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Abstract — Energy plans of many countries anticipate an
increased use of biomethane for energy supply, i.e., in power and
heat production as well as in the transport sector. Existing
infrastructure of natural gas storage, supply and application
provides a good platform to facilitate transfer to biomethane
utilization on a larger scale. One key element of the biomethane
system is the upgrade of the biomass-derived synthesis gas
originating from different sources, to a quality of natural gas
(SNG - Synthesis Natural Gas) via the methanation process for
further injection into the natural gas grid.. The maximisation of
efficiency of the methanation process is of critical importance in
order to make biomethane technology viable for wider
application. The aim of the study was to improve efficiency of the
methanation process by finding the optimum temperatures and
pressure. Theoretical modelling of adiabatic and isothermal
methanation processes by using thermodynamic equilibrium
calculations was introduced as a method for the study. The
results show the impact of temperature and pressure changes on
the overall efficiency of methane production. It can be concluded
from the study that knowledge about the relation between
temperature, pressure and the efficiency of the methanation
process makes it possible to optimize the process under various
biomass synthesized gas input conditions.

adiabatic, isothermal,
equilibrium modeling,

Keywords — biomethane, syngas,
methanation, SNG, thermodynamic
renewable energy sources

I. INTRODUCTION

In many countries around the world, the use of fossil fuels
is entrenched in the national energy sector. Through extensive
use of fossil fuels, the following problems evolve - climate
change, environmental pollution and energy dependence on
import of many countries that also stimulates increase of
prices of electricity, heat and energy resources. Development
of sustainable energy systems can reduce a share of fossil
energy sources in the energy sector. Development of
sustainable energy systems is based on replacement of fossil
fuels with renewable energy sources to the maximum extent.

In the Latvian energy sector, the main renewable energy
sources are provided by water at large hydro power stations
and by biomass used in the individual heating installations of
the household sector as well as the boiler plants of the district
heating sector. Increase of the use of biomass in the Latvian
energy sector can help to decrease the total dependence on
fossil fuels, especially on natural gas.

The main target of Directive 2003/30/EC was to stimulate
the use of renewable energy, including use of biofuel in the
transport sector. The Directive defines that the total
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consumption of biofuel in the transport sector in the EU
member states had to reach 2% in 2005 and 5,75% in 2010
[1]. Unfortunately, Latvia did not achieve this goal and the
total share of biofuel was only 2,6% in 2010 [2]. The
collective target set among the member states of the European
Union for renewable energy usage is defined in Directive
2009/28/EC [3]. The Latvian goal is to reach a level of 37 %
of the primary renewable energy use in the national energy
balance by the year 2016 [4]. The guidelines [4], however, had
established that in 2010 the amount of the produced electricity
from renewable sources (RES) had to reach 49,3% of the total
consumed electricity, but in reality only 48,5% of the RES
were produced [5]. According to the draft of the Latvian
energy sector development strategy until 2030 (Latvian energy
strategy) developed by the Ministry of Economy, one of the
main goals is to reduce import of natural gas from the existing
supplier by 50% [6]. The use of biomethane can help to
achieve this goal of the Latvian energy strategy.

The methane production from biomass can occur in two
ways and, depending on the chosen extraction method, the
operation conditions and the final products can vary [7]:

a) thermo-chemical conversion of biomass, leading to

biomethane;

b) bio-chemical conversion of biomass, leading to bio-gas.

The main differences between these two methods are tha,t
during the thermo-chemical conversion ,biomass gasification
is followed by the methanation process, but bio-gas production
occurs during the anaerobic digestion of biomass. In addition,
thermo-chemical conversion of biomass is characterized by a
higher time efficiency compared to bio-chemical conversion.
The efficiency is higher, because the thermochemical
conversion requires a lower reaction time with a few seconds
or minutes and several days, weeks or even more for the
anaerobic digestion of biomass [8].

Below are the main reactions of the thermo-chemical
methanation process: [5,9]:

CO +3H, CH, + H,0  AHy=-206,28 kJ/mol (1.1)

CO, + 4H, <> CH, + 2H,0  AHg = -165,12 kJ/mol (1.2)
CO + H,0 < H, + CO, AHy = -41,16 kJ/mol (1.3)

CH,+ 2H,0 < 2CO +4H,  AHp=+210kJ/mol (1.4)
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Reactions (1.1) - (1.3) are exothermic, while the reaction
(1.4) requires additional heat input (endothermic character).

