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Abstract—Production of green electrical energy and green natural gas are the main goals of zero-carbon emission policy. Power to Gas 

plants (P2G) can be used to overcome difficulties with increase in intermittent renewable energy production, gas shortages and organic waste 

management. In this paper, a design, a model, and a control system for a Power to Gas plant is proposed. To achieve a high performance P2G 

plant, its design is based on biochar gasification and biological methanation processes. With the given mathematical models of electrolysis, 

gasification and methanation, calculation of needed feedstock and energy consumption as well as calculation of produced methane becomes 

easy obtainable. Proposed control system enables to precisely follow frequent operation change requests due to dynamical conditions in 

leaned electricity or gas grids. Simulation study of the automated plant operation using Matlab/Simulink has been done. This research gives 

all prerequisites for optimal sizing and planning of the P2G plant operation in dynamic technical and economic conditions. 

Keywords— Power to Gas, biochar, gasification, methanation, modelling, control system 

I. INTRODUCTION  

 Increase in energy consumption in modern society is an 
everlasting process. This is especially due to rise in world 
population and industrialization in third countries. At the same 
time, due to increase in carbon dioxide (CO2) emissions, 
humanity is facing climate changes. Accordingly, 
international policies are directed to restrictions in use of fossil 
fuels and support zero-carbon solutions. These are the main 
reasons why production from renewable energy sources is 
largely increasing. Intermittence of such production brings 
challenges to the task of balancing energy grids.  Storage 
systems and energy sectors coupling seem to be a solution for 
further increase in renewable energy distribution and end-use. 
Power to X technologies are developed to create energy 
conversion links between electricity and other sectors. 
Specifically, for coupling with the gas sector, Power to Gas 
(P2G) technology offers a possibility for the use of surplus 
electrical energy to produce synthetic natural gas (methane - 
CH4). Apart from overcoming shortages in the gas sector, P2G 
plants increase capacity for renewable electricity integration 
and could make significant contribution to waste 
management.  

Conversion of power can be completed with production of 
hydrogen (H2), which is the Power to Hydrogen (P2H) option 
of P2G plant. Although P2H is simpler than P2G, due to many 
restrictions in hydrogen usage, this option is not in the scope 
of this work. To enable methane production, except from H2, 
P2G needs also a source of CO2. Capturing CO2 from air or 
from industrial exhaust gases needs advanced technologies. It 
could be also taken from biogas, but in this case, obtainable 
amount of CO2 depends on biogas plant. In this research, the 
P2G concept with biochar as CO2 source is considered. Its 
high carbon content, its transportability and its contribution in 
waste management makes biochar an adequate feedstock. 

 Production of methane from biochar and hydrogen, is to 
be obtained by the following processes: electrolysis, 
gasification and methanation. Analysis and modelling of these 
processes is given in the literature only partially.  

As it is used in P2H option, electrolysis is well researched 
[1] process. H2 is produced through electrolysis of 
demineralized water. Electrical energy is to be consumed 
during this process. It is possible to use few types [2] of 
electrolyzer. Classical option and the cheapest one is alkaline 
electrolyzer. There are drawbacks in exploitation of alkaline 
electrolyzer. It is limited by minimum operating power and 
slow starting performance. There is also ecological issue due 
to decomposing its electrolyte. Proton exchange membrane 
(PEM) electrolyzer performance is much faster and it has 
much wider operating range. There is also solid oxide 
electrolyzer (SOEC) type to be exploited commercially in the 
future.  

During methanation process, H2 and CO2 react to produce 
CH4. This process can be classified as catalytic or biological 
process [3]. In catalytic methanation, nickel is typically used 
as catalyst. While this is the main method in industrial 
processes, it is less well suited for a highly dynamic operation. 
Biological methanation [3] converts H2 and CO2 to methane 
using methanogenic microorganisms. It is better suited to 
handling intermittent operation and impurities in the gas 
steam. 

In gasification process, oxidizer is used for production of 
the syngas. Due to various oxidizers, as well as different types 
of gasifiers, modelling of gasification is still an open research 
area. Specially, integration of gasification process within P2G 
plant model has not been done yet.   

In [4], although a detailed modelling of some P2G 
processes (electrolysis, methanation) is done, source of CO2 is 
not considered. To obtain CO2, P2G is modelled together with 
Gas-fired Power Plant in [5]. Carbon capture from the Plant’s 
exhaust gases is then used as source of CO2. Modelling of P2G 
may be done using only knowledge of electrical power and 
gas flow [6], but this approach is restricted to a particular area. 
According to the given review, there is no complete model of 
P2G plant. 

The main characteristic of the surplus energy is its 
intermittency. On the other hand, operation of P2G is to obey 

mailto:marijo.sundrica@fer.hr
mailto:mario.vasak@fer.hr
mailto:15579@mail.vstecb.cz
mailto:tim.bieringer@haw-landshut.de
mailto:tim.bieringer@haw-landshut.de


2 

 

restrictions in the gas grid sector. Namely, amount of CH4 to 
be injected into the public gas grid is to be announced few 
hours in advance. Also, deviation of produced CH4 from the 
announced value is penalized. Due to all mentioned reasons, 
the aim of this work is to make design of P2G that is adjusted 
to intermittent consumption of electrical energy as well as to 
intermittent production of methane. Using classical water 
electrolysis, hydrogen and oxygen could be stored. Oxygen is 
than used in a fast gasification of biochar and hydrogen is used 
in biological methanation process. Accordingly, adequate 
control system is needed for precise gas production to be 
achieved. Except from the amount of produced methane, using 
the given mathematical model consumed electrical energy and 
all other feedstocks can be also precisely calculated. In some 
future research, it will be used for optimal sizing and optimal 
planning of the plant operation in dynamic technical and 
economic conditions dictated by the grids. 

