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Abstract: The accumulation of energy from non-programmable renewable sources is a crucial aspect
for the energy transition. Using surplus electricity from renewable energy sources, power-to-gas
plants allow to produce a substitute natural gas (SNG) that can be injected in the existing infras-
tructure for large-scale and long-term energy storage, contributing to gas grid decarbonisation. The
plant layout, the method used for carbon dioxide capture and the possible cogeneration of electricity
can increase the efficiency and convenience of SNG synthesis plants. In this work, a system for the
simultaneous production of SNG and electricity starting from biomass and fluctuating electricity from
renewables is proposed, using a plant based on the Allam thermodynamic cycle as the power unit.
The Allam power cycle uses supercritical CO2 as evolving fluid and is based on the oxycombustion
of gaseous fuels, thus greatly simplifying CO2 capture. In the proposed system, oxycombustion
is performed using biomass syngas and electrolytic oxygen. The CO2 generated by means of oxy-
combustion is captured, and it is subsequently used together with renewable hydrogen for the
production of SNG through thermochemical methanation. The system is also coupled with a solid
oxide electrolyser and a biomass gasifier. The whole plant was analysed from an energy-related point
of view. The results show overall plant efficiency of 67.6% on an LHV basis (71.6% on an HHV basis)
and the simultaneous production of significant amounts of electricity and of high-calorific-value
SNG, whose composition could be compatible with the existing natural gas network.

Keywords: Allam cycle; biomass; SNG; power to gas; electrolysis; methanation; CCUS; oxycombustion

1. Introduction

Nowadays, the debate on energy and environmental issues has gained significant
importance, not only within the scientific community, but also at political and industrial
levels. Despite the variety of environmental issues related to human activity, most of the
media attention is mainly paid to climate change, which in turn manifests as global warming
and extreme weather events and which is perceived as one of the greatest problems of
humanity, to be solved as soon as possible [1,2]. For this reason, the energy transition
towards clean and reliable energy systems is being advocated by many sides, and recent
years have seen the flourishing of several goals in this sense [3–5]. Indeed, climate change
is intimately related to energy issues. According to a large part of the scientific community,
the main cause of these climatic changes lies in the sharp increase in CO2 and other
greenhouse-gas (GHG) concentrations in the atmosphere compared with pre-industrial
times due to man’s massive use of fossil fuels for energy purposes [6,7]. Currently, annual
GHG emissions amount to around 50 billion tonnes of equivalent carbon dioxide (CO2eq),
of which around three-quarters come from the energy sector [8,9]. According to the
International Energy Agency, in the year 2021, the overall energy-related global GHG
emissions reached a new record of 40.8 Gt of CO2eq, where the 89% of this amount consisted
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of CO2 emissions from combustion for energy purposes and industrial processes [10].
Regarding the electricity generation sector alone, its global CO2 emissions amounted to 13
Gt in 2021, or over one-third of all CO2 emissions related to the energy sector. However,
despite the recent increase in the demand for electricity, the rapid expansion of renewable
sources such as solar photovoltaic and wind power is beginning to stem the growth in
GHG emissions [11]. Renewable energy sources (RESs), which do not involve direct carbon
emissions, are seen as one of the most promising solutions to solve the problem of global
warming [12,13]; however, the typical randomness and non-programmability of some
of these sources (such as wind and solar power) poses various obstacles to this energy
transition [14–16]. For this reason, energy storage systems are essential to overcome these
barriers and increase the penetration of renewable sources in the energy mix, both not to
jeopardise the stability of the electricity grid and to decouple the production of energy from
its demand and manage the surplus energy [17–19].

Among the energy storage techniques, chemical storage (i.e., storage into the chemical
bonds of a molecule), stands out for its energy density and versatility. In particular, the
power-to-fuel (P2f) technique allows hydrogen or synthetic fuels to be produced using
the surplus of electricity production from RESs, enabling energy to be stored on a large
scale and for a long time (from days up to seasons) [18–22]. In addition, the P2f technique
helps to avoid energy curtailment and can offer stabilization services to the electricity
grid. The produced fuels can be stored more easily than electricity and then be used
to replace fossil fuels, also allowing the decarbonization of hard-to-abate sectors where
electrification is not possible or not convenient to be achieved, a concept also known as
power-to-X [22–25]. Hydrogen is the simplest fuel that can be produced by means of
P2f, starting from water and electricity, that is used to power an electrolyser and split the
water molecule into hydrogen and oxygen. Hydrogen is a clean fuel, as it produces no
direct carbon emissions during its use, and its environmental sustainability is even better
when produced from a surplus of renewable electricity [26]. However, hydrogen storage
and distribution still face several hurdles before they can achieve large-scale application,
as a dedicated hydrogen infrastructure is still missing. A first option to overcome these
barriers could be the direct injection of hydrogen into existing natural gas pipelines [27,28].
Recently, Italian gas grid operator SNAM successfully carried out two tests, blending
natural gas with 5%vol hydrogen in the first case and with 10%vol hydrogen in the second
one [29]. However, the amount of hydrogen that can be injected in the grid is limited for
both safety issues and changes in the characteristics of the fuel supplied. Therefore, an
alternative option is hydrogen conversion into chemicals or fuels that can be managed and
distributed in an easier way. One of the most promising fuels in this sense is substitute
natural gas (SNG); taking advantage of the capillarity and the extension of the natural gas
distribution network, SNG mainly consisting of methane could be directly injected into the
grid, representing a good solution in the short term and favouring the transition to pure
hydrogen in the long term [20,30,31].

