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« Heat recovery in Sabatier process improves efficiency of the process.
* Recovered heat is used to heat feed water at inlet of Solid oxide electrolyser
 Compression prior to methanation gives best efficiency and guality of methane.
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The power-to-gas technology is considered to provide the means of storing surplus renewable
Received: 02/03/2019 energy in the form of synthetic natural gas. The study analyses the P2G system with respect to
Accepted: 02/12/2019 the three main components i.e. electrolysers (especially solid oxide electrolysers that have a

higher operating temperature), the methanation reactor and the synthetic methane injection
system. Efficiency of the individual components is evaluated with three different configurations
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1. INTRODUCTION

Hydrogen is a strong future candidate as a substitute for the hydrocarbon based fuels. In the absence of
fossil fuels, the alternative energy resources based on renewables are able to generate green power by
running the electrolysers that can subsequently produce hydrogen. The stochastic nature of the renewable
energy technologies (RET) especially solar and wind is posing challenges for the existing electricity
distribution networks. Moreover the intermittent nature of RETS raises technical issues in terms of voltage
stability, power quality and reliability. It thus becomes imperative that large grid-scale storage be studied
to enable full potential of the renewable energy resources. Power-to-gas (P2G) system is conceived to fulfill
the need for storing mass-scale energy generated by Renewables in existing natural gas (NG) distribution
networks. Further, in view of the climate change phenomena and associated environmental effects,
hydrogen, from some recent past, is being advocated as the future fuel. Hydrogen economy, if it has to
realize, requires the production of hydrogen in enormous amounts comparable to the current availability
and consumption of fossil fuels. In this regard renewable resources are being viewed as an important
participant in the initiation and development of hydrogen economy world-wide [1]. The solar and wind
energy provide the power to run the electrolysers for generating pure hydrogen and oxygen.

Steam methane reformation when carried out in the reverse order results in the formation of SNG. The
reaction is a well-known chemical process denoted by the succeeding equations given below and known as
the Sabatier reaction:

CO+3H,<>CH4+H,0 1)

CO,+4H,<>CH4+2H,0. (2)
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The two oxides of carbon namely carbon monoxide and carbon dioxide when reacted and heated with
hydrogen gas in the presence of a catalytic agent results in the formation of synthetic methane. The process
flow of methanation as represented by chemical reaction (2) is shown in Figure 1 [2].

Figure 1 shows two reactors for the generation of methane. First reactor receives hydrogen and CO; in the
ratio 4:1 resulting in methane and water with some traces of reactants. The second stage increases the
methane fraction. Based on Hashimoto’s [3] findings if each of these reactors has an efficiency of 90%, the
overall conversion efficiency enhances to 99%. Gao et al [4] has evaluated various studies which indicate
that catalysts under development would be able to achieve this conversion efficiency in the near term.
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Figure 1. SNG Process flow [2]

The P2G concept is considered to provide a solution to the long standing problem of storing the surplus
renewable energy obtained through the solar and wind resources. In a hydrogen economy, the P2G
technology also solves the issue of the transportation of hydrogen in the transmission and distribution
networks [5, 6]. Maroufmashat and Fowler [7] have concluded that a P2G system centered on renewable
energy generation is an innovative concept. The study suggests that with such a system it is possible to
evolve a future low-carbon energy system that is based on an increased content of renewable energy. To
facilitate the transition, a number of strategies have been devised. Gondal [8] has discussed the integration
of hydrogen in the P2G networks both in the Distribution as well as the Transmission networks. The
significance of P2G systems in relation to the renewable energies is seen to be expanding with more
approaches being included to accommodate the growing output from various renewable energy resources.
Offshore energy resources particularly offshore wind has been linked with P2G systems in a latest study
[9]. This study highlights how P2G systems are able to generate SNG in an offshore island with the help of
Carbon capture and utilization. In a similar study [10], it has been found that P2G along with offshore
renewable energy and oil exploration companies have the potential to address the climate change issues as
well. In this regard, the methanation process that is at the heart of P2G systems needs to be analysed for
achieving higher efficiencies.