Mass, heat and energy balances in the given technological 
conditions are used as the main methodology for the P2G 
process analysis. 

II. PROPOSED DESIGN OF THE POWER TO GAS PLANT 

Using electrical energy and demineralized water in 
electrolysis process, hydrogen and oxygen are produced. 
Firstly, hydrogen and oxygen are stored in their storage tanks. 
Oxygen is then used as oxidizer in the gasification process. 
Because gasification is oxidation with insufficient amount of 
oxygen supply, capacity of oxygen storage is not of 
significance. Temperature of the gasifier is high: between 
1000 and 1600 K [7-8], and according to [9-10] gasification is 
assumed to be an adiabatic process. During gasification, 
biochar is blown by the oxygen and syngas is produced. 
Produced syngas goes to bubble column vessel where water 
gas shift (WGS) reaction occurs. Temperatures in the bubble 
column are much lower (400-600 K) than the temperatures in 
the gasifier, which enables a high conversion rate of CO into 
CO2. Note that water supply is needed to support this reaction. 
Finally, CO2 and H2 from WGS as well as H2 from hydrogen 
storage go into the methanation reactor. As explained in 
Introduction, biological methanogenesis reaction occurs and 
the produced methane can be injected into the gas grid The 
complete production process is depicted with a block scheme 
in Fig. 1.   

OXYGEN

HYDROGEN

OXIDIZER

STORE

HYDROGEN 

GAS STORAGE

TANK

WATER GAS 

SHIFT 

REACTOR

GASIFICATION

REACTOR

METHANATION 

REACTOR

CO2, H2

CH4 

SYNGAS 

ELECTROLYZER

CHECK VALVE

CHECK VALVE

ELECTRICAL ENERGY

DEMINERALIZED 

WATER

BIOCHAR
DEMINERALIZED 

WATER

 

 

Fig. 1 Integration scheme of Power to Gas processes 

III. ANALYSIS OF THE GASIFICATION PROCESS 

A.    Kinetics 

 

To make an adequate kinetic model, mass balance law is 
used. According to the mass balance law:   

r.c. = input–output+production– consumption     (1) 

where r.c. stands for rate of change. 

It is assumed that there is an infinite source of biochar in 
the plant’s storage. Due to this, biochar will always withhold 
the same mass in the gasifier. Technically this is possible if 
there is a gravitational refilling of the consumed biochar. This 
means that there is a constant value of biochar mass mBR in 
the gasifier. Biochar consumption rate, given as rB, depends 
on technology details. 

Using (1), equation for fuel (Biochar) in the plant’s 
biochar storage mB is given in (2) and equation for product 
(Syngas) is given in (3)  

BIOCHAR: 𝑟. 𝑐. 𝑏𝑖𝑜𝑐ℎ. 𝑝𝑙𝑎𝑛𝑡 𝑠𝑡𝑜𝑟𝑒 = 0 − 0 + 0 − 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛   (2.1) 

 𝑑 𝑚𝐵𝑑𝑡 = −𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛,             (2.2)                   𝑑 𝑚𝐵𝑑𝑡 = −𝑚𝐵𝑅 ∗  𝑟𝐵 .                     (2.3)                   

SYNGAS: 𝑟. 𝑐.  𝑠𝑦𝑛𝑔𝑎𝑠 = 0 − 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 0      (3.1) 
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During gasifier operation, temperature and pressure can 
be assumed to be at about a constant average value. This 
means that the state of syngas in the gasifier is unchanged: 0 = 0 − 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 0         (3.2) 

It can be concluded that syngas “output” is the same as 
”production” of syngas in the gasification reactor. Produced 
syngas is obtained from the consumed biochar subtracted 
with losses (tar, sooth, ash) which are included in biochar to 
syngas efficiency ηB->S. Syngas equation can be written as: 

 𝑑 𝑚𝑆𝐺𝑜𝑢𝑡𝑝𝑢𝑡𝑑𝑡 = 𝜂𝐵→𝑆 ∗ 𝑚𝐵𝑅 ∗  𝑟𝐵             (3.3)                                                         

B. Syngas composition 

Syngas composition is obtained by using the main 
gasification equation [11-12]: 𝐶𝐻𝑧𝑂𝑞 + 𝑤𝐻2𝑂 + 𝑚𝑂2 = 𝑧1𝐻2 + 𝑧2𝐶𝑂 + 𝑧3𝐶𝑂2 ++𝑧4𝐶𝐻4 + 𝑧5 𝐻2𝑂                   (4) 𝐶𝐻𝑧𝑂𝑞 - approximative formula of biomass or biochar 

w – moisture per mole of biomass or biochar  

m – moles of oxidizer  

zi – stoichiometric ratio factors of the ”i-th” product (z1, 
z2, z3, z4, z5 – hydrogen, carbon monoxide, carbon dioxide, 
methane and water)  

