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ABSTRACT 
Power-to-gas (P2G) plays a significant role in the 

future energy system. The surplus renewable electricity 
can be transformed into substitute natural gas (SNG) 
through water electrolysis and subsequent methanation. 
At present, the energy conversion efficiency of a power-
to-gas plant is relatively low, and extra energy is required 
to obtain CO2 for methanation. To solve the above 
problems, this work proposed an efficient power-to-gas 
system based on renewable hydrogen and biomass 
gasification: the high temperature electrolysis relied on 
the renewable power produces hydrogen as the middle 
energy carrier, and provides O2 as gasification agent for 
gasifier; the renewable hydrogen combined with syngas 
from biomass gasification will be used for CO2/CO 
coexistence methanation process, which can break 
through the conventional idea of water gas shift process 
and avoid CO2 separation consumption. Besides, process 
heat of gasification and methanation are recycled and 
utilized for electrolysis. The electrochemical model of the 
high temperature electrolysis is established and the 
whole system is simulated by Aspen plus. The parametric 
analysis are conducted and the results show that the 
heat consumption of electrolysis increases with 
temperature rising while the change of power 
requirement is the contrary; the gasification cold gas 
efficiency of biomass can reach 83% at 1123 K; in the co-
methanation process, the recommended values of Ru is 
3.0. The energy/exergy analyses of the whole power-to-
gas system illustrate the thermal efficiency of the novel 
plant can reach up to 77.4%, which is 15 percentage 
points higher than the traditional SNG production 
pathways. 

Keywords: renewable hydrogen, steam/oxygen biomass 
gasification, CO2/CO co-methanation, thermodynamic 
analyses 

1. INTRODUCTION 
Wind and solar power develop rapidly in recent 

years, while the character of intermittence and site-
dependence causes the uncontrollable production and 
reduces the commerciality of these sources [ 1 , 2 ]. In 
2018, China's renewable energy surplus reached 102 
billion kWh, exceeding the annual generation of the 
world biggest hydropower station, the Three Gorges 
Dam [3].  

Energy storage provide a feasible pathway to reduce 
the mismatch between the power production and 
demand of these intermittent resources. Power-to-gas is 
a vital chemical energy storage technology which 
transforms the surplus renewable energy to gaseous 
chemicals such as hydrogen and substitute nature gas 
[ 4 , 5 ]. Compared with H2, SNG can facilitate existing 
pipeline transportation and is more convenient for long-
term storage through shifts in capacity between energy 
networks [6]. 

Current Power-to-Gas technology has an energy 
conversion efficiency around 55%-60%, including the 
water electrolysis and CO2 Sabatier process [ 7 ]. 
Moreover, the required carbon source usually derives 
from the flue gas, biogas or atmosphere with extra 
energy consumption for CO2 separation. Therefore, how 
to improve the energy efficiency and avoid energy 
penalty of CO2 acquisition are significant for the 
commercial operation of P2G plants. 
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Electrolysis is one of the key technologies in P2G. 
High temperature SOEC (Solid Oxide Electrolysis Cell) 
technology operates at 600 oC-900 oC and utilizes the 
electric and high-temperature heat. The reaction rate 
can be accelerated under high temperature without 
noble metal catalysts. Meanwhile, the required power of 
SOEC can be reduced by using the heat, and the electrical 
efficiency can be improved. According to the 
characteristics of high temperature electrolysis, it is 
possible to combine it with oxygen/steam biomass 
gasification for methane synthesis. 

This paper proposed an efficient power-to-gas 
system: SOEC relied on the renewable power produces 
hydrogen as the middle energy carrier, and provides O2 
as gasification agent for gasifier to improve the thermal 
efficiency of biomass; the renewable hydrogen 
combined with syngas from biomass gasification will be 
used for CO2/CO coexistence methanation process, 
which can break through the conventional idea of water 
gas shift process and avoid CO2 separation consumption. 
The process heat of gasification and methanation are 
recycled and supplied to SOEC. 

In this way, the effective utilization of resources and 
heat energy can be realized, which will significantly 
improve the energy efficiency of the whole power-to-gas 
system. Since biomass is the only renewable carbon 
source, the coupling process achieves zero carbon 
emission in the full life cycle. 

2. DESIGN AND MODELING OF THE P2G PLANT 

2.1 Description of system configuration 

The proposed system mainly contains the high-
temperature solid oxide electrolysis unit, oxygen/steam 
biomass gasification unit and CO2/CO co-methanation 
unit and its simple diagram is shown in Fig. 1 [8][9].  

The SOEC is driven by the renewable electricity and 
the process heat of waste heat boiler and methanation 
process. The steam is preheated by anode products, and 
then enters the cathode side of the SOEC. The anode O2 

product is used for gasification process, and the H2 is 
pressurized and further sent to co-methanation process. 