1.1.  Elements of P2G System:

The P2G system comprises of three significant elements along with other minor accessories and
components. These are:

= The electrolysers
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Several electrolysers are available for commercial scale generation of hydrogen. Solid Oxide electrolysers
(SOE) and Proton Exchange Membrane (PEM) are also being developed in addition to the conventional
Alkaline electrolysers. SOE are more efficient; however these electrolysers operate at higher temperatures
and are studied in the current work.

= Methanation reactor

Synthetic methane production by the Sabatier process is an established technology [11]. Feedstock for
methanation is in the form of biomass, besides Carbon is also available in the form of flue gases in NG
resource fields. Emissions from industries are another source of carbon along with waste heat [12].

= Synthetic methane Injection system (SMIS)

This system primarily consists of compressors and may involve one or more compression stages.
Compressors for methane (NG) are also a commercially established technology. Nevertheless, in order to
improve the all-inclusive efficiency of the P2G system it is imperative that the efficiency of the individual
components be also evaluated in detail.

P2G process has the potential to resolve many technical and economic issues associated with future energy
provision particularly when renewable energy resources are being looked upon as the major contributor of
energy supplies. The efficiency of P2G systems is hence a topic of great interest among the energy planners
and researchers.

2. P2G - ADVANCES IN EFFICIENCY

P2G technology is being considered to have the linchpin status in the future energy system and hence the
efficiency of the complete process needs to be analyzed. The key elements of the P2G process include the
electrolysers, the methanation plant and the injection systems. The overall efficiency of the entire P2G
process is dictated by the individual efficiencies of these P2G elements. Several studies have discussed the
P2G systems targeting various aspects of the process; most of these studies assess the techno-economic
aspects while others focus on individual elements.

In context of electrolysers in the current scenario, alkaline electrolysers (AEL) are considered as the
cheapest and most reliable technology [13]. AEL are particularly suited for P2G systems because of their
ability to operate at varying loads. AELSs are able to operate at 20-100% of the design capacity, and can be
overloaded for up to 150% which makes it a good candidate for coupling with RETs [14]. RETSs have a
characteristic fluctuating and intermittent power supply that suits the wide capacity range of AELs. In
transient operation PEM electrolysis has seemingly better performance. It is however a comparatively
expensive technology, has a faster cold start and suitable for intermittent operations. The purity of hydrogen
is very high but is associated with a shorter lifecycle of the equipment [15]. Solid oxide electrolysers (SOE),
also known as high temperature electrolysers are the newest category of electrolyzers and currently being
evaluated on a laboratory scale only. In SOEs the electrolyte consists of ZrO, doped with 8 mol% Y05,
resulting in a material highly conductive for oxygen ions. The SOEs are thermally and chemically very
stable [16]. The low electricity demands and theoretically higher than 100% electrical efficiencies is the
most significant advantages of SOEs. The P2G processes have exothermal reactions and hence the use of
SOEs in these processes results in higher overall efficiencies [17, 18].