Except from many oxidation reactions at some 
temperature, these chemical reactions are assumed to achieve 
their equilibria: 𝐶(𝑠) + 𝐶𝑂2(𝑔) ↔  2𝐶𝑂 (𝑔) ,  (5.1) 𝐶(𝑠) + 𝐻2𝑂(𝑔) ↔  𝐶𝑂 (𝑔) + 𝐻2(𝑔) ,     (5.2) 𝐶𝑂(𝑔) + 𝐻2𝑂(𝑔) ↔ 𝐶𝑂2 (𝑔) + 𝐻2(𝑔) ,    (5.3) 𝐶(𝑠) + 2𝐻2(𝑔) ↔ 𝐶𝐻4 (𝑔) .       (5.4) 

Where ‘C’ is carbon from biochar, and ‘s’ and ‘g’ denote 
the solid and gas phases, respectively. Reactions (5) are well 
known in chemical engineering. They are: Boudouard 
reaction (5.1), Steam gasification (5.2), Gas shift reaction 
(5.3) and Methane formation (5.4). 

Each reaction given in (5) has its equilibrium. Their 
equilibrium constants K can be expressed as functions of 
stoichiometric ratios of reactants and products. According to 
[9], only reactants and products in gas phase are considered. 
Respectively to reaction (5) numeration, equilibrium 
constants are: 𝐾1 = 𝑧22 𝑧3⁄ ,                               (6.1) 𝐾2 = (𝑧2𝑧1) 𝑧5⁄ ,                             (6.2) 𝐾3 = (𝑧3𝑧1) (𝑧2𝑧5)⁄ ,                         (6.3) 𝐾4 = 𝑧4 𝑧12⁄ .                               (6.4) 

According to [11-12], equilibrium constants K1, K3 and K4 
can be found and calculated. 

It could be easily seen that K3= K2/ K1 which means that 
one of first three equations is not independent; due to this 
(6.3) will not be considered anymore.  

According to (4), balance equations for each element C, 
H, O can be derived: 

                C:               1 =  𝑧2 + 𝑧3 + 𝑧4,                  (7.1) 

O:       𝑞 + 𝑤 + 2𝑚 =  𝑧2 + 2𝑧3 + 𝑧5,         (7.2) 

H:           𝑧 + 2𝑤 =  2𝑧1 + 4𝑧4 + 2𝑧5 .        (7.3) 

C. Heat balance 

It is assumed, as in literature [9-16], that the gasifier is 
isolated from the ambient. Therefore, gasification is an 
adiabatic process which means that enthalpy of reactants is 
the same as enthalpy of products. That is given in heat 
balance law: 

 

 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦  𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠   (8.1)   

According to (8.1) and (4), heat balance can be expressed as 
follows: ℎ𝑓,𝐵𝑖𝑜𝑐ℎ𝑎𝑟0 + w(ℎ𝑓,𝐻200 + ℎ𝑣𝑎𝑝) + mℎ𝑓,𝑂20+ 𝑚𝑐𝑝𝑂2(𝑇200𝐶 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡) = 𝑧1ℎ𝑓,𝐻20 + 𝑧2ℎ𝑓,𝐶𝑂0 + 𝑧3ℎ𝑓,𝐶𝑂20 + 𝑧4ℎ𝑓,𝐶𝐻40 + 𝑧5ℎ𝑓,𝐻2𝑂0 + ∆T (𝑧1𝑐𝑝𝐻2 + 𝑧2𝑐𝑝𝐶𝑂 + 𝑧3𝑐𝑝𝐶𝑂2 + 𝑧4𝑐𝑝𝐶𝐻4 + 𝑧5𝑐𝑝𝐻20)(8.2) 

where: ℎ𝑓,𝑖0   - standard enthalpy of formation for different 

components [J/kg] ℎ𝑣𝑎𝑝 – enthalpy of vaporization of water 𝑐𝑝𝑖 – specific heat for different chemical substances [J/(kg 

K)] ∆T =  𝑇𝑔𝑎𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 . 

As temperature in the gasifier (gasification) and ambient 
temperature are known variables, enthalpies can be 
determined. Standard enthalpy of biochar formation is about 
26 MJ/kg [17]. Standard enthalpies of formation of other 
components can be easily found [12]. Oxygen as an oxidizer 
is preheated to 200°C [7]. Specific heat temperature 
dependance can be also found [10] and used which makes 
(8.2) to be the seventh equation of the nonlinear system with 
seven unknown variables: (6.1), (6.2), (6.4), (7.1), (7.2), 
(7.3), (8.2). This system can be solved and molar rates of each 
component with respect to the biochar input can be found. 

IV. ANALYSIS OF WATER GAS SHIFT PROCESS 

Equilibrium constants of reactions in the water gas shift 
reactor (this time noted as K5) can be expressed as: 𝐾5 = (𝑌𝐶𝑂2 ∗  𝑌𝐻2) (𝑌𝐶𝑂 ∗  𝑌𝐻2𝑂)⁄                  (9) 

where with ‘Y’ a mole fraction of the corresponding 
component is given. The following definitions are used [18-
19]: 𝑌𝑖 = n𝑖 n =⁄ (n𝑖0 + ν𝑖ε) (n0 + νε)⁄                 (10) 

where: 

