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EFFECT OF CO2 CONTENT ON BIOGAS-TO-SYNGAS

CONVERSION FOR METHANOL PRODUCTION
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The influence of carbon dioxide concentration in biogas on the composition of its reforming products has been

studied to achieve optimal methanol synthesis conditions. A model of the biogas reforming stage is proposed.

An optimal concentration of carbon dioxide in biogas essential for maximizing methanol production has been

found. The effect of geometric characteristics of the mixing device on the homogeneity of the reacting flow,

which is a critical for the process performance, has been established.
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Biogas is a product of enzymatic processing of various biological raw materials and is a mixture containing mainly

methane and carbon dioxide [1, 2]. A recent rapid development of the biogas industry [3] is associated with the increase in the

price of traditional fossil raw materials and the strengthening of the fight against climate change due to greenhouse gas

emissions. Since carbon dioxide produced by biogas burning participates in the rapid cycle of carbon in nature, it does not

increase the carbon content in the atmosphere, unlike fossil fuels [4, 5].

The common field of biogas use is “green” energy, namely the cogeneration of electric current and thermal energy [6,

7]. Recently, however, biogas producers have been trying to convert biogas into higher value-added products. The conversion

of biogas into methanol is the most attractive since methanol is a popular product on the market as a fuel and as a chemical raw

material [8] with its further processing into chemical products, such as dimethyl ether [9], resins, plastics, varnishes, and other

products. The development of these technologies is ensured by corresponding kinetic studies [10, 11]. The conversion of

biogas into chemical products removes a certain amount of carbon from the cycle in nature, which reduces its content in the

atmosphere and reduces the carbon pressure on the environment. Such processes become very attractive considering the

“green” transition and sustainable development of the economy.

Most biogas plants produce from 1000 to 10000 Nm3 of biogas per day [12]. This corresponds to a methanol

production capacity of about 4000 tons per year. Such a small production scale requires appropriate technical solutions. In

particular, synthesis gas production can be based on methane partial oxidation [13, 14] with oxygen and steam over a nickel

catalyst. Endothermic steam conversion reactions and exothermic oxidation reactions proceed in a reactor with a catalyst in this

method. The process becomes auto-thermal at a certain gas/steam/O
2
ratio. Autothermal reforming is more compact, easier,
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and cheaper than steam reforming [15], despite the need for an oxygen installation. It is more complex and expensive than

free-volume non-catalytic partial oxidation with a much lower risk of soot formation.

This work aims to verify the positive role of carbon dioxide in the biogas conversion for methanol production. The

research was conducted on a mathematical model of a synthesis gas plant for further compact production of methanol with a

capacity of 5000 tons per year. The need for further biogas purification from CO
2
in the range of O

2
/gas from 0.52 to 0.64 at

steam/gas ratio = 1 and methane concentration from 60 to 100 vol.% was studied to minimize production costs. The

technological pressure is 12 bar, and the temperature at the reactor outlet is 500°C. The role of geometric characteristics of the

catalytic bed and reactor parameters was also studied. The mixing device was adopted according to the project developed at the

Gas Institute of the National Academy of Sciences of Ukraine. The simulation was performed in the SATR-XTK computer

software environment, as well as in the OpenFOAM environment [16].

RESULTS AND DISCUSSIONS

Chemical conversions that take place during autothermal reforming over a nickel catalyst can be represented by the

following general reactions:

(1)CH
4
+ H

2
O = CO + 3H

2
–49.3 kcal,

(2)CH
4
+ 0,5O

2
= CO + 2H

2
8.5 kcal,

(3)CO + H
2
O = CO

2
+ H

2
9.8 kcal.

The process is performed in a shaft-type reactor, which is a lined apparatus with a catalytic bed. The components of the

initial mixture are heated to the maximum possible temperatures, mixed in a mixing device, and fed into the catalyst bed. The

mixing device must ensure high mixing uniformity and a given flow rate in front of the catalyst bed to prevent the mixture from

igniting in free space.

Flameless combustion occurs in the catalyst bed under standard process conditions. Oxygen burns out in the upper part

of the layer, as a result, the temperature of the reaction gases rises to 950-1100°C, which provides the occurrence of an

endothermic steam reforming reaction in the lower part of the catalyst with a decrease in temperature. Heat recovery and

utilization promote further cooling of the converted gas. The composition of the gas is determined by the pressure of the process

and the ratio of the initial components of the reaction mixture.

Autothermal reforming is a heterogeneous catalytic process that occurs in a fixed catalytic bed, which is a set of

catalytic randomly located particles of the same size with a highly developed inner surface. Chemical processes proceed in the

porous structure of particles and are accompanied by heat and mass exchange processes inside the grain and between the flow

volume and the grain surface. There are transfer phenomena in the catalytic bed in radial and axial directions and heat exchange

with the external environment under standard conditions.