The methanation process has been reviewed in the literature previously in terms of a comparison of catalytic
and biological methanation. Other studies basing on reactors compare the working of the fluidized-bed and
the fixed bed. Gotz et al [19] have made a comprehensive review of the methanation process chain.
Similarly Sebastian et al [20] have made a technological review of the P2G process. In this study the P2G
paths are analysed in terms of the process chains. Several transformation technologies have also been
evaluated for their conformation to different applications. It also gives a comprehensive account of the
various choices available for storing and distribution of CO, alongwith the end-user applications.
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A limited amount of literature is found on the configuration of the P2G process elements as regards the
various operating parameters. Bensmann et al [21] have evaluated the optimal pressure levels of the P2G
process. In this study the sequence of mechanical compressor and dryer is evaluated to determine the best
pressure profile. The methanation step is the decisive process that determines the overall efficiency of the
P2G process. Frontera et al [22] have discussed the efficiency of the methanation process in terms of the
various catalysts. In this study the noble metal and nickel based catalysts are analysed in comparison with
bio-methanation. Parra and Patel [23] have discussed the electrolysers in techno-economic terms and their
size for P2G systems. Martin et al [24] have presented the technical and economic assessment of the german
project “Energiepark Mainz”. This technical assessment is based on the total energy consumption of the
electrolysers alongwith the energy utilization factor. On the other hand the economic analysis discusses the
electricity procurement choices available to run the electrolysers . In two other studies [25, 26] the power-
to gas system is studied in context of cost optimization model and determining the economic optimum of
the PtG capacity respectively.

The technical aspects of the P2G process that deal with the operation of the electrolysers, methanation plant
or the injection system have been found to be unfrequented in the published literature. Bailera et al [27] has
proposed the combination of a methanation plant and an oxycombustion coal boiler to improve the
efficiency of the P2G process. The same author in another study [28] has suggested hybridization in terms
of oxy-combustion of biomass that can enhance the deployment of Power to Gas technology. Gillessen et
al [29] has proposed the hybridization of P2G with battery storage however the same has been found to be
economically uncompetitive. Kezibri and Bouallou [30] have suggested oxy-combustion and it has been
demonstrated that 155MW of SNG has been produced from a thermally integrated Sabatier process with
an input of 200MW of electric supply to the electrolysers. The study further adds that if enough amounts
of SNG and oxygen is produced and stored, another 480 MW can also be recovered with the use of an oxy-
combustion power plant. Yet another study [31] on hybridization of P2G suggests utilizing the flue gas of
an oxyfuel boiler as the source of CO; for the methanation process.

The novelty of the present work in this regard is that it addresses the efficiency of the complete P2G by
considering the position of the electrolysers, compressors and the methanation plant in different
configurations. In this regard the Solid Oxide Electrolyser (SOE) technology is evaluated as part of the P2G
network.
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Figure 2. P2G storage system

The P2G system uses the electricity generated from RETs (PV & Wind energy) and conversion into
methane takes place according to the Sabatier reaction. Figure 2 schematically shows the complete process
from the generation of initial electrical power from RETS to the final consumer. The focus of this analysis
would be the P2G conversion system with respect to the three main elements already discussed in the
preceding writing.
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3. MATERIALS AND METHODS

The P2G storage system is modeled in ANSYS, a software that simulates the engineering problems by
using finite element analysis. This software is capable of designing products, and can test its durability. It
can also carry out simulation for testing the product’s electromagnetic properties, the distribution of
temperature within a product’s body as well as the fluid movements. Considering the renewable energy
systems there are many applications where ANSYS is being used. ANSYS has enabled many R&D
organizations in the development of innovative equipment and in enhancing the reliability and working of
the existing systems. For instance, instead of the development of expensive physical prototypes, ANSYS
reduces the lead time by simulating the design and operation of various renewable energy devices including
fuel cell stack, PV collectors and biomass reactors etc. In case of Wind Energy as well, ANSYS is able to
solve complex mathematical equations pertaining to fluid mechanics, structural mechanics, vibration
analysis etc concerned with the operation and working of a wind turbine. Similarly the critically important
Wind Turbine control systems also fall in the domain of this software.

ANSYS has consistently been used by researchers for investigation of building energy problems.
Rajakumar [32] has drawn a comparison of energy use in concrete buildings with and without insulation
using ANSYS. Elghazi et al [33] has modeled and integrated solar shading in hot climates with double skin
facades using ANSYS. Similarly Nejat et al [34] has used wind catchers as a means of passive cooling and
modeled it with the help of ANSYS. In another study ANSYS has been employed to investigate the
ventilation in building-integrated photovoltaic system [35]. The P2G model under study has been analyzed
with a number of configurations to ascertain two main parameters for achieving optimization i.e. firstly the
efficiency of energy conversion and secondly the yield in terms of synthetic methane production. The
configurations have been designed to allow for the use of waste heat through a heat exchanger setup.
Similarly the compression stages have been re-positioned to analyze the behavior of the complete P2G
conversion system.