The production of SNG requires the availability of hydrogen and carbon, where the
latter can be obtained from several sources. In P2f systems, therefore, the electrolysers for
renewable hydrogen production are often coupled with carbon capture utilisation and stor-
age (CCUS) systems. The latter usually make it possible to capture CO2 that can be further
used within a chemical reactor together with (renewable) hydrogen for subsequent conver-
sion to fuels or chemicals. When it comes to synthetic fuels, the carbon source is essential to
determining the environmental sustainability of the final product [32]. Fossil-based carbon
dioxide can be captured in a concentrated form from industrial sources; however, cleaner
fuel can be obtained when the carbon source is biomass or waste materials. Biomass can
make its carbon content available in several ways, depending on the type of biomass and
the process used to elaborate it. Through the gasification process, lignocellulosic biomass
can be converted into an easily usable combustible gas (called syngas) mainly composed of
hydrogen and carbon oxides. On the other hand, anaerobic digestion is suitable for humid
biomass and produces biogas mainly composed of methane and carbon dioxide.
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One of the main disadvantages of common CCUS systems lies in the great energy
consumption required to separate and capture carbon dioxide from the rest of the gases and
for sorbents regeneration. This is particularly true for CO2 direct air capture, while capture
from industrial sources is less energy intensive, as the energy consumption is related to the
carbon dioxide concentration in the gas [22]. In order to obtain energy, environmental and
possibly also economic convenience, it is, therefore, essential to investigate CO2 capture
processes that consume as little energy as possible. In this regard, the oxycombustion of
a carbon-containing fuel is one of the methods that can greatly simplify the process of
CO2 separation and capture, as oxycombustion allows to obtain mainly carbon dioxide
and water vapour as final products in exhaust gases, where water can be easily separated
by condensation [33,34]. Oxycombustion can be also used for syngas obtained by means
of biomass gasification, and the derived exhaust gas is almost exclusively composed of
carbon dioxide and steam, with trace amounts of other substances. The same could apply to
biogas produced by means of anaerobic digestion, almost exclusively composed of methane
and carbon dioxide. Furthermore, at the same time, the oxycombustion of a fuel allows
electricity to be produced with better programmability and continuity than renewable
sources. Finally, in the case of a plant equipped with an electrolyser, oxycombustion allows
the electrolytic oxygen produced to be valorised.

This paper, therefore, proposes a system that cogenerates SNG and electricity starting
from biomass and electricity surplus from RESs. This system is to be intended as an
integrated energy storage system that allows to increase the flexibility and interconnection
of the gas network and the electricity network. As a power-to-gas system, the proposed
system can act as a bridge that connects the electricity grid and the gas grid. By accepting
storable chemicals produced starting from excess electricity, the gas grid can act as a huge
energy storage pool, helping to achieve electricity grid balancing and the match between
electricity demand and production. The produced SNG can be injected into the gas grid,
thus also enabling the seasonal or annual balancing of the overall energy system. Moreover,
if the various reactants are stored in suitable tanks, electricity could be produced by the
power plant in a more programmable and flexible way than electricity from variable RESs.
The proposed integrated system, therefore, consists of: (i) an electrolyser powered by
renewable electricity, (ii) a biomass processing system (lignocellulosic biomass gasification),
(iii) a power unit based on oxycombustion that allows the production of electricity and
simultaneous CO2 sequestration to be achieved and (iv) a thermochemical methanation
system for the production of SNG.

Figure 1 depicts a conceptual scheme of the proposed system. Electricity from RESs
and water are fed to an electrolyser, which, thanks to an electrochemical reaction, splits
water into hydrogen and oxygen. Biomass is sent to a gasifier together with a part of the
oxygen produced by the electrolyser, since oxygen is used as a gasifying agent. In the
gasifier, the solid biomass undergoes thermal degradation, which converts it into a gaseous
fuel called syngas, which is mainly composed of carbon monoxide and hydrogen, with
lower contents of other gaseous substances. Syngas coming from the biomass gasifier is fed
to a power plant based on oxycombustion together with a part of the oxygen produced by
the electrolyser. The power plant produces electric power and, at the same time, makes it
possible to easily capture the carbon dioxide produced by means of oxycombustion. The
carbon dioxide captured from the power plant is sent to a Sabatier process together with the
hydrogen produced by the electrolyser. Here, carbon dioxide and hydrogen react together
according to the methanation reactions to produce raw SNG mainly composed of methane
and water. Finally, the raw SNG is upgraded by removing water via condensation, in order
to obtain SNG with high calorific value. Overall, electric power surplus from variable RESs,
water and biomass enter the system boundaries, while SNG and net electric power exit
from the system. SNG and stable electric power can then be injected in their respective gas
and electricity grids.
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A system such as the one shown in Figure 1 has been analysed in previous articles,
where a gas turbine, a steam-injected gas turbine, an internal combustion engine and a
high-temperature fuel cell were considered as alternative power units [35–37]. The same
systems have also been analysed from an environmental impact point of view to evaluate
the sustainability of the SNG produced [38]. The goal of such a system is to co-generate
electricity and a renewable fuel, starting from biomass and the surplus of electricity from
renewable sources. The main novelty on this article then, is that a plant based on the Allam
thermodynamic cycle is considered as the power unit.