 ni is the number of moles of the component i in the 
reaction 

 n is the total number of moles in the reaction 

ni0 is the initial number of moles of the component i prior 
to the reaction 

νi  is the stoichiometric number of the component i 

ν is the total stoichiometric number of the reaction 

  ν = ∑ ν𝑖𝑖  

ε is the reaction coordinate (that shows extent of reaction). 
Accordingly, mole fraction of each substance is given as: 𝑌𝐶𝑂 = (n𝐶𝑂0 − ε) (n𝐶𝑂0 + n𝐻2𝑂0 + n𝐶𝑂20 + n𝐻20)⁄  ,(11.1) 𝑌𝐻20 = (n𝐻2𝑂0 − ε) (n𝐶𝑂0 + n𝐻2𝑂0 + n𝐶𝑂20 + n𝐻20)⁄ ,(11.2) 𝑌𝐶02 = (n𝐶𝑂20 + ε) (n𝐶𝑂0 + n𝐻2𝑂0 + n𝐶𝑂20 + n𝐻20) ⁄ ,(11.3) 𝑌𝐻2 = (n𝐻20 + ε) (n𝐶𝑂0 + n𝐻2𝑂0 + n𝐶𝑂20 + n𝐻20)  ⁄ .(11.4) 
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Equations (9), (11.1), (11.2) ,(11.3), (11.4) make a system 
of five equations with six unknown variables:  

YCO, YH2O, YCO2, YH2, ε, nH2O0 .  

Total sum of molar fractions is always equal 1, so this 
equation is also added to the system: 𝑌𝐶𝑂 + 𝑌𝐻2𝑂 + 𝑌𝐶𝑂2 + 𝑌𝐻2 = 1.              (11.5) 

Now, a system of six unknown variables can be solved 
and molar fractions can be obtained.  

To obtain lower temperature in water gas shift (WGS) 
reactor, syngas from gasifier should be cooled down. It could 
be done by heat exchanger in a way that syngas heat is used 
for heating of water supply of vessel. Due to this, no external 
heat is needed for this reaction. 

V. ELECTROLYSIS  

Well known dynamics during electrolysis are used in this 
work. 

Hydrogen production dynamics can be expressed:   𝑑 𝑛𝐻2−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑧𝑒𝑟𝑑𝑡 = 𝑃∗𝜂𝑒𝑙𝐸                  (12) 

where: 

P is electrical power of the electrolyzer, 

 𝜂𝑒𝑙 is the electrolyzer efficiency, 

E is energy needed for electrolysis of a mole of liquid 
water. 

 

Dynamics of water consumption needed for supply of 
electrolyzer is the same as the dynamics of hydrogen 
production:  

 𝑑 𝑛𝐻2𝑂−𝑠𝑢𝑝𝑝𝑙𝑦𝑑𝑡 = 𝑃∗𝜂𝑒𝑙𝐸                             (13) 

Dynamics of the obtained oxygen is:  

 𝑑 𝑛𝑂2𝑑𝑡 = 𝑃∗𝜂𝑒𝑙2 𝐸                                 (14) 

 

VI. ANALYSIS OF METHANATION PROCESS 

Biological methanation is a process of methane 
production and is a key process in a P2G plant. This process 
takes place in the methanation reactor in which an aquatic 
suspension with microorganisms is formed to enable methane 
production. In biological methanation reactor, each feedstock 
gas is firstly dissolved in water and then chemical reactions 
for methane production take place. Solubility of gases, 
especially solubility of H2, is usually a bottleneck in this 
process. So called gas-liquid mass transfer rate depends on 
technological details.  

A. Mass balance 

In the methanation reactor vessel chemical reaction of 
methanation occurs by using microorganisms in an aqueous 
solution. Solution of input gases into liquid precedes it. Only 
gases dissolved in the aqueous solution contribute to methane 
production. To make an adequate mathematical model, mass 
balance law is used for both gas and liquid phases [20].  

Mass balance law given in (1) can be applied for H2 and 

CO2 in the gas phase: 

r.c. = input – 0 + 0 – masstransfer(gas->liquid).     (15.1) 

For H2 and CO2 in liquid phase: 

r.c. = 0 – 0 + masstransfer(gas->liquid) – methanation.(15.2) 

For H2 in the gas phase there are two inputs, one from the 
hydrogen storage and another from the syngas. Supply from 

the syngas is actually the supply from the reactor in which 
water gas shift reaction occurs, but due to simplification we 
call that supply “from syngas”.  

The output or consumption is the hydrogen transfer from 
gas to liquid phase:  𝑑 𝑛𝐻2𝑔𝑑𝑡  = 𝑑 𝑛𝐻2𝑔(𝑓𝑟𝑜𝑚 𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒)𝑑𝑡 + 𝑑 𝑛𝐻2𝑔(𝑓𝑟𝑜𝑚 𝑠𝑦𝑛𝑔𝑎𝑠)𝑑𝑡 −− 𝑑 𝑛𝐻2(𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑)𝑑𝑡                (16.1) 

For CO2 in the gas phase the input is from syngas and the 
output/consumption is its transfer from gas to liquid phase: 𝑑 𝑛𝐶𝑂2𝑔𝑑𝑡  = 𝑑 𝑛𝐶𝑂2𝑔(𝑓𝑟𝑜𝑚 𝑠𝑦𝑛𝑔𝑎𝑠)𝑑𝑡 − 𝑑 𝑛𝐶𝑂2(𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑)𝑑𝑡      (16.2) 

For H2 and CO2 in the liquid phase the inputs are 
transferred moles from the gas phase, and their consumptions 
are due to the methanation reaction:  𝑑 𝑛𝐻2𝑙𝑑𝑡  = 𝑑 𝑛𝐻2(𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑)𝑑𝑡 − 𝑑 𝑛𝐻2(𝑚𝑒𝑡ℎ𝑎𝑛𝑎𝑡𝑖𝑜𝑛)𝑑𝑡       (17.1) 