Several physical models can describe the processes in the catalytic bed. They are widely represented in scientific

literature [17, 18]. The quasi-homogeneous model is often used to analyze processes in the stationary bed of industrial reactors.

In this case, the catalyst is a permeable continuous medium through which a flow of gas or liquid passes. The actual location of

individual catalyst grains, their configuration, and the shape of the passages between the grains are not considered.

The following model was used to analyze the problem in this study:

w
dC

dl

i
= – V

c
W

i
(C, T),

w�c
p

dT

dl
= QW

i
(C, T)
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with boundary conditions

(6)l = 0; C
i
= C

i0
; T = T

0
,

where w is the flow rate; � is density; c
p
is heat capacity; C

i
is concentration of i-component; C

i0
is the initial concentration of

i-component: l is axial coordinate;Q is heat of reaction; T is fluid temperature; T
0
is the initial fluid temperature;W

i
(C, T) is the

reaction rate per unit volume of the catalyst; V
c
is the catalyst volume.

This model is valid since the high gas flow rate leads to the absence of external diffusion restrictions. At the same time,

the thermal conductivity and particle size are such that temperature and concentration gradients along the radius can be

neglected. This assumes the following: 1) steady heat exchange and flowmovement; 2) the layer is homogeneous and isotropic

in all directions; 3) the physical characteristics of the flow are constant throughout the layer; 4) the layer size is much larger than

the grain diameter; 5) grain temperature is equal to the flow temperature at the same point of the layer.

The composition of the reacting mixture is calculated from the known ratio in a state of equilibrium:

ln K
eq
= S p

i

i

m

i� ln ,

where K
eq
is the equilibrium constant; S is the stoichiometric reaction vector; p

i
is the partial pressure of i-reagent.

The design flow diagram of the synthesis gas production unit by the autothermal reforming of biogas is shown in

Fig. 1. It was used to study the process parameters’ dependence on the initial composition, the ratio of steam:CH
4
, and the ratio

of O
2
:CH

4
. The flow diagram consists of an autothermal reforming reactor R101 where catalytic partial steam-oxygen

oxidation of the source mixture; a system of heat exchange equipment for utilizing reaction heat for generating steam in a boiler

E101 with a steam drum D101; heating the vapor-gas mixture, source gas and oxygen in heat exchangers E102-E104; heating

the feed and demineralized water in heat exchangers E102, E104; and final cooling of the converted gas in a water cooler E107

occur. The condensate formed during the cooling of the converted gas is separated in the separators V101 and V102. The boiler

water treatment system includes deaerator D102 and feed water pump P101 to balance water consumption and steam

production.

Routes (1)-(3) were selected as a linearly independent basis of chemical reactions to describe a chemical

transformation.

The rate of steam reforming of methane on a nickel catalyst (Eq. (1)) was calculated using the kinetic equation

described in [19]. Reactions (2) and (3) were described in the equilibrium approximation. Due to the symmetry of the catalytic
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Fig. 1. Calculation scheme of synthesis gas production unit.
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bed, a one-dimensional problem was considered in the adiabatic approximation. The temperature dependence of the

equilibrium constant was calculated by the Temkin–Schwartzmann method.

The heat capacity was approximated by the following equation:

c
p

4,18
= a + bT + cT

2
+ dT

3
+

e

T
2
.

The coefficients presented in Table 1 were obtained from the experimental data [20]. C
p
and T values are in J/(mol·K) and

K/1000, respectively.

Comparisons with experimental data and equation

c
p

4,18
= a + bT + cT

2
+ dT

3

showed that Eq. (9) can be used up to temperatures of ~1100 K, which is a little more than 800°C.

The simplest model of heat exchange processes was used to obtain balance ratios for modeling heat exchange

processes. Either the heat load or the required temperature of the environment is set in this model. The thermodynamic model

was used to simulate steam-liquid separators, a steam collector, and a deaerator. The non-ideal behavior of the phases was

described by the Redlich–Kwong equation of state in the Soave modification. Binary interaction parameters were used for a

better description of the solubility of gases in the condensate and the correct calculation of volumes of steam and liquid. Binary

parameters were obtained from experimental data [21]. The temperature dependence of the interaction parameters for a pair of

components i, j was approximated as

bi
ij
= a

ij
+ b

ij
T +

c

T

ij

2
,

where T is the absolute temperature, K. The values of the binary coefficients are given in Table 2.