2. Allam Cycle

The Allam cycle, also known as NET Power cycle, was first patented in 2011 [39] and
subsequently updated by the same authors [40–44]. This innovative thermodynamic cycle
is similar to a high-pressure Brayton cycle, but uses CO2 under supercritical conditions
as the main evolving fluid, and it is based on the oxycombustion of a gaseous fuel to
obtain heat adduction within the fluid itself. The cycle was initially thought for the
combustion of syngas obtained from coal gasification, and later, the use of natural gas was
also considered [43]. However, it seems that only few literature studies have coupled the
Allam cycle with a biomass gasifier or with an electrolyser for oxygen demand.

The conventional Allam cycle is shown in Figure 2 and described below.
To provide the oxygen needed for oxycombustion, the starting point of the conven-

tional cycle is the air separation unit (ASU), which supplies oxygen at 99.5% purity at a
pressure of 120 bar. The pure oxygen, to be sent to the combustion chamber in an overstoi-
chiometric amount of 3%, is at first mixed with a CO2 stream recirculated from the end of
the cycle, obtaining, overall, an oxidant mixture with a molar fraction of 13.34% O2 [45,46].
This preliminary blending is useful to avoid corrosion problems of the metallic walls of
the heat recuperator. This oxidant flow is compressed up to the highest pressure of the
cycle and then preheated in a heat recovery unit up to 720 ◦C to be subsequently fed to the
combustion chamber.

The fuel, methane or coal syngas in the conventional cycle [40] and the oxidant are
fed in the combustion chamber at a pressure between 200 and 400 bar. A second CO2
flow is sent to the combustion chamber with the double task of limiting the combustion
temperature (to avoid material resistance problems) and obtaining a working fluid (exhaust
gas) that is almost completely composed of CO2, with small percentages of H2O vapour
derived from combustion and some traces of unburned O2. The resulting temperature of
the exhaust gases is about 1150–1200 ◦C, and it corresponds to the turbine inlet temperature.
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Figure 2. Conventional Allam cycle fuelled by natural gas.

The high-pressure gaseous stream leaving the combustion chamber expands in a
turbine having an expansion ratio between 6 and 12. The exhaust gases at the turbine
outlet, which are at a temperature of about 740 ◦C and a pressure of 34 bar [45], enter a
multi-flow heat exchanger, where they transfer their energy content to various flows for
energy recovery purposes. In particular, exhaust gases give part of their thermal energy to
the CO2 flow used as a combustion temperature moderator, to the oxidant flow composed
of CO2 and O2, and to a third CO2 flow used as a cooling fluid for the turbine blades.

At the outlet of the heat exchanger, the exhaust gases are cooled down to room
temperature, allowing the condensation and the extraction of water vapour to be achieved.

The residual gaseous flow, essentially composed of CO2, is compressed and cooled in
several stages, entering into supercritical state. Finally, it is sent to a multistage centrifugal
pump, which again increases its pressure up to that of the combustion chamber.

To close the loop and ensure the mass balance of the CO2 circulating in the system, it
is necessary to extract from the cycle an amount of carbon dioxide equal to the net product
derived from the combustion reaction between the fuel and oxygen previously added
to the combustion chamber. Thus, as additional output besides electricity, a high-purity,
compressed CO2 flow, is obtained, ready for storage or industrial use. Obviously, CO2 can
be extracted before or after compression, depending on the intended use. The creators of
the cycle have estimated that a natural gas-fired power plant with carbon capture based on
this technology can achieve theoretical conversion efficiency (on an LHV basis) of around
58.9% (comparable with combined cycle power plants fuelled by natural gas and without
CO2 capture) or about 51.44% if the plant is fed with coal-derived syngas. A 50 MW plant
based on the Allam cycle and fuelled by natural gas has already been built and successfully
tested in Texas [42], while the construction of a new 300 MW plant is expected to start
in 2023 and its full operation in 2026, together with similar announced projects in other
locations or countries [42,47]. Since its presentation, the Allam cycle has become a subject of
research for academics, who have focused on the thermodynamic analysis of the operating
parameters [45,48–50], on new operating modes aimed at increasing plant efficiency [51,52]
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or on investigating the integration of a gasifier within the plant to use solid fuels rather
than natural gas [53–55].