The biomass gasifier is designed to be a circulating 
fluidized bed (CFB) and works at 800~950 °C, 4 MPa. 
Steam from the methanation process and O2 from SOEC 
are used for gasifying agents. After purification, the clean 
syngas will mix with the hydrogen from SOEC. The mix 
fuel gas reacts in the co-methanation unit to obtain the 
final CH4 for pipeline transportation. 

2.2 Modeling of Solid Oxide Electrolyzer Cell 

The high temperature electrolysis is the key process 
of the proposed method and its detailed electrochemical 
model is established by Python [10,11]. 

The cathodic reaction and the anodic reaction are as 
follows: 

− −→ +2 2 2H O(g)+2e H (g) O  
− − →2 2O -2e 0.5O (g)  

The total reaction of the SOEC can be expressed as: 
→ +2 2 2H O(g) H (g) 0.5O  

The polarization phenomenon causes part of electric 
energy converting into heat energy. The polarization 
losses includes concentration polarization Econ, activation 
polarization Eact and ohmic polarization Eohm. The actual 
cell potential E can be obtained: 

= + + +r con act ohmE E E E E  
Where Er is the equilibrium potential. 
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Concentration overvoltage Econ caused by diffusion 
includes cathode and anode concentration overvoltage: 
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The activation overvoltage is calculated by Butler-
Volmer formula: 
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The ohmic overvoltage is expressed as follows: 
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The entropy generation Sgen of the electrolysis 
process is related with the over polarizations, the 
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Fig. 1 Simple diagram of the proposed SNG plant 
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number of electron transferred n and the temperature T, 
and Sgen is as follows: 

+ +
= ohm con act

gen
( )nF E E E

S
T

 

F is the Planck’s constant, 96485 C/mol. 
The heat absorbed and released Qst in the 

electrolysis process is related to entropy production and 
temperature: 

= − −st out in gen( )Q T S S TS  
In addition, the power consumption Pst of electrolysis 

process can be obtained 
=st SOECP EJA N  

Where ASOEC and N are the active area of SOEC and 
the total number of SOEC, respectively. 

2.3 Modeling of biomass gasification 

In the biomass gasification process, the feedstock is 
dried and pyrolyzed initially to release the volatile and 
form the coke, and then the oxidation and reduction 
reactions occur. Next the high-temperature raw gas from 
the gasifier enters the waste heat boiler (WHB) for heat 
recovery. Afterwards, the mid-temperature syngas 
(350 °C) is further cooled to satisfy the temperature 
requirement of desulfurization to obtain the cold clean 
syngas. 

Aspen Plus software is used to simulate the whole 
plant. Peng-Robinson state equation with Boston-
Mathias modifications (PR-BM) method is chosen as the 
global method of this work and R-Yield, R-Gibbs, Pump, 
Compr, Exchanger and Sep blocks are used to simulate 
the biomass gasification process[12]. The cotton stalk 
from Xinjiang Province, China is chosen as the feedstock.  

2.4 Modeling of methanation process 

The CO2/CO co-existence methanation is commonly 
applied for the methane synthesis of coke oven gas, and 
it fits for this proposed plant according to the syngas 
character of electrolysis and gasification process [13]. 

The renewable hydrogen from SOEC mixs with the 
clean syngas (CO+CO2+H2) from the gasification process 

and the ratio of H2/(CO+CO2) is set to 3. Then the 
methanation of CO2/CO coexistence system occurs in the 
reactors in series. The CO and CO2 transmute to CH4 
through following reactions.  

CO+3H2 → CH4+H2O ΔH = -206 kJ/mol 
CO2+4H2 → CH4+2H2O ΔH = -165 kJ/mol 
The TREMPTM technology is adopted and the high 

temperature resistant nickel-based catalyst is used in the 
exothermic methanation process. In this process, three 
reactors are connected in series: most of the mixed fuel 
gas converts to CH4 in the first two high-temperature 
reactors. Part of the unconverted gas from the first 
reactor is recycled to keep the reactor temperature 
below 700 oC. After that, the remaining CO, CO2 and H2 
from the second reactor are sent into the purification 
reactor for complete conversion. Finally, the condensate 
water is separated from CH4 and the obtained natural gas 
will be compressed to 6.21 MPa for pipeline 
transportation.  

2.5 Evaluation criteria and operation conditions 

ηcold refers to the cold gas efficiency of gasification 
process. 

syngas syngas
cold

bio bio

G HHV
G HHV

η =  

where G is the mass flow rate, and the subscript syngas 
and bio mean the gasification syngas and biomass 
feedstock.  