The study examined the mixing unit because the mixing device is an important part of the reactor since autothermal

reforming requires homogeneous mixing of the initial components. It is crucial because self-ignition of the mixture outside the

catalyst bed can occur due to local changes in concentration. The probability of this phenomenon increases due to the high

temperatures of the incoming gases. Ignition of the mixture in the free volume of the mixing device leads to the formation of

soot and a decrease in the productivity of the catalyst.
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TABLE 1. Constants of the Temperature Dependence of the Heat Capacity of the Components

Component a b c d e

H
2

7.356099 –1.311842 1.527589 –0.330566 –0.017122

O
2

5.508838 4.775210 –2.464259 0.475138 0.026036

CO 5.640949 3.121966 –0.996977 0.094154 0.041811

CO
2

7.313600 9.351280 –4.352895 0.726825 –0.078884

CH
4

0.349814 24.464030 –8.488184 1.102279 0.141432

H
2
O 6.908791 2.599361 0.663502 –0.303546 0.021046

(8)

(9)



The mixing device of the reactor was designed according to the project developed at the Gas Institute of the NAS of

Ukraine. Themixing of the initial components of the gas occurs in themixing pipes, where one of the components is fed axially,

and the other components are fed radially into the tubes. The design of the device is shown in Fig. 2a.

A device model was developed in the OpenFOAM environment [16] to calculate the characteristics of the device that

ensure homogeneous mixing. Figures 2b-d shows the simulation area of one mixing tube with 6 holes.

During a parametric study, the dependence of mixing homogeneity (the maximum value of the concentration gradient)

on the parameters of the device, the diameter and number of mixing holes, the angle of inclination of the axes of the holes, and

the length of the mixing tube was studied. Their optimal values for specific conditions are determined.

The required degree of biogas purification was determined to obtain the optimal composition of synthesis gas for

methanol production. The dependence of the composition of biogas was studied to minimize production costs in the range of

O
2
/CH

4
ratio from 0.52 to 0.64 and methane concentrations from 60 to 100 vol.%. The calculations were performed at a
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TABLE 2. Binary Interaction Parameters of the Soave–Redlich–Kwong Equation of State

Component i Component j aij bij cij

N
2

H
2
O –1.284815 2.3442 –0.019357

H
2

H
2
O –2.858047 5.619958 –0.039688

CH
4

H
2
O –1.475627 3.477036 0.007515

CO H
2
O –1.951629 2.878887 0.026889

CO
2

H
2
O –0.5184798 1.227075 –0.0017675

Fig. 2. The scheme of the mixing device (a) and the solution area of the model: side view for two gases (b),

top view for two gases (c), side view for three gases (d), top view for three gases (e).



steam:gas ratio of 1.0. The two-component composition of biogas was considered, namely CH
4
and CO

2
. The process pressure

is 12 bar, and the reactor inlet temperature is 500 °C.

Figure 3a shows the dependence of the ratio of H
2
and CO on the degree of biogas purification. The most acceptable

values for methanol synthesis lie in the range of 2.2-2.4, which corresponds to the CO
2
content in biogas of 5-18 vol.% The

synthesis gas rate dependence on the degree of purification of biogas is shown in Fig. 3b. According to the above dependence,

the purification of biogas from carbon dioxide leads to a decrease in the yield of synthesis gas per unit volume of biogas. This

characteristic, together with the H
2
/CO ratio, is the main indicator of the predicted productivity of a methanol plant using such

synthesis gas. Graphs in Fig. 3a and 3b are given for steam/gas = 1 and O
2
/CH

4
= 0.64.

The calculations show an increase in the H
2
/CO criterion with a decrease in O

2
/CH

4
, which can produce an acceptable

composition at a lower degree of purification. However, this simultaneously leads to an increase in the concentration of

unreacted methane, which results in losses and a decrease in the productivity of the methanol synthesis cycle. Therefore, the

working area is 0.6-0.64 for the O
2
/CH

4
ratio with a residual CH

4
of no more than 0.5 vol.% (Fig. 3c).

The conversion degree distribution along the reaction zone was obtained. According to these data and considering the

predicted mileage of the catalyst and the decrease in its activity during operation, the real amount of the catalyst was estimated

as 0.2 m
3
at a space velocity of 9850 h

–1
.
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Fig. 3. Dependences of the H
2
/CO ratio on the CH

4
content in biogas (a), the synthesis

gas flow rate on the CH
4
content in biogas (b), the residual methane content and the

H
2
/CO ratio on the oxygen content at different concentrations of CO

2
in biogas (c).



During a series of calculations, the dependence of mixing homogeneity (the maximum value of the concentration

gradient) on the parameters of the device was studied. Optimal values of diameter and number of mixing holes, the angle of

inclination of the axes of the holes, and the length of the mixing tube were determined for specific technological conditions of

the reactor operation. The results are as follows: the minimum length of the mixing tube is 0.15 m, the number of holes is 5 pcs

with a diameter of 2 mm, and the optimal angle of inclination of the hole axis is 15
o
.

In conclusion, our study not only showed a positive role of CO
2
in biogas for methanol production but also revealed

that the optimal concentration of CO
2
in biogas is about 15 vol.%. Moreover, simulations highlighted an important effect of

flow homogeneity on the performance of the process indicating the optimal conditions for reacting flow homogeneity. These

results open new avenues not only for the design of a compact methanol production unit from biogas but also for biogas

utilization in other processes.
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