3. Description of the Proposed Cogeneration Plant

As shown in Figure 3, four fundamental sections compose the proposed system:

• An electrolysis section;
• A gasification section;
• A power section;
• A methanation section.
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The gasifier is a chemical reactor in which a solid fuel (biomass, in this case) undergoes
thermal degradation (pyrolysis) and partial combustion so that it is transformed into a
gaseous fuel known as syngas, mainly composed of carbon monoxide and hydrogen, with
lower contents of other gaseous substances. The electrolyser is an electrochemical device
capable of splitting water into hydrogen and oxygen using electricity. The methanator is a
catalytic thermochemical reactor in which carbon dioxide, carbon monoxide and hydrogen
can react together to produce methane and water.

Using the power surplus from RESs, a water stream is split into hydrogen and oxygen
in the electrolysis section. Water electrolysis can be carried out either at low temperature or
at high temperature. In this case, a solid oxide electrolyser (SOEC) working at an average
temperature of 800 ◦C has been selected. The conversion ratio from electric power to
hydrogen has been assumed equal to 85%, thanks to the fact that thermal power also
contributes to the process. To reduce the compression work, the electrolysis process is
carried out at 30 bar. The gases at the outlet of the cell are then cooled, transferring the
high-temperature heat to the feed water.

The same pressure has also been adopted for the gasification section, which converts
biomass into syngas. A lignocellulosic biomass with negligible quantities of sulphur or
chlorine compounds has been selected (Table 1) in order to avoid the need for an acid gas
removal unit; however, it is possible to include it in the layout when required. A part of the
electrolytic oxygen is used as gasifying agent for the biomass, in order to obtain a syngas
with high calorific value and, overall, with a minimum content of nitrogen (deriving from
the biomass). The obtained syngas is cooled in a heat regenerator to reduce its temperature
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and condense its water content before compression. The highest operating pressure of
the Allam cycle selected in this study is 305 bar, so that the syngas is compressed to
such a pressure before entering the combustion chamber. In order to save energy, such
compression is carried out using four intercooled compressors. Finally, syngas is sent back
to the heat regenerator to increase its temperature.

Table 1. Composition and calorific values of the selected biomass [35].

Proximate Analysis (w%) Ultimate Analysis (w%)

Fixed carbon 14.89 C 50.4

Volatile matter 64.87 H 6.1

Moisture 20 N 0.1

Ash 0.24 O 43.1

Ash 0.3

LHV MJ/kg 12.480

HHV MJ/kg 14.078

The power section receives syngas and a stoichiometric amount of oxygen and pro-
duces electricity and a flow essentially consisting of water and carbon dioxide, with a few
traces of nitrogen, oxygen, carbon monoxide and hydrogen. These traces do not pose purity
problems or separation needs, as the captured CO2 flow is sent to the methanation unit. In
the proposed system, syngas is burnt with a stoichiometric amount of oxygen inside the
combustion chamber and not with an overstoichiometric amount, as in the original Allam
cycle, thus achieving slightly less complete combustion. The stoichiometric oxygen amount
was selected in order to obtain a very low oxygen content in the exhaust gas and thus in
the captured CO2 flow, since introducing a higher oxygen content in the methanator would
lower the methane yield, while carbon monoxide deriving from incomplete combustion
is converted into methane inside the methanator. Being the combustion between syngas
and oxygen an oxycombustion, the temperature would be too high for usual materials;
therefore, a recycled carbon dioxide stream that acts as a temperature moderator is fed
to the combustion chamber. Another effect of this additional flow is to increase the total
mass flow rate entering the turbine, thus increasing the mechanical power obtained. A
second flow of recycled carbon dioxide is fed to the turbine through its blades in order to
cool them. Overall, the gas is expanded in the turbine from the pressure of 305 bar down
to 34 bar. The gas resulting from combustion is almost exclusively composed of carbon
dioxide, and steam, which can be easily removed by means of cooling and condensation.
The resulting gas after water separation is almost pure carbon dioxide and corresponds
to the recycled flow plus that generated by means of syngas combustion. In a traditional
Allam cycle, after expansion, this last amount could be extracted from the plant and vented
into the atmosphere with no environmental impact when the carbon content comes from
biomass. However, it could also be captured to obtain a negative carbon footprint; indeed,
in the proposed plant, this CO2 is captured and fed to the methanation section. After
expansion, the recycled carbon dioxide flow needs to be recompressed to the Allam cycle
higher operating pressure. In this case, the compression is carried out with six intercooled
steps, i.e., three compressors and three pumps, since at a pressure higher than 73.8 bar,
carbon dioxide becomes liquid or supercritical fluid, depending on the temperature. After
compression, the recycled carbon dioxide stream is heated by the gas exiting from the
turbine inside a recovery heat exchanger.