3.1. MODEL DEVELOPMENT

The Reference case depicted in Figure 3 shows three distinctive steps i.e. the solid oxide electrolyzer cell
(SOEC), Methanation reactor and the SMIS. In the reference configuration the SOEC requires a heated
input of water stream for achieving higher efficiency which is accomplished through an external source.
After the electrolysis, the hydrogen stream is separated from the oxygen stream through a sweep stream
and then both the streams are cooled down to the ambient temperature (27°C). SEP1 and SEP2 represent
two separators are shown in the reference configuration with the following function:

= SEP1-After condensation, H, stream is cooled down by elimination of water.
= SEP2-Separation of methane from water after the Sabatier reaction.

After removal of water the methane stream is passed through the SMIS which includes the intercooler and
after-cooler for attaining the requisite pressure of the NG pipeline network. Referring to Figure 3, HX1
represents a heat exchanger used to pre-heat the incoming stream of feed water. C1/C2/C3 are condensers
and are used for removal of heat as indicated with an outward flow of heat i.e. Q2/Q3/Q4. Syn1/Syn2/Syn3
is used to denote SNG moving downstream of Sabatier reactor. COMP represents compressor/compression
stages in the succeeding figures. Cathode and Anode streams are the outflows from the respective electrodes
of the solid-oxide electrolyser cell. Table 1 represents the data for Reference case.
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Figure 3. Reference case

Table 1. Operating parameters for P2G storage system

Parameter | Values
SOEC

Input electric power 1MW
Operating temperature 850 °C
Operating pressure 1 bar
Conversion effectiveness 80 %
Methanation Reactor

Operating Temperature 350°C
Operating Pressure 1 bar
Inlet reactants Temperature 27°C
Inlet reactants pressure 1 bar
Molar Inlet fraction (CO2/H2) Ya
Molar Inlet fraction (CO/(CO2+CQ)) 20%
SMIS

Compression ratio (COMP1 & COMP2) 7.75
Isentropic Efficiency (COMP1 & COMP2) 80%
Inter and after cooling temperature 27°C
Intercooler outlet temperature (C1&C2) 27°C

The sweep air temperature and pressure remain at ambient conditions of 27 °C and 1 bar. To enhance the
overall efficiency of the complete process, a number of configurations are made for optimization. In all the
configurations, attempt is made to achieve heat recovery from appropriate portions of the process for
heating the feed water entering the inlet of SOEC. Configuration ‘a’ shown in Figure 4, indicates heat
recovery from three sections of the process indicated as REC1, REC2 and RECS3. First heat recovery comes
at the sweep air cooling outlet that heats the water stream feeding the SOEC. Second heat recovery occurs
at the Methanation reactor for further heating of the SOEC feed water stream. Finally the inlet feed water
absorbs heat from the outlet stream of H» stream coming out of the SOEC. Here vapl and vap2 represent
the vapor condition of the incoming stream of water fed to SOEC. SAB Feed 1 shows the stream of
hydrogen gas coming from the SOEC which is mixed with the stream of incoming CO and CO; in MIX3
and forms SAB Feed 2 before entering the Sabatier reactor. Synl is the output of Sabatier reactor which
goes through 2 compression stages resulting in Syn4.
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Figure 4. Configuration ‘a’

Configurations ‘b’ and ‘¢’ are shown in Figures 5 and 6 respectively. In configuration ‘b’, the compression
taking place after the Methanation reactor is placed before the reactor. Similarly configuration ‘c’ involves
the compression taking place in two different stages, one prior to the methanation reaction and the second
after the methanation process. In all the configurations, the reference parameters remain as per Table 1,
however the assumptions made for each configuration are presented in Table 2.