ηth and ηex represent the thermal and exergy 
efficiency of the whole plant. 
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where the subscript CH4 is the produced methane. HHV 
is the high heating value, P is the electric power required 
and the subscript SOEC, pump and compr mean the 
SOEC, pump and compression process. Qheat is the heat 

 
Fig. 3 Model of biomass gasification 

 
Fig. 2 Model of co-methanation 
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requirement of the whole plant and ηAC-DC is the 
efficiency of AC/DC conversion, equal to 0.95. e 
represents the exergy of different material. 

3. RESULTS AND DISCUSSION 

3.1 Parameter analysis 

The changes of SOEC potential and power density 
with current density is shown in Fig. 4. At the same 
current density, with the increase of operating 
temperature, the cell potential and the power density of 
SOEC both reduces due to the decrease of polarization 
loss. When at 1023 K, 8200 A/m2, the operation cell 
potential reaches 1.285 V (the thermal neutral voltage), 
which means the SOEC operates at constant 
temperature without generating or absorbing external 
heat. When the current density is less than 8200 A/m2, 
the cell potential is lower than the thermal neutral 
voltage and external heat is required for SOEC to 
maintain the operation temperature. While operating 
beyond 8200 A/m2, the SOEC generates heat and existing 
streams have higher temperature. 

In Fig. 5, the actual heat consumption and power 
with the operating current density are evaluated. The 

heat consumption of SOEC increases with temperature 
rising while the change of power requirement is the 
contrary. At lower current density (<4000 A/m2), the 
thermal energy demand is dominant, and after that the 
power requirement becomes higher, which mainly 
because the higher current density leads to exothermic 
operation, and the internal irreversibility will cause the 
heat generated internally.  

The temperature has significant impact on the 
gasification energy and exergy efficiencies as well, as 
shown in Fig. 6. When temperature increases from 723 K 
to 1123 K, the cold gas efficiency grows from 51% to 83%, 
and its exergy efficiency is from 43% to 67%. While when 
the temperature is higher than 1123 K, more oxygen is 
needed to maintain the isothermal operation and more 
energy goes into the sensible heat of the syngas, leading 
to the decrease of gasification efficiencies.  

As for the co-methanation process, the circulating 
gas from first reactor is important to prevent the reactor 
from overheating (usually at 560-700 oC), which will 
result in catalyst deactivation. The Ru is defined as the 
ratio of the mass flow rate of the circulating gas and the 
fresh gas entering the first methanation reactor. The 
effect of circulating ratio Ru on the outlet temperature 

 
Fig. 4 Variations of cell potential and power density with 

current density 
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Fig. 6 Efficiencies of biomass gasification 
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Fig. 5Variations of heat and power requirement with 

current density 
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Fig. 7 Influence of Ru on power consumption 

0 2 4 6 8 10
0

100

200

300

400

500
 Recycle compressor
 SNG compressor

Po
w

er
 c

on
su

m
pt

io
n,

 k
W

Ru

 4 Copyright © 2020 CUE 



of first reactor and the power consumed in methane 
synthesis is discussed in Fig. 7 and Fig. 8. With the Ru 
increases from 0 to 9, the outlet temperature of reactor 
#1 decreases from 838 oC to 452 oC, and the power 
required of the recycle compressor significantly rises to 
474 kW. Meanwhile with the Ru increases, more gas is 
recycled and the equipment capability and the cost 
should be larger. The recommended values of Ru is 3.0 
according to the engineering experience. 

3.2 Energy and exergy analyses of proposed system 

The main operation parameters of the whole plant 
are illustrated in Table 1. 

The electricity for water electrolysis accounts for 
40% energy input of the whole system approximately 

and biomass feedstock takes up the remaining 60%. The 
hydrogen from SOEC has to be compressed since the 
gasifier works under a high pressure. Because oxygen-
steam gasification method is adopted and O2 agent 
derives from the SOEC, the traditional air separation unit 
(ASU) is cancelled and amount of power for ASU can be 
saved. Meanwhile, the efficiency is higher than the air-
steam gasification. 

The heat from the waste heat boiler and co-
methanation process is recovered and utilized in the 
steam generation and temperature maintain for SOEC, as 
well as the preheating of gasification agent and some 
intermediate products. This helps to eliminate the extra 
electrical heating process and increase the whole system 
efficiency. The thermal efficiency of the novel plant can 
reach 77.4%, as shown in Table 2, which is much higher 
than that of the traditional biomass to methane (53%-
62%) or P2G process (45%-60%). The exergy efficiency of 
the system is 67% and most of the irreversible 
destruction occurs in the electrolysis process. 