The last section, i.e., the methanation unit, receives carbon dioxide from the power
section and hydrogen from the electrolysis section. It is based on the Sabatier reaction, and
a TREMP layout has been adopted. It consists of a series, three in this case, of adiabatic
reactors operating at 30 bar and at gradually reduced temperature. The first reactor receives
the flows of carbon dioxide and hydrogen plus a flow recycled upstream of the second
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reactor. Such a flow has the goal to control the reaction temperature, which would become
too high for catalysts in the absence of methane. The catalysts used by the TREMP process
can work in the range of 250–700 ◦C. No recycling is required by the second and third
reactors, since they receive a flow already containing a high percentage of methane. As
the reaction is exothermic and the reactors are adiabatic, there is the need to reduce the
gas temperature before sending the gas to the next reactor. Therefore, downstream of each
reactor, a recovery heat exchanger has been introduced to transfer heat to the water fed
to the electrolysis section. Finally, a condenser has also been included downstream of the
third reactor with the task to dry the SNG.

4. Model

The proposed system was analysed by means of a simulation carried out using Aspen
Plus software. The method used to calculate the properties of the species involved was
that of Peng–Robinson [45,46]. First, an Aspen Plus model of the natural gas-fuelled
conventional Allam cycle alone was validated against literature data [46]. This model was
then slightly modified to consider biomass syngas, instead of natural gas, and electrolytic
oxygen, instead of oxygen produced by an ASU, analysing the differences with respect to
the conventional model. Finally, this Allam cycle model was integrated with the rest of the
proposed plant.

All compressors and pumps were modelled with isentropic efficiency of 0.85 and
mechanical efficiency of 0.98. All turbines were modelled with isentropic efficiency of
0.93 and mechanical efficiency of 0.98. The isentropic efficiency of the water pump in the
electrolysis section was set to 0.7. No pressure drops were considered for the heat exchangers.
All intercoolers were modelled with an exit temperature of 33 ◦C, with the only exception of
the coolers in the Allam cycle before the CO2 pumps, which were set to 31 ◦C.

Figure 4 shows the model of the SOEC used in the proposed system.
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Figure 4. Model of the solid oxide electrolyser section.

The electrolyser was modelled as a stoichiometric reactor performing a 0.85 conversion
of the water split reaction (CELL) followed by a separator (SEP). The electric power required
for the electrolysis process (W-SOEC) was supplied to the electrolyser as a heat power input.
Two flows at 30 bar and 825 ◦C exit from the separator: oxygen and a mix of hydrogen and
residual steam. Both are cooled (O2-HEX and H2-HEX), transferring heat to the feed water,
which also receives heat from the methanation (MET-HEX1 and MET-HEX2) and power
(ALL-HEX) sections and becomes superheated steam at 775 ◦C before entering the cathode.
The oxygen flow, cooled down to 33 ◦C, is split in two flows: the first one (O2-GAS) is fed to
the biomass gasifier, whereas the second one (O2-ALL) enters the power section. The flow
of hydrogen and residual steam (MIX-MET) is fed to the methanation section at 255 ◦C.



Energies 2023, 16, 2162 9 of 17

Figure 5 shows the model of the biomass gasifier section. An updraft gasifier was
selected in such a way that biomass was directly dried by the syngas exiting from the
gasifier. It was modelled as a couple of reactors and separators. The first reactor (DECOMP)
is a Yield reactor with the task to decompose biomass in its elementary components plus
humidity and ash, as shown in Table 1. This is followed by a separator (WAT-SEP) in
which the syngas exiting the gasifier extracts the humidity. The second reactor (GASIF)
is a Gibbs reactor fed by the dried flow coming from the separator and by part of the
electrolytic oxygen coming from the electrolysis section, so that the biomass undergoes
partial oxidation. In the Aspen Plus model, a heat stream connects DECOMP and GASIF
in order to achieve an automatic heat balance that takes into account both the enthalpy of
decomposition and that of gasification. The gasifier operates at 30 bar and about 800 ◦C.
The syngas produced crosses a separator (ASH-SEP), which removes the ash and finally
absorbs the humidity. The syngas needs to be compressed at 305 bar, which is the operating
pressure of the Allam cycle. In order to minimise the power consumption, the syngas is
first cooled inside a regenerative heat exchanger (R-HEX) down to 190.3 ◦C and finally in a
condenser (GAS-COND), which makes it possible to separate the water. The dry syngas is
then supplied to four intercooled compression stages and finally re-enters the regenerative
heat exchanger in such a way to recover heat before leaving the gasifier section at 455 ◦C.
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Figure 5. Model of the biomass gasifier section.

The power section was modelled based on an Allam cycle plant (Figure 6), which
makes it possible to obtain both mechanical power on the turbine axis for electricity
production and an output flow consisting of high-purity carbon dioxide, suitable for being
sent to the methanation section for the production of SNG.