Methanation technologies are being developed and
researched since approximately the 1950s. Fixed bed or
adiabatic methanation technology was developed to achieve
needed heat condition and to extend the use of catalysis [10].
By the use of fluidized bed methanation reactor it is possible
to achieve practical isothermal conditions and, at the same
time by isothermal methanation the synthetic gas and fluidized
bed reactor working material are better mixed than by fixed
bed methanation reactor [11].

Table I summarizes the main differences between the two
existing methanation processes — adiabatic and isothermal.

TABLE I

THE MAIN DIFFERENCES BETWEEN ISOTHERMAL AND ADIABATIC
METHANATION PROCESSES [12,13,14]

Adiabatic Isothermal
methanation methanation
Type of the reactor Fixed bed Fluidized bed
Working 513873 ~573
temperature, K
Pressure, bar 20-100 1-20

Good heat and mass

Advantages
exchange processes

Simple construction

Working material

Disadvantages .
maintenance

Complex heat transfer

The benefits of adiabatic methanation (Table I) are
(relatively) simple equipment construction and maintenance.

The purpose of the modelling of the methanation process is
to determine how the process and its efficiency (the yield of
methane) are affected by changes of the process parameters,
specifically, by changes of the methanation pressure and
temperature.

II. METHODS

The adiabatic (Figure 1) and isothermal (Figure 2)
methanation processes are studied by using thermodynamic
equilibrium models and with help of Aspen Plus® software.
This program is intended for modelling chemical processes
and their detailed analysis, as well as the determination of the
mass and energy balance [15].

The ranges of values of the pressure and temperature used
in the modelling of both processes are shown in Table II.
Temperature and pressure are the most important factors
influencing the equilibrium composition in the methanation
process [16].

The principal process schemes of methanation which were
created with the simulation program can be seen in Figures 1 -
2. Gibb’s reactors were used as methanation reactors in all
models. It is assumed that there is no pressure loss in the
system. The final step in all models after the methanation
process is water removal from the synthesis product which is

ensured by a flow separator, where the water condensation
takes place.

Steam
Synthesized ggs
HEI HE2

Compressar

Bio-SNG

—

Fiow separator

MR2 MR3 —

Condensate
HE#

Fig. 1. Process scheme of adiabatic methanation (HE — heat exchanger, MR —
methanation reactor) [17].

Steam Bio-SNG
Synthesized gas
. ] 1 HE2 HE3
Compressor “low separator
MRI
Condensate

Fig. 2. Process scheme of isothermal methanation [16].

TABLE II

THE RANGE OF VARIABLE VALUES OF PRESSURE AND TEMPERATURE,
WHICH ARE USED IN THE MODELLING OF BOTH METHANATION PROCESSES

Parameter T, K P, bar
Adiabatic 513-873 2-100
metanation
Isothermal 373673 2,5-20
metanation

Table III shows the composition of the synthesis gas
upstream of the methanation reactor that was used in all
simulation models. This composition of the synthesis gas is
typical for Giissing type gasifiers. The composition of the
input synthesis gas upstream of the methanation reactor was
always defined as constant for all simulations.

TABLE III

COMPOSITION OF THE SYNTHESIS GAS UPSTREAM OF METHANATION
REACTOR [14]

Component | Amount, vol%

(¢[¢) 22

CO, 22
N> 2
H, 39

CH,4 10

CH,y 3

CsHs 1

C:Hs 1
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The most important input parameters that were defined for
adiabatic and isothermal methanation are summarized in Table
IV where the assumptions regarding the total synthesis gas
flow, steam flow and synthesis gas input temperature are
shown.