For all the three recovery points in each of the three configurations, the Inlet temperature at the Methanation
reactor remains at 27°C. The temperature difference between the inlet cold side and the outlet hot side
remain 5°C for each REC1, REC2 and REC3. The isentropic efficiency is assumed to be 80% for all
configurations.

Table 2. Parameters specific for different configurations

Parameters Configuration ‘a’ Configuration ‘b’ Configuration ‘c’
Inlet Methanation reactants 1 bar 60 bar 30 bar

pressure

Compression ratio @ COMP1 75 7.5 55

Compression ratio @ COMP2 75 7.5 55

Compression ratio @ COMP3 - - 2

In order to evaluate the three configurations their performance is assessed in terms of the efficiency. The
evaluating parameters are based on two indices; one is based on the conversion efficiency from electricity-
to-fuel and is estimated with the following relation:

_ Migyp*LHVsyn
nconv,ezf R

where

g, = moles of SNG

LHVgy,, = Lower heating value of SNG

Re rers = Electric power from the Renewable energy resources
Re comp = Electric power consumption in compressor .

e,RETsTRe,comp

Conversion efficiency defines the energy contained within the SNG produced as a result of the methanation
reaction relating to the energy inflow to the system i.e. energy obtained from the renewable resources and
the energy consumed by the compressor.
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The conversion efficiency takes into account total heating value of the synthetic methane generated with
respect to the electricity consumed by the SOEC and the compressors. In this case the heat recovery carried
out at the three stages remains unaccounted. Therefore the conversion efficiency does not evaluate the
correct efficiency of the P2G storage system. So as to draw an accurate analysis of the P2G system, it is
necessary that the first law efficiency is also incorporated that caters for the total heat required and the total

heat recovered
msyn * LH Vsyn

e.RETs T Re,comp + 2 Qenin — 2 Qth rec

Nip2¢ = R

where

2. Qen g is the required heat and ), Q¢p rec 1S the total heat recovery carried out from the different stages.

Syn3
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Further, in order to ascertain the component with the lesser efficiency, individual performance of the
different components viz. SOEC and the Methanation reactor is also evaluated with the following
equations:

mHz*LHVHZ
Nisoec =
SOEC ™ R, rETs+Y50EC QthiN—250EC Qth Rec
gy LHVsyn
Ni,mR Ty, LHVy,

The comparison of the three configurations is further expanded to include the following parameters:

= Product composition: Synthetic methane gas produced in each of the three configurations is evaluated
for its composition. The percentage of hydrogen in syngas for introduction into the natural gas
infrastructures is limited from the point of view of inflammability.

= Product Quality: This parameter is defined by the Lower Heating Value of the product SNG.

= Wobbe Index: Wobbe Index determines the interchangeability of different fuel gases. In this case the
index draws a comparison of the produced synthetic methane with respect to NG.

4. FINDINGS AND RESULTS
The results of the analysis are displayed in the form of Histograms in Figures 7-10.

4.1. Electric-To-Fuel & First Law — Efficiency

Figure 7 depicts the results for the efficiency of the reference case as well as that for the different
configurations. Maximum Electric-to-fuel conversion efficiency (85%) is achieved for the Reference case
and Configuration ‘a’. The lower efficiency for Configuration ‘b’ and ‘c’ is due to the additional
compression work carried out at the SMIS. Although the overall compression ratio remains the same in all
the configurations, the compression work in ‘b’ and ‘¢’ is enhanced due to the change in position of the
compression stages. The change in compression stages leads to a change in mass flow rate that increases
the compressor work input.