The combustion chamber (COMB-CH) was modelled with a Gibbs reactor operating
at 305 bar and fed with the syngas coming from the gasifier section (SYNGAS) and the
oxygen coming from the electrolysis section (O2-CC). The latter needs to be compressed
from 30 bar up to 305 bar, and this has been achieved using three intercooled compressors.
A flow of oxygen (O2-STOR) exceeding the amount required by the syngas combustion
is separated at 200 bar after the second intercooler; this might be accumulated to be sold,
given its high purity.
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The exhaust gas leaving the burner at 1213 ◦C is supplied to a heat exchanger (ALL-
HEX) which receives from the methanation section steam at 582 ◦C (STEAM-1) which then
goes to the electrolyser at 775 ◦C (STEAM-2). After the heat exchange with steam, exhaust
gas enters the turbine at 1150 ◦C. In addition to the reactants, a temperature moderator
consisting of a recycled flow of carbon dioxide (CO2-REC) at 720 ◦C is supplied to the
combustion chamber in order to obtain a turbine inlet temperature of 1150 ◦C. The gas
turbine also receives further carbon dioxide blown through the turbine blades in order to
cool the blades themselves. To simplify the model, a couple of gas turbines (TURB-1 and
TURB-2) were utilised with the total cooling flow (CO2-BLD) at 717 ◦C added between the
two turbines. The cooling flow added is such that the final temperature of the exhaust gas
exiting the turbine is 774 ◦C, approximately the same as in the original Allam cycle.

Therefore, the gas exiting at 34 bar from the turbine (EXH-HOT) is composed of
the product of syngas combustion, almost-pure steam and carbon dioxide, and recycled
carbon dioxide. Steam has to be condensed. A flow of carbon dioxide corresponding to the
combustion product has to be fed to the methanation unit, whereas the residual flow has to
be recompressed and recycled.

The first step is the cooling of exhaust gas inside a multi-flux heat exchanger (MHEX),
which elaborates three different flows. Then, the exhaust gas (EXH-COLD) at 51.1 ◦C is sent
to a condenser (ALL-COND) to condense and remove water. At this point, the almost-pure
carbon dioxide flow is split to separate the carbon dioxide produced during combustion
(MET-CO2), which is heated up to 300 ◦C inside the above-mentioned multi-flux heat
exchanger and supplied to the methanation section (CO2-MET).

The residual flow (REC-CO2) is recompressed using three intercooled compressors
and three pumps up to the pressure of 305 bar. Then, the flow is heated up to 720 ◦C inside
the above-mentioned multi-flux heat exchanger and finally split to separate the stream for
turbine cooling (BLD-CO2) from the stream sent to the combustion chamber (CO2-REC).

The part of the plant devoted to the Sabatier process (Figure 7) consists of three
adiabatic methanation units operating at 30 bar.

The first consists of a Gibbs reactor (MET1) fed with a flow of electrolytic hydrogen
mixed with a residual amount of water (MIX-MET) at 255 ◦C and with a flow of carbon
dioxide extracted at 300 ◦C from the power section (CO2-MET). In addition, there is a
partial recycling of the outgoing gas (SNG-REC), according to the TREMP layout designed
by Haldor Topsoe. The reactor is followed by a countercurrent, two-stream heat exchanger
(MET-HEX2) having the task to recover heat from the flow exiting the reactor and transfer
it to the steam entering the Allam section (STEAM-1) at 582 ◦C.
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Figure 7. Model of the methanation section for SNG production.

The second unit is almost identical to the first one, with a Gibbs reactor (MET2) and a
countercurrent, two-stream heat exchanger (MET-HEX1) having the task to recover heat
from the flow exiting the reactor and transfer it to the water coming from the SOEC section
(WATER-1). In this case, there is no recycling, and the reactor is only fed with the gas
stream from the first unit after splitting for recycling.

Finally, the third unit receives the gas from the second unit. It is composed of a Gibbs
reactor (MET3) and a cooler with no heat recovery (SNG-COOL) for the refrigeration and
dehumidification of the SNG produced, which mainly consists of methane and is suitable
for storage or injection into the natural gas distribution network.

5. Results

A flow rate of 1 kmol/s of water fed to the electrolyser was considered. This corresponded
to an input to the gasifier of 6.3 kg/s of the biomass defined in Table 1. The electrolytic oxygen
used for gasification (O2-GAS) amounted to 2.584 kg/s, supplied at 33 ◦C and 30 bar.

Figure 8 shows a detail of the syngas flows in the gasification section. The biomass is
dehumidified by the syngas produced to facilitate the gasification process; therefore, the
moisture present in the biomass is found in the syngas (5-SYN4). It is removed by means
of condensation, since the syngas is refrigerated (5-SYN6) before being brought to the
operating pressure of the Allam cycle. This compression is carried out in four intercooled
stages, downstream of which the syngas (5-SYN13) is heated in a regenerative exchanger,
countercurrent with respect to the flow leaving the cyclone (5-SYN4). Finally, the resulting
syngas is sent to the power unit (5-SYN14).
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The characteristics of the main syngas flows in the gasification section are shown in
Table 2.
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Table 2. Characteristics of the main flows of the gasification section.

Molar Flow (mol/s) 5-SYN4 5-SYN5 5-SYN6 5-SYN13 5-SYN14
H2O 108.0 0.6
H2 57.2
CO 106.6
CO2 76.3
CH4 28.6
N2 0.2

Total flow (mol/s) 376.9 269.4
Temperature (◦C) 474.9 190.3 33.0 86.7 454.9

Pressure (bar) 30 305
Vapor fraction 1

The syngas is then fed to the combustion chamber together with a flow of oxygen
that comes from the SOEC section. The features of the main flows of the electrolysis
section are shown in Table 3. The electrolysis section receives a flow of water (WATER) at
room temperature, which, after compression, is mixed with the water recovered from the
other sections (COND-REC). This flow is partially evaporated by recovering heat from the
products coming out of the electrolyser (O2 and MIX) and then by completing evaporation
and overheating at the expense of the heat recovered from other sections. The flow of
hydrogen and residual water (MIX-MET) is sent to the methanation section. The oxygen
flow is divided into two flows, where the first (O2-GAS) is sent to the gasification section,
while the second (O2-ALL) is sent to the Allam section.