TABLE IV

INPUT OF REFERENCE PARAMETERS FOR METHANATION PROCESS MODELS [17]

Adiabatic
metanation

Isothermal
metanation

Parameter

Methanation

pressure, bar 20 25

Compressor 1
pressure, bar

Input temperature, K

Synthesized gas 290
Steam 573

Methanation
reactor 1 (MR1)

Methanation
reactor 2 (MR2)

573

523 -

Methanation 523 -

reactor 3 (MR3)

Flow separator 298

Total flow, kmol/s

Synthesized gas 10

Steam 1

Figure 1 shows the adiabatic methanation process. Three
adiabatic methanation reactors were used in this case. As it is
shown in Figure 1, there is a partial gas recirculation, which is
necessary due to temperature regime. The partial gas
recirculation dilutes the incoming synthesis gas in the first
methanation reactor (MR1) and leads to decreased heat
development due to the exothermic reactions. In adiabatic
methanation heat exchangers are used upstream of each
reactor (see Figure 1), as it is necessary that the temperature of
input flows in the reactors should be around 523 - 573 K [10],
because this are typical input methanation temperature by
adiabatic process.

When comparing isothermal (Figure 2) and adiabatic
methanation (Figure 1), it can be said that isothermal
methanation requires only one methanation reactor (adiabatic
process — three).

III. RESULTS AND DISCUSSION

A. Adiabatic methanation

The Figure 3 shows CHy, CO, CO, and H, output flow
values downstream of methanation reactors depending on
changes of methanation temperature in adiabatic process with
constant pressure.

As it is defined in [17], the high nitrogen concentration in
synthesized gas can reduce methanation temperature leading
to increase of the total methane flow. At the same time, output
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methane flow (CH4) depends also on input carbon dioxide
(CO,) and hydrogen (H,) flows, as it is shown in reactions

(1.1) - (1.4).
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Fig. 3. CHs4, CO, CO, and H, output flow depending on changes of
methanation input temperature in adiabatic process (synthesis gas composition
— constant, pressure — 20 bar).

With increase of methanation temperature from 500 to 800
K output flow of carbon dioxide decreases, but at the same
time the output flow of hydrogen increases (Figure 3).

The largest difference between initial and final values of
components in the output flow, as shown in Figure 3, is in the
first methanation reactor (MR1). The outcoming methane flow
downstream of the first methanation reactor decreases from
3,1 to 2,6 kmol/sec, by a temperature change from 500 to 800
K. The same output flow growing tendency is obtained for
carbon dioxide — the CO, output flow is decreasing, but
hydrogen and carbon monoxide have increasing flows. At the
same time, methane outcome downstream of the second
methanation reactor (Figure 3 “MR2”) decreases
approximately by 0,3 kmol/sec. As it is shown in Figure 3,
hydrogen output flow downstream of the second reactor
(Figure 3 — “MR2”) increases from 0,5 to 1,2 kmol/sec, but
hydrogen output flow from the third methanation reactor
grows to 0,5 kmol/sec. This indicates that the hydrogen
outcome flow increase is more significant than the decrease of
the methane flow (see 1.1. reaction). The difference of carbon
monoxide flow downstream of the third methanation reactor in
the temperature range from 500 to 700 K is 0,322 kmol/sec. It
means that the decrease of carbon monoxide output flow
change within the temperature range from 500 to 700 K is
equal to 15 [vol. -%].
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Fig. 4. CH4 and CO, output flow depending on changes of methanation
pressure in adiabatic process (Twri = 573 K, Tmras = 523 K, synthesis gas
composition - constant, MR — methanation reactor).

The influence of pressure change can be seen in Figure 4.
As it is shown in Figure 4, pressure change practically does
not influence carbon dioxide flow, i.e. carbon dioxide flow
downstream of first methanation reactor increases by
0,0137 kmol/sec, downstream of second only by
0,0098 kmol/sec, and downstream of third the carbon dioxide
flow difference achieves 0,0063 kmol/sec. In the same time,
the methane output (?) flow increases with the pressure. On
the other hand, Figure 4 shows that only methane output from
reactor MR1 and MR2 depends on the pressure. Methane
output from reactor MR3 is so small that this flow change
cannot be seen in Figure 4, but in the absolute value methane
output flow change after MR3 is equal to 0,0245 kmol/sec or
0,72 [vol. -%].

——-TMR1  ----TMR2  —-

1000
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Fig. 5. Influence of pressure changes on output temperature downstream of
methanation reactors in adiabatic process (synthesis gas composition —
constant,).