Efficiency
M 1st Law Electric-to-fuel
85% 85% 79 5%
0, (o]
73% 72% 7% 73%
Reference Case Configuration 'a’ Configuration 'b Configuration 'c'

Figure 7. Efficiency of the Reference case Vs the Configurations
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First Law efficiency gets its highest value in Configurations ‘a’ and ‘c’ which is approximately 73%. In
any case it is higher from the Reference Case, for all configurations because of the fact that no heat recovery
is taking place in Reference case.

4.2.SOEC & Methanation Reactor-Efficiency

The 1st Law efficiency values for SOEC and MR as indicated in Figure 8 represent an opposing behavior
for the two components. Higher efficiency of SOEC occurs at configuration ‘b’ and ‘c’, in contrast the
higher efficiency values for MR is achieved in configurations in reference case and configuration ‘a’. In
this regard configuration ‘a’ is the best option.

1st Law Efficiency

B SOEC = MR

o 85% 8205 89% 88% _ 50,
0

Reference Case  Configuration Configuration  Configuration 'c'
lal Ibl

Figure 8. 1% Law Efficiency for SOEC and MR

4.3.Synthetic Gas Composition

The product composition is one of the most significant aspects in determining the best possible
configuration of the P2G system. Apart from methane, the general composition of syngas contains a
percentage of the initial reactants i.e. H, and CO..

Syngas composition mol/mol
B CH4 mH2 mCO2

0.82 0.8

0.16

Reference Case  Configuration Configuration Configuration
lal lbl ICI

Figure 9. Syngas composition

Other products may include water and some traces of O,, N, and other oxides of carbon. In this evaluation
only some water was found in the product stream while the remaining products were negligibly
insignificant. Figure 9 presents the molar composition of methane to be highest in configurations ‘b’ and
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‘c’ attaining an 82% composition of methane in the product stream. In the same configurations, the presence
of H; is less than 5% and CO- is also minimal which is a desirable aspect. It may be added here that
configuration ’a’ has been seen to give the highest conversion efficiency (Para 5.1), however the high
content of hydrogen (>20%) do not allow its injection into the NG infrastructure.

4.4. LHV and Wobbe Index

Figure 10 shows the values of LHV and Wobbe Index for the product stream. Configuration ‘b’ provides
the best values of LHV (34000 kJ/kg) and Wobbe Index (40000 kJ/Nm3). These values when compared
with the conversion and component efficiencies and methane composition suggest that configuration ‘b’ is
the optimum model to be adopted for the P2G storage system.

40000

35000 -

30000

25000 -

20000 W LHY
15000 - Wobbe Index
10000 -+

5000 -

0 T T T 1
Reference Case Configuration Configuration Configuration
a' 'b' 'c'

Figure 10. Syngas LHV (kJ/kg) & Wobbe Index (kJ/Nm?)
5. CONCLUSIONS

Solar, wind and biomass resources are available in considerable gquantities in most areas of the world.
Hydrogen and in turn synthetic methane is a good storage medium for these intermittent resources and is
also advocated to be the prospective fuel for upcoming future and the most preferred energy vector in the
medium-to-long range scenario. P2G systems help to integrate the energy grid and the renewable energy
technologies.

The growing penetration of renewable energy resources in the market also requires that issues pertaining
to power production and consumption are addressed in an effective manner. This study proposes the use of
SOEC in the P2G storage system to achieve higher efficiencies. It has been recommended that further
improvement in the efficiency of the process can be achieved through enhanced heat recovery and stage-
wise compression work. The optimum configuration results in higher efficiency, good product stream in
terms of methane composition, and appropriate values for LHV and Wobbe Index.

The preheating of the feed water for the SOEC from three heat recovery stages has resulted in an increased
efficiency. The Injection system comprising of compression stages has a marked effect on the percentage
composition of methane in synthetic gas stream as well as the Wobbe Index and LHV. Keeping in view the
sensitivities of all these parameters configuration ‘b’ presents the optimal solution.
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