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AbstractEconomic estimation of an environmental-friendly biomethanation process based on economic values of
consumed and produced gases would be a unique attitude. In this paper, time and space dependent concentration pro-
files of components involved in a batch process, designed for biomethanation, were predicted through a mass transfer
modelling. The reaction terms used in the modeling required bio-kinetic parameters of max, m, kL, YC/L, YX/L, and YP/L
which were globally optimized via a predefined algorithm using some experimental data as 0.0987 day1, 0.1374 day1,
1.5422 mole m3, 1.3636, 0.0183, 0.0908. Upon model verification, process income was calculated for a long-term
scenario under a variety of factors and maximized through response surface methodology. The maximum income
achieved was $0.4/m3 bioreactor. A term carbon subsidy was considered in the income equation in order to find a
break-even income for subsidy value of $363/ton CO2. Sensitivity analysis revealed that the amount of carbon subsidy
directly influenced the selection of low or high levels of some process parameters to make the process profitable. In
addition, it was found that pressure and liquid volume were the most important factors to achieve maximum income
when $30 and $300/ton CO2 carbon subsidy were allocated to the process, respectively.
Keywords: Biomethanation, Methanogens, Mass Transfer Modeling, Kinetic, Greenhouse Gas

INTRODUCTION

CO2 gas, due to thermodynamically low energy value, is consid-
ered as a low-efficient component which has potential to be con-
verted to useful products on condition that high energy under harsh
conditions is applied to the system [1]. On the other hand, this green-
house gas (GHG) has led to global warming disaster because of the
uncontrollable emission over the last 100 years of fossil fuel con-
sumption [2]. The largest part of GHGs emissions belongs to CO2

(73%), followed by CH4 (18%), N2O (6%), and F-gases (3%) [3,4].
Such a terrible trend concerns scientists to offer attractive and envi-
ronmental-friendly technologies for convincing governments to
reduce emissions. On this basis, some incentive and penalty regu-
latory policies such as carbon cap-and-trade were proposed to indus-
tries around the world aimed at persuading them for substitution
of their fossil fuels with renewable ones [5]. According to British
Petroleum (BP) Statistical Review of World Energy, the share of
renewables in global power generation increased from 7.4% to 8.4%
in 2017, which is a green light to the fulfillment of the goal [4].
Besides, converting CO2 in flue gases of combustion processes into
more valuable substances facilitates decreasing its concentration in
the atmosphere [2,6]. Utilizing CO2 would be an attractive possibil-
ity for scientists to work on more because CO2 is a carbon-based

material that potentially can be a substitute for carbon-based fossil
fuels [6].

Power to gas (P2G), a chemical storage of electricity in gas grid,
is a technology that provides both a clean environment as well as
green fuel that simultaneously supports carbon neutralization. This
technology has many advantages over other conventional storage
methods in terms of capacity and costs [7-9]. If methane gas is con-
sidered as the final gaseous product, CO2 will be utilized along with
H2 via Sabatier reaction. Also, methane is much more compatible
with the existing infrastructure for injection into the natural gas grid
rather than other probable products such as hydrogen [2,10]. In this
regard, biological approaches using methanogens for methane pro-
duction are preferred due to environmental friendly nature and per-
forming the process under moderate environmental conditions (tem-
perature less than 70 oC and pressure about 1 atm) [11]. Further-
more, methanogens have less sensitivity to impurities in the input
gases to the biomethanation process in comparison with catalysts
in chemical methanation [12]. However, biological approaches suf-
fer from slow kinetics [13]. The biomethanation process would be
more attractive when in-situ methane production and long-term
storage in an underground natural gas reservoir, as a natural biore-
actor, are the main goals. It is a unique and challenging issue that
seems to be the future of our energy [14]. Although there are many
studies published on the biomethane production concurrent with
CO2 removal under variety of strategies such as continuous stirred-
tank reactor (CSTR) [12], plug [15], batch [16], semi-batch [17],
fixed-bed [11,18], and trickle-bed [19], a bioreactor with batch strat-
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egy seems to match more with the concept of the in-situ biometh-
ane production in a natural underground reservoirs.