 𝑑 𝑛𝐶𝑂2𝑙𝑑𝑡  = 𝑑 𝑛𝐶𝑂2(𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑)𝑑𝑡 − 𝑑 𝑛𝐶𝑂2(𝑚𝑒𝑡ℎ𝑎𝑛𝑎𝑡𝑖𝑜𝑛)𝑑𝑡     (17.2) 

The production of CH4 is from the methanation reaction: 𝑑 𝑛𝐶𝐻4𝑑𝑡  = 𝑑 𝑛𝐶𝐻4(𝑚𝑒𝑡ℎ𝑎𝑛𝑎𝑡𝑖𝑜𝑛)𝑑𝑡             (17.3) 

In (16), (17) n is the number of moles. Subscripts “g” and 
“l” stand for gas and liquid phases, respectively. 

B. Gas to liquid transfer 

Generally, gas to liquid mass transfer can be noted as 
[21]: 𝑑 𝑛𝑖 (𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑)𝑑𝑡  = 𝑘𝐿𝑎𝑖 ∗ (𝑛𝑖𝑔𝐻𝑖𝑐𝑐 − 𝑛𝑖𝑙)        (18.1) 

where:   

nig – number of moles of substance „i“  in the gas phase 

nil – number of moles of substance „i“ in the liquid phase 

kLai – gas to liquid mass transfer rate for substance „i“ 

Hi
cc – Henry's law solubility constant based on 

concentrations ratio for the substance „i“; can be calculated 

as: 𝐻𝑖𝑐𝑐  = 𝑅 ∗ 𝑇 ∗ 𝐻𝑖𝑐𝑝 ,  Hi
cp is Henry's solubility constant 

based on concentration to pressure ratio; R is the gas constant 
and T is the temperature in the methanation reactor. 

According to (18.1), hydrogen gas to liquid mass transfer 
is: 𝑑 𝑛𝐻2 (𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑)𝑑𝑡  = 𝑘𝐿𝑎𝐻2 ∗ (𝑛𝐻2𝑔𝐻𝐻2𝑐𝑐 − 𝑛𝐻2𝑙)    .    (18.2) 

Liquid mass transfer rate kLa is determined by technology 
and for bubble column reactor literature gives values up to 10 
h-1 / Vr

-1. 

where: h – hours and Vr is volume of the methanation reactor 
vessel which means kLa is 10 h-1 for 1 m3 of reactor volume 
[22-23]. According to the literature, dilution factor (for H2 in 
water) HH2

cp is about 8*10-6 mol/(m3Pa) [24]. 

Similarly, gas to liquid transfer for carbon dioxide is: 𝑑 𝑛𝐶𝑂2 (𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑)𝑑𝑡  = 𝑘𝐿𝑎𝐶𝑂2 ∗ (𝑛𝐶𝑂2𝑔𝐻𝐶𝑂2𝑐𝑐 − 𝑛𝐶𝑂2𝑙)    (18.3) 

The value of kLa for carbon dioxide can be assumed to be 
about the same as for hydrogen, while dilution factor for 
carbon dioxide is according to [25] several hundred times 
higher than the same one for hydrogen, so it is assumed 
HCO2

cp=35*10-4 mol/(m3Pa). 

C. Methanation dynamics 

Methanation reaction occurs in the methanation reactor, 
more precisely in its liquid phase: 𝐶𝑂2 + 4𝐻2 = 𝐶𝐻4 + 2𝐻2𝑂                 (19.1) 
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Optimal stoichiometric values of reactants is H2 : CO2 = 4 : 1.  

Production of biomethane is determined by reactant that 
arises from condition: min (4*n2l, nCO2l). Due to user 
experience that shows usually hydrogen is in excess, carbon 
dioxide is to be used in methanation dynamics: 𝑑 𝑛𝐻2(𝑚𝑒𝑡ℎ𝑎𝑛.)𝑑𝑡 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (19.1) ∗ 4 ∗ 𝑛𝐶𝑂2𝑙 , (19.2) 𝑑 𝑛𝐶𝑂2(𝑚𝑒𝑡ℎ𝑎𝑛.)𝑑𝑡 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (19.1) ∗ 𝑛𝐶𝑂2𝑙  .       (19.3) 

Production of moles of methane is the same as the 
consumed moles of carbon dioxide: 𝑑 𝑛𝐶𝐻4(𝑚𝑒𝑡ℎ𝑎𝑛.)𝑑𝑡 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (19.1) ∗  𝑛𝐶𝑂2𝑙   . (19.4) 

VII. DYNAMICAL MODELLING OF METHANE PRODUCTION 

Dynamics of methanation reactor is analyzed and the 
proposed control system is given in this section.  

