
were utilized in the transportation sector, replacing fossil fuel-
based petrol. In this case, when 1 MJ of surplus electricity is uti-
lized, reductions are 90 g of CO2eq for hydrogen, 40 g of CO2eq for
methane, 50 g of CO2eq for electric vehicles, and 50 g of CO2eq for
methanol. In addition, substitution of marginal coal electricity with
methane electricity leads to reductions of 60 g of CO2eq, whereas
average electricity replacement brings about only 30 g of CO2eq

reductions.
PtX products show significant potential. To harness the most

advantages from PtX production routes, hydrogen should primarily
be used to replace hydrogen from steam reforming. An industry
utilizing hydrogen thus creates the ideal playground for PtX.
Hydrogen utilization in the transportation sector is also a good
option, especially if fossil transportation fuels can be replaced
through a changed composition of the vehicle pool.

Other actions are also required to curb global GHG emissions.
There may be other more environmentally friendly and economical
options with higher potential to replace conventional H2, CH4 and
CH3OH production. Therefore, future comparative studies of a
broader nature are needed.
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