Scientists, with the aid of mathematical modeling, try to over-
come experimental works limitations. Engineering simulation of a
bioreactor enables researchers to predict the process performance
in a broader operational ranges without doing any experimental
work, minimize expenses and expedite development [12]. Process
prediction would be difficult in biological approaches due to unpre-
dictable behavior of living organisms. So, researchers mostly pre-
fer to focus on hydrodynamic of an anaerobic fermentation [20].
Nonetheless, there are several modeling and simulation studies pub-
lished on achieving gas-liquid mass transfer coefficient in biomethan-
ation bioreactors, which is of great importance to scale up a bio-
process [12]. Bensmann et al. developed a mathematical model
within a rising bubble reactor served for methanation of hydrogen
[21]. Leonzio used ChemCad software to simulate a biomethana-
tion process followed by an optimization study using response sur-
face methodology (RSM) for investigating the effect of operational
factors on methane evolution rate [22]. A dynamic model for a CSTR
was developed by Inkeri et al. with the aim of gas-liquid mass trans-
fer prediction with a novel approach that combines semi-fundamen-
tal modeling of gas-liquid mass transfer, hydrodynamics, and bio-
logical reactions [12].

In the present study, a time and space-dependent mathematical
mass transfer modeling was developed in both gas and liquid phases
to predict the rate of CH4 production, CO2 and H2 consumption,
and microorganism growth over time and length of the bioreac-
tor working under a batch strategy. The main concern of the cur-
rent modeling was maximizing process income calculated through
a provided equation based on the economic values of input and out-
put gases to the studied bioreactor. Although there are several pub-
lished literature on economic evaluation of a biomethanation process,
the approach used for calculating income was not previously ad-
dressed. This approach is considered as a novel part of the manu-
script. To have a reliable modelling result, six unknown bio-kinetic
parameters of the microorganism were achieved by fitting the kinetic
model with published experimental data and then globally opti-
mized through a predefined algorithm for extending to the whole
range of experimental conditions. Then, the finalized kinetic parame-
ters were implemented within the mass transfer model for predic-
tion of concentrations of CH4, CO2, H2, and biomass in both gas
and liquid phases. After model verification, RSM was employed as
a powerful tool for optimization to find the maximum income under
the best combination of four independent factors, including tem-
perature, pressure, the mole ratio of H2/CO2, and percentage of sat-
urated concentrations (PSC) of H2 and CO2 in the liquid phase.
Finally, a sensitivity analysis was performed to have a profound
insight into the income when undergoes changes in the amount of
carbon subsidy as well as operational conditions. This part of study
can also be considered as another novelty of the present research
work.

METHODOLOGY

To predict concentrations of CH4, H2, CO2 and biomass through-
out time and length of the studied batch bioreactor, a mathemati-

cal modeling was developed. The required unknown bio-kinetic
parameters for reliable substitution of respective reaction rates into
the developed mass transfer model were obtained via fitting kinetic
models with some experimental data collected from literature [23].
A predefined algorithm served to optimize a set of kinetic param-
eters and extend them to the whole ranges of experimental condi-
tions. Finalized parameters in this way are called globally optimized
parameters [24]. At the end, RSM was utilized to maximize the cal-
culated income based on the amount of consumed and produced
gaseous components.
1. Kinetic Reactions

Biomethanation is produced by the reaction noted in Eq. (1) and
supported by the following kinetic reactions, Eqs. (2) to (5), that
were adjusted as a linear expression of H2 consumption rate, rH2.

(1)

(2)

(3)

(4)

(5)

where qL
max is maximum H2 consumption and is calculated using

Eq. (6). Cx and CL are biomass and hydrogen concentrations in the
liquid phase, respectively, which are simultaneously calculated and
substituted via Eq. (14). Also, kL and m are saturation constant and
maintenance coefficient, respectively. The yields Yi/L are theoretical
maximal (C)-molar yields which are written on the basis of limit-
ing substrate, hydrogen. Besides, rC and rP are CO2 consumption
and CH4 production rates, respectively. The maximum H2 con-
sumption is defined as follows:

(6)

where max is the maximum growth rate of biomass.
Because of a variety of investigated experimental conditions in the

reference literature, different sets of kinetic parameters of max, m,
kL, YC/L, YX/L, and YP/L are inevitably obtained under each of respec-
tive conditions. To have a fixed set of parameters extending to the
whole range of experimental conditions, a predefined algorithm was
developed to globally optimize each of the kinetic parameters (data
unpublished).
2. Mass Transfer Simulation