A. Dynamical system 

Using previously given expressions, dynamical system 
for gas and liquid phases of 𝐻2  and 𝐶𝑂2  can be obtained. 
Dynamical system of (16.1), (16.2), (17.1) and (17.2) can be 
noted using (18.2), (18.3) and (19.2), (19.3): 

[  
   
   𝑑 𝑛𝐻2𝑔𝑑𝑡𝑑 𝑛𝐶𝑂2𝑔𝑑𝑡  𝑑 𝑛𝐻2𝑙𝑑𝑡  𝑑 𝑛𝐶𝑂2𝑙𝑑𝑡 ]  

   
   = 

[  
 −𝑘𝐿𝑎𝐻𝐻2𝑐𝑐 00 −𝑘𝐿𝑎𝐻𝐶𝑂2𝑐𝑐 𝑘𝐿𝑎 00 𝑘𝐿𝑎𝑘𝐿𝑎𝐻𝐻2𝑐𝑐 00 𝑘𝐿𝑎𝐻𝐶𝑂2𝑐𝑐 −𝑘𝐿𝑎 −4 ∗ 𝑟𝑟0 −(𝑘𝐿𝑎 + 𝑟𝑟)]  

 [ 𝑛𝐻2𝑔𝑛𝐶𝑂2𝑔𝑛𝐻2𝑙𝑛𝐶𝑂2𝑙 ] 

 +     [  
  𝑑 𝑛𝐻2𝑔(𝑓𝑟𝑜𝑚 𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒)𝑑𝑡 + 𝑑 𝑛𝐻2𝑔(𝑓𝑟𝑜𝑚 𝑠𝑦𝑛𝑔𝑎𝑠)𝑑𝑡𝑑 𝑛𝐶𝑂2𝑔(𝑓𝑟𝑜𝑚 𝑠𝑦𝑛𝑔𝑎𝑠)𝑑𝑡00 ]  

  


Dynamical system given in (20) can be written in a form 
of a classical linear system: 

𝑑 𝑥𝑑𝑡  = [  
 −𝑘𝐿𝑎𝐻𝐻2𝑐𝑐 00 −𝑘𝐿𝑎𝐻𝐶𝑂2𝑐𝑐 𝑘𝐿𝑎 00 𝑘𝐿𝑎𝑘𝐿𝑎𝐻𝐻2𝑐𝑐 00 𝑘𝐿𝑎𝐻𝐶𝑂2𝑐𝑐 −𝑘𝐿𝑎 −4 ∗ 𝑟𝑟0 −(𝑘𝐿𝑎 + 𝑟𝑟)]  

 𝑥 +

+ [1000
1𝛼00] ∗ [𝑢1𝑢2]

where state vector and state matrix are: 

𝑥 = [ 𝑛𝐻2𝑔𝑛𝐶𝑂2𝑔𝑛𝐻2𝑙𝑛𝐶𝑂2𝑙 ] ;  

 𝐴 =  [  
 −𝑘𝐿𝑎𝐻𝐻2𝑐𝑐 00 −𝑘𝐿𝑎𝐻𝐶𝑂2𝑐𝑐 𝑘𝐿𝑎 00 𝑘𝐿𝑎𝑘𝐿𝑎𝐻𝐻2𝑐𝑐 00 𝑘𝐿𝑎𝐻𝐶𝑂2𝑐𝑐 −𝑘𝐿𝑎 −4 ∗ 𝑟𝑟0 −(𝑘𝐿𝑎 + 𝑟𝑟)]  

  ; 
and methanation inputs are: 𝑢1 = 𝑑 𝑛𝐻2𝑔(𝑓𝑟𝑜𝑚 𝐻2 𝑠𝑡𝑜𝑟𝑎𝑔𝑒)𝑑𝑡 

𝑢2 = 𝑑 𝑛𝐻2𝑔(𝑓𝑟𝑜𝑚 𝑠𝑦𝑛𝑔𝑎𝑠)𝑑𝑡 . 

Quotient of carbon dioxide and hydrogen in the syngas is 
given: 𝛼 =  𝑛𝐶𝑂2𝑔(𝑓𝑟𝑜𝑚 𝑠𝑦𝑛𝑔𝑎𝑠)  𝑛𝐻2𝑔(𝑓𝑟𝑜𝑚 𝑠𝑦𝑛𝑔𝑎𝑠)⁄   

B. System analysis 

To make an observability analysis, it is necessary to 
define an output variable. Number of moles of methane as 
well as its production rate are measurable. According to 
(19.4) it is obvious that the amount of produced methane is 
determined by the amount of carbon dioxide in liquid and that 
is why x4 is going to be the output variable y. To make further 
analysis, system (21) is noted as: 

[𝑥1̇𝑥2̇𝑥3̇𝑥4̇
]  = [−𝑎1 00 −𝑏1 𝑎2 00 𝑎2𝑎1 00 𝑏1 −𝑎2 𝑐140 𝑑14] ∗ [𝑥1𝑥2𝑥3𝑥4] + 

                                + [1000
1𝛼00] ∗ [𝑢1𝑢2]

𝑦 = 𝑥4

where: 𝑎1 = 𝑘𝐿𝑎𝐻𝐻2𝑐𝑐  ;𝑎2 = 𝑘𝐿𝑎 ; 𝑏1 = 𝑘𝐿𝑎𝐻𝐶𝑂2𝑐𝑐 𝑐14 = −4 ∗ 𝑟𝑟 ;  𝑑14 = −4(𝑘𝐿𝑎 + 𝑟𝑟) 

 

Only partial observability of the system (22) is assessed. 

Using x4 it is possible to observe only variable x2. 