Fig. 9 illustrates the mechanism of the energy 
utilization in the proposed system based on renewable 
energy. A and ΔH denote the energy level and heat duty 

 
Fig. 9 Upgrading of renewable energy and low-level heat  

Fig. 8 Influence of Ru on temperature of Reactor #1 
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Table 1 Main operation conditions 

Unit  
Proposed 

system 

SOEC 

Temperature, K 973 

Cathode stream 
H2O 90% 
H2 10% 

Anode stream O2 100% 
H2O inlet, kmol/h 855.9 
Steam utilization, % 70 
LHV of H2, kJ/kg 120210 
Exergy of H2, kJ/kg 142351 

Gasification 

Pgasi, MPa 4 
Tgasi, K 1123 
Mbio, t/h 10 
Steam/Biomassdaf 0.5 
Oxygen/Biomassdaf 0.17 
Heat dissipation, % 5 

Methanation 

Pin-Reactor #1, MPa 3.24 
Ru 3 
Tin-Reactor #1, K 573 
Tin-Reactor #2, K 570 
Tin-Clean up Reactor, K 470 
PSNG, MPa 6.21 

 

Table 2 Energy and exergy analyses of SNG plant 
Energy input Energy, kW Exergy, kW 
SOEC   

Electrolysis 43195.13 43195.13 
Hydrogen compressor 3103.5 3103.50 

Gasification   
Biomass 63532 71841.03 
Pump 7.51 7.51 
Oxygen compressor 181.6 181.6 

Methanation   
Recycle gas compressor 96.24 96.24 
SNG compressor 240.47 240.47 

Sum. 110356.4 118665.47 
Energy output   

SNG 85414.92 79586.53 
Thermal/exergy efficiency,% 77.40 67.07 
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of the process, respectively. The energy level A is defined 
as the ratio of exergy to enthalpy [14].  

Through the high temperature electrolysis, the 
energy level of surplus wind/solar energy and heat 
energy from process are both improved and high quality 
hydrogen is produced. In the biomass gasification 
process, the energy level of biomass reduces to drive 
syngas generation and provide carbon source for SNG 
production. 

4. CONCLUSIONS 
This work discussed a novel efficient power-to-gas 

system combined high temperature electrolysis with 
oxygen/steam biomass gasification. The CO2/CO 
coexistence methanation process cancelled the 
conventional water gas shift process and avoided CO2 
capture consumption. The by-product such as O2 and 
H2O were fully utilized in the system as the biomass 
gasification agent and raw material of electrolyzer; and 
the process heat was recycled and supplied to SOEC. 

The thermal and exergy efficiencies of the novel 
plant can reach 77.4% and 67%, respectively, which was 
15 percentage points higher than the traditional biomass 
to methane or P2G process. Parameter analysis 
illustrated when the current density is less than 8200 
A/m2 (1023 K), the cell potential of SOEC is lower than 
the thermal neutral voltage and external heat is required 
for SOEC. The heat consumption of SOEC increases with 
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[3] China Electricity Council. 2019 National Electric Industry 
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[4] GoTz M, Lefebvre J, MoRs F, et al. Renewable Power-to-
Gas: A technological and economic review[J]. Renewable 
Energy, 2016, 85:1371-1390. 
[5] Schiebahn S, Grube T, Robinius M, et al. Power to gas: 
Technological overview, systems analysis and economic 
assessment for a case study in Germany[J]. International 
Journal of Hydrogen Energy, 2015, 40(12):4285-4294. 
[ 6 ] Tichler R, Bauer S. Power-to-Gas[J]. Storing Energy, 
2016:373-389. 
[ 7 ] Clegg S, Mancarella P. Integrated modeling and 
assessment of the operational impact of power-to-gas (P2G) 
on electrical and gas transmission networks[J]. IEEE 
Transactions on Sustainable Energy, 2015, 6(4):1234-1244. 
[ 8 ]He C, Feng X, Chu K H. Process modeling and 
thermodynamic analysis of Lurgi fixed-bed coal gasifier in an 
SNG plant[J]. Applied Energy, 2013, 111(11):742-757. 

temperature rising while the change of power 
requirement is the contrary. In gasification process, 
when the temperature increases from 723 K to 1123 K, 
the gasification cold gas efficiency grows from 51% to 
83%, and its exergy efficiency is from 43% to 67%. As for 
the co-methanation process, with the circulating ratio Ru 
increases from 0 to 9, the outlet temperature of reactor 
#1 decreases while the power required of the recycle 
compressor significantly rises to 474 kW. The 
recommended values of Ru is 3.0. 

The proposed system based on renewable hydrogen 
and biomass gasification can significantly improve the 
energy efficiency of the whole P2G plant. Since biomass 
is the only renewable carbon source, the coupling 
process achieves zero carbon emission in the full life 
cycle. This work provides a promising pathway to realize 
high energy conversion efficiency and reduce the 
wind/solar energy curtailment. 
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