Table 3. Characteristics of the main flows of the electrolysis section.

Molar Flow (mol/s) WATER WATER-1 STEAM-2 MIX MIX-MET O2 O2-GAS O2-ALL
H2O 1000.0 150.0 0

H2 0 850.0 0
O2 0 0 425.0 80.8 344.2

Total flow (mol/s) 1000.0 1000.0 425.0 80.8 344.2
Temperature (◦C) 20 233.9 775.0 825.0 255.0 825.0 33.0

Pressure (bar) 30
Vapor fraction 0 0.398 1
Liquid fraction 1 0.602 0

The latter flow exceeds the flow rate required by the burner; therefore, it is split in two
streams after being compressed to 200 bar. This first compression is carried out with a couple
of intercooled compressors. After the second cooling process, the exceeding flow (O2-STOR)
is separated; it may be available for selling or for other applications. The remaining flow is
finally compressed to 305 bar and fed (O2-CC) to the combustion chamber.

The features of the main flows of the Allam section are shown in Tables 4 and 5. The
burnt gas from the combustion chamber (EXH-GAS) enter the heat exchanger (ALL-HEX)
and then the gas turbine, whose blades are cooled by a carbon dioxide flow (CO2-BLD).
After expansion down to 34 bar, the gas flow (EXH-HOT) at 774 ◦C enters the multi-flux
heat exchanger and leaves it at 51.1 ◦C (EXH-COLD). With further cooling to 33 ◦C, almost
all steam is condensed and separated (ALL-COND).

After condensation, the almost-pure stream of carbon dioxide is split into two flows.
The first one (MET-CO2) corresponds to the product of combustion and is sent to the multi-
flux heat exchanger, from which it exits at 300 ◦C (CO2-MET) to be fed to the methanation
section. The captured CO2 flow that is sent to methanation presents a purity of 99.67%. The
second flow (REC-CO2) corresponds to the recirculation flow and is recompressed to 305
bar. After recompression, the flow is sent to the multi-flux heat exchanger to be heated up
to 720 ◦C and is finally split to be sent to the combustion chamber (CO2-REC) to moderate
the temperature and to the turbine (CO2-BLD) for blades cooling.
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Table 4. Main oxygen, exhaust gas and condensed water flows of the Allam section.

Molar Flow (mol/s) O2-STOR O2-CC EXH-GAS EXH-HOT EXH-COLD ALL-COND
H2O 0 119.0 119.1 114.5
H2 traces
O2 205.1 139.1 traces
CO 0 0.2 0
CO2 0 2038.5 2076.0 0
N2 0 2 0

Total flow (mol/s) 205.2 139.1 2156.1 2193.5 114.5
Temperature (◦C) 33.0 76.4 1212.7 774.0 51.1 33.0

Pressure (bar) 200 305 34
Vapor fraction 1 0.951 0
Liquid fraction 0 0.049 1

Table 5. Main carbon dioxide flows of the Allam section.

Molar Flow (mol/s) MET-CO2 CO2-MET REC-CO2 CO2-BLD CO2-REC
H2O 0.5 4.2 0.1 4.1
H2 traces
O2 traces
CO 0.2
CO2 211.4 1864.4 37.3 1827.1
N2 0.2 1.6 traces 1.6

Total flow (mol/s) 212.1 1870.4 37.4 1832.8
Temperature (◦C) 33 300 43.3 717.4 720

Pressure (bar) 34 305 100 305
Vapor fraction 1
Liquid fraction 0

The features of the main flows of the methanation section are shown in Table 6. The
stream of hydrogen (and water) coming from the electrolysis section (MIX-MET) and that of
carbon dioxide coming from the Allam section (CO2-MET) are fed to the first methanation
reactor together with the recycled SNG flow (SNG-REC). The product gas (SNG-1) exits
from the first reactor at 606.3 ◦C with a methane concentration of about 18.5%. After
refrigeration down to about 300 ◦C and splitting for recycling, the gas is fed to the second
reactor, which increases the methane concentration up to about 23.5% and the temperature
to 467.5 ◦C (SNG-2). After a new refrigeration process, the gas is fed to the third reactor for
the final conversion. The methane concentration reaches the value of 26.1% (SNG-3), which
is not very high due to the significant formation of water during the methanation process.
The final cooling down to 33 ◦C allows to condensate and separate almost all water (MET-
COND), so that the composition of the SNG results to be 89.2% CH4, 8.8% H2, 1.7% CO2,
0.2% H2O and 0.1% N2 (LHV = 48.072 MJ/kg; HHV = 53.466 MJ/kg). The obtained SNG
flow rate resulted to be 3.56 kg/s. The sequence of SNG composition obtained downstream
of each methanation reactor and after final drying is graphically shown in Figure 9.