Dynamics of (22) is used: �̇�2  = −𝑏1𝑥2 + 𝑎2𝑥4 + 𝛼 𝑢2�̇�4  = 𝑏1𝑥2 + 𝑑14𝑥4

to make a deterministic observer of Luenberger type: 

�̇̂�2 = −𝑏1�̂�2 + 𝑎2�̂�4 + 𝛼 𝑢2 + 𝑘1(𝑥4 − �̂�4)

�̇̂�4  = 𝑏1�̂�2 + 𝑑14�̂�4 + 𝑘2(𝑥4 − �̂�4)

Subtraction (23)-(24) gives error dynamics:  �̇�2  = −𝑏1𝑒2 + 𝑎2𝑒4 + 𝑘1𝑒4

�̇�4  = 𝑏1𝑒2 + 𝑑14𝑒4 + 𝑘2𝑒4
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Using the following Lyapunov function: 𝑉 = 12 𝑒22 + 12 𝑒42

its derivation is obtained: �̇�  = 𝑒2�̇�2 + 𝑒4�̇�4�̇�  = −𝑏1𝑒22 + 𝑎2𝑒2𝑒4 − 𝑘1𝑒2𝑒4 + 𝑏1𝑒2𝑒4 + 𝑑14𝑒42 ++ 𝑘2𝑒42

When converging coefficients are defined as: 𝑘1 = 𝑎2 + 𝑏1 ;  𝑘2 > 0 

 
stability of the observer can be proved. This is due to b1 that 
is always greater than zero and d14 that is always less than 
zero, which both make (26.3) always less than zero and prove 
asymptotic stability according to Lyapunov. 

To maintain constant operating conditions in the 
methanation reactor it is necessary to maintain the amount of 
produced methane at the constant nominal rate and to keep 
the reactor temperature about the same nominal value. 
Control system will be designed to enable constant methane 
production as well as constant consumption of all feedstocks. 
By regulating temperature and flow of the reactor cooling 
water, temperature and pressure in the reactor can be 
considered constant during the nominal operation. Reactor 
pressure is the sum of partial pressures of hydrogen and 
carbon dioxide. Using the observed value of moles of carbon 
dioxide and knowing conditions in the reactor, partial 
pressure of carbon dioxide can be calculated. Partial pressure 
of hydrogen is calculated by subtraction and accordingly 
number of moles of hydrogen can be calculated. This value is 
to be an observed value of the amount of hydrogen. The last 
unknown variable is x3 which can be calculated using the 
observed value of amount of hydrogen, known value x4 and 
dynamical equation from the system (22): �̇̂�3  = 𝑎1�̂�1 − 𝑎2�̂�3 + 𝑐14𝑥4

Coefficient a2 is calculated to be always positive which 
together with a bounded variable x4 makes (27) inherently 
stable.  

According to the given analysis, all four state variables 
can be calculated, which allows a potential control algorithm 
to use all of them. 

C. Control system 

Methanation process is controlled indirectly by Power to 
Gas control system. As shown in Fig. 1, control of the P2G 
plant is obtained by check valves from hydrogen and oxygen 
storages. Control of hydrogen storage enables control of 
hydrogen input to the methanation reactor. Control of oxygen 
supply makes control of gasification process which is in the 
same time control of syngas input into the methanation 
reactor. Controllability of the system (22) with the given 
methanation inputs is checked to be full. Then, a control 
system is made as given in Fig. 2. Two control loops are used, 
the first one for control of ideal ratio of amounts of gases in 
the liquid for the methanation process and the second one for 
control of rate of methanation. Control of the ideal ratio is 
made by two PI controllers. The outer PI 1 compares the ratio 
to a reference value. The inner one, PI 2 , makes control of 
the amount of hydrogen in the gas phase. Namely, although 
the aim of the loop is to control the molar concentration of 
hydrogen in the liquid phase, the only way to do it is by 
increasing its corresponding concentration in the gas phase. 
According to (21), dynamics of hydrogen in the gas phase is: 

𝑑 𝑥1𝑑𝑡  = −𝑎1𝑥1 + 𝑎2𝑥3 + 𝑢1 + 𝑢2          (28.1) 

This can be noted as a linear difference equation of the first 
order if a novel input value ua is created. The obtained 
dynamics is then: 

𝑑 𝑥1𝑑𝑡 + 𝑎1𝑥1 = 𝑢𝑎.                (28.2) 

Now, it is easy to make controls of (28.2) in a closed loop. 
Using ua and u2, the control input u1 is calculated as: 𝑢1 = 𝑢𝑎 − 𝑢2 − 𝑎2𝑥3                 (28.3) 

In the second control loop, methane production is 
controlled by PI 3.   
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Fig. 2 Structure of the ideal H2 to CO2 ratio and methanation rate control system 

VIII. SIMULATION 

Before simulation experiments are done, parameters of 
the dynamical system are to be calculated. After the 
simulation is done, simulation results can be used to make 
final assessment of consumed energy and feedstock of Power 
to Gas plant. 

A. Parameter calculation 

Firstly, calculation of syngas composition according to 
Section III is done. With the assumed values for moisture and 
oxygen: 𝑤 = 0.3;  𝑚 = 0.2  
equilibrium of system is obtained at 1400 K, with the 
following stoichiometric ratio coefficients: 𝑧1 = 1.7 ;  𝑧2 = 1; 𝑧3 = 0; 𝑧4 = 0.005; 𝑧5 = 0;            𝑧 = 2.8;  𝑞 = 0.3  

This means that ratio between hydrogen and carbon 
dioxide z1:z2 is 1.7:1. This ratio is used in initializing of water 
gas shift reaction.   