A schematic of a serum bottle, as the studied bioreactor, is depicted
in Fig. 1. It is a cylindrical vessel that initially contains specific amount
of liquid, a culture medium inoculated with methanogens, as well
as gaseous substrate on top of it. The gaseous substrate contains CO2

and H2 with defined mole ratios of 1 : 1 or 4 : 1 which is injected
into the bioreactor to attain a fixed pressure of 50 or 100 atm. Gas-
eous substrates gradually diffuse and dissolve into the liquid phase
and are consumed by microorganisms to produce biomethane.
CH4 is generated in the liquid phase and diffuses back in the gas
phase. According to the reference literature, the liquid phase of the
bioreactor was initially saturated with gaseous substrates. However,
other possible soluble concentrations as a percentage of saturated

4H2   CO2 CH4   2H2O

rH2
  qL

maxCL Cx/ CL  kL 

rX   YX/L rH2
   mCx 

rC    YC/LrH2
  

1
4
--   YC/L 
 mCx

rP  YP/LrH2
  

1
4
--   YP/L 
 mCx

qL
max

   1/YX/L max   m
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concentrations (PSC) were also investigated.
If convection and dispersion are assumed negligible, a one-dimen-

sional molecular diffusion governs the internal flux to the liquid and
gas surfaces. Two different sets of governing equations were devel-
oped separately for gas and liquid phases, which led to simultane-
ous calculation of concentrations of four components (H2, CO2, CH4

and biomass) in both phases. This can be considered as another
highlight part of the research work. The gas phase was presumed
as a concentrated mixture of CO2, H2, and CH4. The governing
equation for gas phase is written as Maxwell-Stefan equation as a
function of time and space as shown in Eq. (7).

(7)

The initial and boundary conditions to Eq. (7) for the whole gas-
eous participants, i.e., CO2, H2, and CH4, are written as follows:

(8)

(9)

(10)

(11)

(12)

where , , yj, j, Ng, NL, Cg, iini, Cgs, and CLs are the mixture den-
sity, multicomponent Fick diffusivity, mole and mass fractions of
the jth component, gas and liquid diffusive fluxes, initial concentra-
tions of ith component in gas phase and concentrations in gas and
liquid phases near the interface, respectively. z measures a tiny dis-

tance below or above the interface in each of the phases. i and j refer
to components involved in the process, i.e., CO2, H2, and CH4, which
j refers to components in gas phase rather than i. Gas and liquid
concentrations are calculated via Eq. (7) and Eq. (14), respectively.
Besides, u, Di

T, P, and T are assumed zero in the present study
and referred to as velocity, thermal diffusion coefficient, pressure,
and temperature gradients, respectively. Diffusivity coefficients of
gases in liquid phase, DL, i, were substituted from literature and inter-
polated as a function of water viscosity variations under different
ranges of temperature and pressure according to data reported by
Hayduk and Laudie [25]. Eqs. (9) and (10) inferred the equality of
molar flux in the gas and liquid interface. The effective diffusion
coefficient of methane in gas mixture, Deff, i, was derived from Eq.
(13) for multicomponent gas mixtures, as follows [26]:

(13)

where Dij is diffusion coefficient of pair gases at different tempera-
ture and pressures derived from either correlations suggested in lit-
erature [27] or interpolating data reported by other researchers
[28,29]. Henry’s constant, Hr, is determined as a function of tem-
perature and vapor pressure of the solvent for each of the studied
gas components separately [30].

For the liquid phase, the governing equation can be suggested
to follow Fick’s Law due to the presence of a solvent, water, in this
phase. Therefore, Eq. (14) is developed for soluble components as
well as biomass in the liquid phase.

(14)

The initial and boundary conditions to Eq. (14) are as:

 (15)

(16)

(17)

(18)

(19)

(20)

where CL is time and space dependent concentration of a given
component in the liquid phase. ri values are substituted from the
corresponding Eq. (2) to Eq. (5).

If the initial concentrations of gaseous substrates, CO2 and H2,
in the liquid phase are considered as a proportion of saturation,
PSC, a more real scenario arises and the corresponding initial con-
dition in the liquid phase, Eq. (18), is expressed as Eq. (21). The gov-
erning equation and corresponding boundary conditions used for
liquid phase, Eqs. (14)-(20), remain unchanged.