Table 6. Characteristics of the main flows of the methanation section.

Molar Flow (mol/s) SNG-1 SNG-REC SNG-2 SNG-3 SNG MET-COND
H2O 1211.4 726.8 539.0 565.2 0.5 564.7
H2 470.4 282.2 74.0 20.4 0
CO 15.8 9.5 0.4 traces 0
CO2 103.0 61.9 17.2 4.1 0
CH4 409.7 245.8 193.9 207.4 0
N2 0.5 0.3 0.2 0

Total flow (mol/s) 2210.9 1326.5 824.3 797.3 232.6 564.7
Temperature (◦C) 606.3 305.0 467.5 333.2 33.0

Pressure (bar) 30
Vapor fraction 1 0
Liquid fraction 0 1
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Finally, the global energy balance is reported in Table 7. The electrolysis section required
an input of 222.398 MW as electric power for electrolysis, plus the thermal power input
recovered from other sections and 0.016 MW of mechanical power for the water pump.

Table 7. Global energy balance of the proposed system.

Input Output

Chemical power (MW) 78.625 170.805
Electric power (MW) 222.398 32.677

Total power (MW) 301.023 203.482
Efficiency, LHV basis (%) 67.60
Efficiency, HHV basis (%) 71.57

The gasification section required an input of 1.995 MW as mechanical power for gas
compression and an input of 78.625 MW as chemical power of the biomass consumed. The
turbines in the Allam section produced 45.343 MW, while the CO2 and the O2 compression
lines required 7.653 MW and 2.503 MW of mechanical power, respectively. Overall, the
Allam section required chemical power coming from the gasification section and generated
35.186 MW of net mechanical power. By also taking into consideration the mechanical
power required by the water pump and the gasification section, the net mechanical power
produced by the whole plant was 33.174 MW. Assuming an electric efficiency value of
0.985, the electric power generated was 32.677 MW.

Finally, the methanation section required an input of chemical power corresponding
to the hydrogen produced by the electrolysis section and generated a chemical power
of 170.805 MW, based on LHV, or 189.970 MW, based on HHV, as SNG. It is possible to
calculate the overall plant efficiency as shown in the following equation:

ηplant =

.
mSNG·HHVSNG + Electricityout

.
mbiomass·HHVbiomass + Electricityin

(1)

The results show global plant efficiency of 67.60% on an LHV basis and 71.57% on
an HHV basis. Finally, this paper mainly deals with the proof of concept and with the
integration of the various sections of the plant. Future studies should focus on the sizing of
the proposed system to a size compatible with the coupling with RES plants (especially
regarding the electrolyser) and the further optimization of the various plant sections.
Nevertheless, different types of input biomass or of synthetic fuels and green chemicals as
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outputs could be explored, while the environmental suitability could be checked using a
life-cycle approach.

6. Conclusions

This paper proposes a novel integrated system for the cogeneration of electricity and
the simultaneous production of substitute natural gas, starting from lignocellulosic biomass,
water and renewable electricity. Through the production of renewable fuel, this system
could serve as energy storage, helping to increase the flexibility and interconnection of
natural gas and electricity grids as well as the share of renewable sources in the energy
mix. The main novelty of this study lies in the coupling of a power unit based on the
Allam thermodynamic cycle with a water electrolyser, a biomass gasifier and a methanation
section. The Allam power cycle uses supercritical CO2 as evolving fluid and is based on
the oxycombustion, of a biomass syngas in this case, allowing carbon dioxide capture
and utilisation to be more easily achieved. Electrolytic oxygen can be valorised and used
for oxycombustion, while the CO2 captured from the power cycle (simply by means
of water condensation) can be used for the production of renewable fuel (SNG in this
case). In addition, electricity is simultaneously produced by the power cycle with better
programmability and continuity than wind or solar power. The results show an efficiency
value of the proposed system of around 68% on an LHV basis, producing almost 33 MW
of net electrical power and 171 MW of SNG chemical power, against an energy input of
222 MW renewable electricity and 78.6 MW of biomass. The composition of the produced
SNG showed contents of 89.2% CH4 and 8.8% H2, resulting in a gas with high calorific
value that could be injected into the existing natural gas grid. The current barriers to the
injection of SNG with similar composition in the natural gas grid are mostly of legislative
rather than technical nature. However, higher methane contents could also be obtained by
means of the further optimisation of the methanation section. For realistic coupling with
renewable energy sources, it would be essential to scale the system to a size compatible with
those of common wind and photovoltaic plants. Future studies could explore the further
optimisation of the plant and waste heat recovery, the use of different types of biomass,
the coupling of anaerobic digestion systems with the Allam cycle and the production of
different fuels, such as methanol. Finally, an analysis of the environmental impacts (for
example, through life-cycle assessment) would be crucial to evaluate the environmental
sustainability of the gas produced compared with conventional systems.
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