Figure 5 shows that with increasing methanation pressure,
the temperature has a tendency to increase as well, and
methane output decreases with temperature increase (Figure
3). At the same time, with an increase of methanation pressure
at constant input temperature, methane output downstream of
methanation reactors increases (Figure 4). As can be seen in
Figure 5, pressure influences methanation output temperature
in adiabatic process. With pressure increase the methanation

output temperature increases as well. The methanation
temperature and methane flow are increasing with rising
pressure, because the methanation reactions have a tendency
to reach equilibrium condition and with an increase of
methanation pressure, the equilibrium condition is directed.

B. Isothermal methanation

In the isothermal methanation process, with increasing
temperature the values of carbon monoxide, carbon dioxide
and hydrogen flows rise and methane flow decreases (see
Figure 6). The main difference comparing the temperature
increase influence of isothermal and adiabatic methanation
process is that in case of adiabatic process output carbon
dioxide flow after all methanation reactors are decreasing, but
in isothermal process CO, output flow is increasing.

By isothermal methanation in temperature range from 373
to 518 K there is nearly constant methane and carbon
monoxide flow. The increase of carbon monoxide flow begins
at 560 K (see Figure 6).

CH4, kmolfsec | | c------- CO,kmaol/sec
— = €02, kmolfsec | | H2, kmol/sec
3.5 0,40
3.4
0,30
= %‘ 0,20
£ 32 £
R R
3,1 — 0,10
3.0 0,00 —
373 434 494 555 6l5 373 434 494 555 al5
T K T K

Fig. 6. CH,4, CO, CO, and H, output flow downstream of methanation reactor
depending on changes of methanation temperature in isothermal process
(pressure — 2,5 bar, synthesis gas composition - constant).

The influence of temperature change on carbon dioxide
growth can be seen in Figure 6. Therefore, in isothermal
methanation process it is necessary to ensure a low operating
temperature to avoid the formation of carbon dioxide. The
presence of carbon dioxide in methanation reactions can
change direction of reaction against methane formation (see
1.1. — 1.4. reactions).

Methane outcoming flow decreases depending on change of
methanation temperature in isothermal methanation (see
Figure 6) due to several reasons. The first reason is that by
increasing the methanation temperature the equilibrium
condition is directed in educts direction. The second reason is
that in the system is more hydrogen that can be used in
reaction (see reaction (1.1) — (1.4). As illustrated in reaction
(1.1) — (1.4) not only from CO, and hydrogen it possible to
produce methane, most important is carbon monoxide
methanation — main methanation reactor (Reaction (1.1)).

As can be seen in Figure 6, CO, and hydrogen output flows
increase with rising temperature, which means that in
methanation reactions the conversation of carbon dioxide does
not play a significant role. At the same time the equilibrium
composition depends on methanation temperature — with
temperature increase the methane output will decrease.
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Influence of pressure on methanation reactions in

isothermal model is shown in Figure 7.
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Fig. 7. CHs, CO, CO, and H, output flow depending on changes of
methanation pressure in isothermal process (T = 573 K, synthesis gas
composition - constant)

At constant methanation temperature (573 K) pressure
changes have minimal influence on methane formation,
carbon monoxide and carbon dioxide flows and also on
hydrogen flow, because by 573 K temperature the equilibrium
condition are achieved and small pressure changes do not have
a significant influence on synthesized gas composition flows.

When influence of temperature on methane yield in
isothermal and adiabatic methanation processes is compared
(Figure 3, 6), it can be seen that at lower temperature values in
case of both methanation processes the maximal value of
methane output can be achieved if other conditions are kept
equal.

IV. CONCLUSIONS

The results of this work indicate that the temperature
change has a greater impact on the outcome of methane in
adiabatic methanation than the pressure change. Temperature
decrease in adiabatic methanation can be achieved not only
with nitrogen dilution [17], but also with decreasing of the
pressure value. That means that at higher pressure the
methanation temperature value are higher cause methanation
reactions state the equilibrium to shift. In case of isothermal
methanation, only temperature decrease can increase the
methane yield. Comparisons of influence of pressure changes
on isothermal and adiabatic process allow to conclude that in
adiabatic methanation, by constant incoming temperature,
methane outcome downstream of the first and second reactors
increases with the pressure increase. In case of isothermal
methanation, the pressure change does not have a significant
influence on the methane yield, but in the same time by so low
pressure values, which were used in isothermal methanation
process model, the carbon monoxide and hydrogen
conversation to methane show good results.
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