(21)

where b is percentage value, a number between 0 and 1.

 i

t
-----------      iu    i Dij yj  yj    j P

P
-------

 
 

j
    Di

TT
T
--------

 
     0

@ z  0 for CO2, CH4 and H2:
Cgi

z
---------    0, No flux

@ z  zg for i   CO2 or H2:

Ng, i   NL, i  DL, i
Cgs, i/Hr, i    CLs, i 

z
----------------------------------------------

for CH4: Ng   NL   Deff, i
CLs, i Hr, i    Cgs, i 

z
----------------------------------------------

@ t   0 for i   CO2 and H2:
Cg, iini

  constant

for CH4: Cgini
  zero

Dij

Deff, i  
1  yi

j
yj

Dij
------

-----------

DL, i
2CL, i

z2
-------------- ± ri  

CL, i

t
------------

@ z   zg for i   CO2, H2 and CH4: Ng, i   NL, i

for biomass : 
CL

z
---------   0

@ z   zL for i   CO2, H2, biomass and CH4 : 
CL, i

z
------------  0

@ t   0 for i   CO2 and H2 : CLini
   Cgini

/Hr, i saturated conc. 

for biomass : CLini
   constant

for CH4 : CLinit
   zero

@ t   0 for CO2 and H2 : CLini
   b. Cginit

/Hr, i 

Fig. 1. Schematic for the studied batch bioreactor.



818 S. A. Jafari et al.

May, 2020

3. Process Optimization for Maximizing Income
To find the significance of some studied factors as well as their

interactions on maximizing income, a powerful statistical tool as
RSM is used. In the present study, the developed mathematical model
is used to make a proper estimation of the substrate consumption
and methane production over time. An equation for process income
quantification, as the main response, is introduced as Eq. (22).

Response (Income)=CH4 price+CO2 Tax
Response (Income)=H2 costCO2 capture Cost (22)

All the terms used in Eq. (22) are in USD and are calculated based
on the volume of the studied bioreactor. The term CO2 Tax is con-
sidered here as a reward or subsidy from the government to car-
bon utilizers in a biomethanation plant in line with environmental
policies. Actually, this value can be assumed at least equal to the tax
dedicated on CO2 emissions in a specific country that should be
paid by CO2-producing companies to the government. To persuade
the private sector to invest in the biomethanation process, defining
the minimum subsidy to meet break-even income can be effective.

The effect of four different factors, as listed in Table 1, is stud-

Table 1. Studied factors and their corresponding levels designed via
CCD

Independent factor Symbol
Level

 1 0 +1 +
Temperature (K) A 305 317.5 330 342.5 355
Pressure (atm) B 50 75 100 125 150
H2/CO2 C 0.25 1.5 2.75 4 5.25
PSC D 0 15 30 45 60

Table 2. Globally optimized kinetic parameters
Kinetic parameters Value
max (day1) 0.09872
kL (mol m3) 1.54222
m (day1) 0.13740
YX/L 0.01830
YC/L 1.36359
YP/L 0.09077

Fig. 2. Prediction of variations in (a) H2, (b) biomass, (c) CO2 and (d) CH4 experimental concentrations (dots) using kinetic modelling equipped
with globally optimized kinetic parameters under different experimental conditions of mole ratios of 1 : 1 or 4 : 1 and fixed pressure of
50 or 100 atm [23].
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ied on the response using analysis of variance (ANOVA) through
a central composite design (CCD). On this basis, five levels for each
of the independent variables are considered caused a design of
experiment with totally 31 runs. The minimum subsidy value, to
achieve a profitable process, should be determined so that the whole
of 31 runs gives a positive value. The height to diameter ratio of
the bioreactor was fixed at 0.5, as it was previously shown a better
geometry configuration than a column bioreactor (height to diam-
eter ratio >1) due to a better expected mass transfer purposes (data
unpublished).

The effect of main factors as well as their interactions can be
assessed on the process income. In addition, the best configuration
of the studied factors for maximizing income can be achieved via
RSM, as one of the powerful tools for optimization, in a way that
less H2 and CO2 are consumed and higher methane is produced.

RESULTS AND DISCUSSIONS

1. Model Evaluation Based on Kinetic Aspect
Different sets of kinetic parameters under a variety of experimen-

tal conditions were globally optimized through a predefined proce-
dure, that was previously used for parameter optimization [24].
The finalized kinetic parameters used in Eqs. (2) to (6) are pre-
sented in Table 2.

These finalized kinetic parameters are employed in kinetic reac-
tion modelling where H2 and CO2 consumption as well as CH4 and
biomass production rates are separately depicted in Fig. 2. Accord-
ing to this figure, significantly good agreement was achieved between
the whole experimental data at different conditions and model pre-
dictions. Actually, such a conformity verifies reliable parameters for
process prediction under the whole range of studied experimental
conditions.