   Then, water gas shift calculation, according to Section 
IV, is done. At first, initial numbers of moles is assumed to be 𝑛𝐶𝑂𝑜 = 1; 𝑛𝐻2𝑜 = 1.7 

and after few iterations, equilibrium of system is obtained at 
500 K, with the following results: 

 𝑌1 = 0.03 ;  𝑌2 = 0.03; 𝑌3 = 0.24; 𝑌4 = 0.7     𝜀 = 0.7; 𝑛𝐻2𝑂𝑜 = 1  

Ratio of output gases (carbon dioxide to hydrogen ratio - 
α) is equal to 𝑌3/𝑌4 what is approximately 1/3.  

Consumption of the water supply during WGS is 
determined by the initial number of moles of water obtained 
by this calculation.   

Parameters of the system (21) are to be calculated. To 
make it possible some values of methanation reactor are to be 
assumed. It is assumed that reactor volume is 100 m3, its 
temperature is 60°C and its pressure does not exceed 10 bars.  
At first dimensionless Henry solubility constants for hydrogen 
and carbon dioxide respectively are calculated: 𝐻𝐻2𝑐𝑐 = 𝑅 ∗ 𝑇 ∗ 𝐻𝐻2𝑐𝑝 = 22 ∗ 10 −3           (29.1) 𝐻𝐶𝑂2𝑐𝑐 = 𝑅 ∗ 𝑇 ∗ 𝐻𝐶𝑂2𝑐𝑝 = 9673 ∗ 10 −3        (29.2) 

Gas to liquid mass transfer rate is then calculated to be: 𝑘𝐿𝑎 = 10 𝑚−3∗100𝑚33600 𝑠 = 10003600 𝑠 −1           (30) 

From the user experience, methanation production rate is 
generally known to be 10 Nm3 per 1 m3 of reactor during one 
hour of nominal operation. At first, scaling of this value with 
reactor parameters is done. Then, few experimental 
simulations are done to obtain similar value of produced 
methane. Finally, value of the methane production rate is 
found to be 10 mol/s which is set as a reference value.  

At last, value of the reaction rate rr (19.1) is to be 
determined. It is known that its value is to be high enough not 
to make a bottleneck of the process; that means its value is 
higher than HH2

cc. Also, for the same gas inputs, increasing 
its value will decrease amounts of gases in the reactor. This 
means that reaction rate is determined by pressure constraint. 
It is assumed that gases encompass about half of the reactor 
volume. Accordingly, it could be calculated that allowed 
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amounts of gases in gas phase is limited to about 20 000 
moles. After few simulations it is found that reaction rate 
value: 𝑟𝑟 = 0.5 𝑠 −1                             (31) 

results in total amount of gases in gas phase well below the 
stated limit.  

Simulation is initialized to start in the vicinity of a known 
nominal point. Amount of hydrogen in the gas phase is set to 
8000 moles and all other amounts are set to zero. Three hours 
of operation are simulated. 

B. Results 

Dynamics of all state variables are given. In Fig. 3 
response of the quantity of hydrogen in the gas phase is given. 
Its final value is about 10 000 moles. 

 

Fig. 3 Quantity of H2 in the gas phase 

In Fig.4 response of the hydrogen quantity in the liquid 
phase is given. High difference between the values of 
hydrogen in gas and liquid phases is due to low solubility of 
hydrogen. 

 

Fig. 4 Quantity of H2 in the liquid phase 

In Fig. 5 the responses of carbon dioxide quantities in the 
gas and liquid phases are given. It is interesting to notice that 
its amount in the gas phase is lower than the amount in the 
liquid phase. This is due to higher solubility of carbon dioxide 
than the rr used in this simulation. 

 

Fig. 5 Quantities of CO2 in gas and liquid phases 

A small error during ratio control exists only at the starting 
point as it is shown in Fig. 6.  

 

Fig. 6 Control of the ratio 

Rate of methane production is given in Fig. 7.  

 

Fig. 7 Rate of CH4 production 

Finally, as is given in Fig. 8 and Fig. 9, input variables 
show acceptable and easy obtainable dynamics.  
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Fig. 8 Dynamic behaviour of input u1  

 

 

Fig. 9 Dynamic behaviour of input u2  

C. Assesment of Power to Gas consumption 

By integration of the methanation input u1, amount of 
hydrogen from the hydrogen storage can be obtained. Using 
(12), electrical power as well as energy needed for P2G 
electrolyzer operation can be then calculated.  

Using (13), amount of water supply during electrolysis can 
also be calculated. Summing it with water amount needed for 
the water gas shift reaction, total amount of P2G 
demineralized water supply can be obtained.  

By integration of the methanation input u2, amount of 
hydrogen from (water gas) syngas can be obtained. Knowing 
α ratio, amount of carbon dioxide from (water gas) syngas can 
be also obtained. Summing both, amount of syngas can be 
calculated and using (3.3) and (2.3) mass of biochar needed 
for P2G operation can be also obtained.  

IX. CONCLUSIONS 

 Based on the derived control synthesis procedures for a 
P2G plant the production of methane as well as consumptions 
of electrical energy and all feedstock material (biochar and 
supply water) in it can be assessed as functions of time. 
Performance of the proposed P2G plant is fast and precise. If 
monetary values of produced and consumed goods are taken 
into consideration, this model can be the basis for techno-
economic studies. Except from that, the proposed method 
gives a modelling framework for optimization of the plant 
assembly parts such as the volumes of hydrogen storage, 
gasifier and methanation reactor. 
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