It is clear from Fig. 2 that increasing pressure increased the solu-
bility of H2 and CO2 in the culture medium, which led to improve-
ment of microorganism growth and consequently CH4 production.
So, increasing pressure can compensate for the slowness of biolog-
ical reaction to some extent. In addition, it is seen that increasing
H2/CO2 mole ratio eventually increases methane production. The
developed kinetic modelling along with the used procedure for
kinetic parameters globalization revealed a satisfying data predic-
tion compared with the reference literature’s data fitting [23]. The
verified kinetic parameters served within the reaction terms in the
following section where mass transfer modelling is developed.
2. Model Evaluation Based on Mass Transfer Aspect

The mass transfer governing equations provided in the meth-
odology section along with their boundary conditions will effec-
tively predict concentration profiles if valid diffusion coefficients are
included in the model. Diffusivity coefficients of components in

Fig. 3. Comparison of space-averaged concentrations obtained via mass transfer modeling (dashed-line), kinetic (solid line) and experimen-
tal data (dots) of (a) soluble H2, (b) soluble CO2, (c) soluble CH4 and (d) biomass concentrations.
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aqueous phase, DL, i, as well as pair component diffusion coefficient
in the gas mixture, Dij, were substituted from literature as a func-
tion of temperature and pressure as shown in Table A1, Appendix
A. Mass transfer model performance was investigated through trac-
ing H2, CO2, and CH4 concentrations profiles versus time and the
height of the liquid phase of the bioreactor. However, due to lack
of experimental data, figures were not illustrated here.

Model verification was carried out using time-dependent experi-
mental data. In this regard, a synchronization was performed by
converting space-dependent model results to space-independent
ones via averaging soluble component concentrations using Eq.
(23) over the length of liquid phase for each single time intervals.

(23)

where CL.ave, i is the space-averaged concentration of the soluble

component i (H2, CO2, CH4, and biomass) throughout the depth
of the liquid phase. Comparative results of CL.ave along with experi-
mental data and kinetic model results are depicted in Fig. 3 over
35 days of running the bioreactor. The experimental conditions
were considered fixed at H2/CO2=4, P=100 atm, T=313 K, satu-
rated initial concentrations and corresponding diffusion coefficients
based on data reported in Table A1.

As seen, space-averaged results in the case of H2, CO2, CH4, and
biomass satisfactorily follow the kinetics and experimental data;
however, in the case of H2 concentration, some divergence can be
observed between kinetic and space-averaged lines. This can be
attributed to H2 diffusion coefficient in the culture medium, DL, H2,
which was expected to be less than its value in water due to medium
impurities. Diffusivity values were assumed in water. Since the kinetic
of biomass growth and subsequently methane production depends
directly on soluble H2 concentration, variations in H2 diffusion co-
efficient would have major effects on methane concentration. In-

CL.ave, i  

CL, idz
zL

zg



zg   zL
---------------------

Table 3. Central composite design for evaluating the effect of main factors on the response

Run
order

Factors Response (income)
Residual

(Ymod.Yprd.)A B C D Simulation value
(Ymod.)

Predicted value
(Yprd.)

01 330 100 2.75 0 0.0284 0.0295 0.0011
02 330 50 2.75 30 0.0132 0.0130 0.0002
03 317.5 125 1.5 45 0.0354 0.0361 0.0007
04 342.5 125 1.5 15 0.0383 0.0385 0.0002
05 330 100 2.75 60 0.0200 0.0201 0.0001
06 330 100 2.75 30 0.0249 0.0248 0.0001
07 317.5 75 4 15 0.0188 0.0185 0.0003
08 330 100 2.75 30 0.0249 0.0248 0.0001
09 342.5 75 1.5 15 0.0229 0.0230 0.0002
10 317.5 75 1.5 15 0.0263 0.0270 0.0006
11 317.5 125 4 15 0.0298 0.0300 0.0002
12 317.5 75 4 45 0.0164 0.0165 0.0001
13 330 100 2.75 30 0.0249 0.0248 0.0001
14 355 100 2.75 30 0.0223 0.0215 0.0008
15 330 100 2.75 30 0.0249 0.0248 0.0001
16 330 100 2.75 30 0.0249 0.0248 0.0001
17 342.5 125 4 15 0.0262 0.0259 0.0003
18 342.5 125 1.5 45 0.0311 0.0312 0.0001
19 330 100 0.25 30 0.0378 0.0374 0.0005
20 330 100 2.75 30 0.0249 0.0248 0.0001
21 317.5 125 1.5 15 0.0458 0.0448 0.0010
22 330 100 5.25 30 0.0192 0.0196 0.0004
23 342.5 75 1.5 45 0.0190 0.0191 0.0001
24 317.5 125 4 45 0.0250 0.0246 0.0004
25 330 100 2.75 30 0.0249 0.0248 0.0001
26 342.5 125 4 45 0.0223 0.0219 0.0004
27 305 100 2.75 30 0.0289 0.0281 0.0007
28 342.5 75 4 45 0.0153 0.0161 0.0008
29 342.5 75 4 15 0.0172 0.0168 0.0004
30 330 150 2.75 30 0.0356 0.0366 0.0010
31 317.5 75 1.5 45 0.0215 0.0216 0.0001
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creasing methane production followed by increasing diffusivity in
culture medium was previously discussed by Luo and Angelidaki
[31]. Trends shown in Fig. 3 revealed that the optimized kinetic
parameters as well as the developed mass transfer modelling are
both reliable in process efficiency prediction.

In addition, space-averaged concentrations in the gas phase were
calculated in the same way explained in Eq. (23), and concentra-
tion profiles, as partial pressure variations, were determined over
time (data not shown). However, concentration profiles within the
gas phase can be neglected due to the low height of the gas phase.
3. Maximizing Income Using RSM

Upon model verification, income values were calculated for the
whole 31 runs corresponding to variety of experimental situations.
Using RSM for optimization of a continuous and pressurized bio-
methanation process was successfully implemented by Leonzio [22].

However, investigating income through the current equation, Eq.
(22), is a novel approach that was not found before to the best of
our knowledge. Table A2, in Appendix A, reports the correspond-
ing economic values for terms used in calculating income, Eq. (22).
By considering a long-term scenario, negative incomes are achieved
through the 31 runs. As a basis, a minimum carbon subsidy value
equal to $30/ton CO2 was considered in Eq. (22), for income cal-
culations. It means that more financial assistance should be pro-
vided by the government to have a profitable batch biomethanation
process. The achieved results are shown in Table 3. In this table
Ymod. and Yprd. are referred to as income values obtained by the
mathematical modelling and predicted responses by RSM, respec-
tively. ANOVA reveals that all the studied factors significantly
affect income due to corresponding P-values less than 0.05. Based
on that, the modified polynomial quadratic model is proposed

Fig. 4. (a) main effect plots and interaction plots (contour and surface) for (b) H2/CO2 with PSC as well as (c) temperature with H2/CO2. Car-
bon subsidy was considered $30/ton CO2 equivalent to carbon tax.
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as shown in Eq. (24) via removing insignificant terms (P-value>
0.05).

Yprd.=0.0347+0.000096 A0.00107 B+0.0145 C+0.00068 D
Yprd.=0.00059 C2+0.000002 A.B0.000035 A.C0.000002 A.D (24)
Yprd.=+0.000051 B.C+0.000002 B.D0.000044 C.D

In addition, ANOVA analysis discloses that all the two-way inter-
actions of factors significantly influence income. It means that the
calculated income is influenced by not only one but two factors
simultaneously. The high values of R2=0.996 and adjR2=0.993 sug-
gest a significantly good correlation between data obtained by model-
ling and data predicted via RSM. Also, the presence of square term
regarding the C factor (H2/CO2) in the proposed polynomial model
implies a curvature in the response function [22]. Statistically, other
main factors do not exhibit such curvature. The magnitude and sign
of the main coefficients in the polynomial model suggest that H2/
CO2 has the most influence on the response followed by pressure,
PSC and temperature, in the next order of importance. Further-
more, the effect of all main factors except pressure were positive
on the response. This implies that increasing pressure diminishes
income, while increasing the other factors improve it. Fig. 4 shows
the main effect plots as well as contour and surface plots for inves-
tigating interaction effects of H2/CO2, temperature and PSC.

All the trends seen in Fig. 4 are mathematically justifiable and
all demonstrated under the lowest carbon subsidy of $30/ton CO2.
As seen in Fig. 4(a), increasing temperature increases income or
decreases financial loss. According to the gas law, at a given pres-
sure, higher temperatures cause a lower concentration of compo-
nents in the gas phase, which means less money should be paid
for providing substrate. This is while the money gained via selling
the produced amount of methane makes income positive. So, the
process efficiency improves and a lower financial loss can be ex-
pected at higher temperature when only $30/ton carbon subsidy is
dedicated. It is worth mentioning that a high-temperature bio-
methanation process would be possible if only thermophilic meth-
anogens were used at temperature range of 320 up to 350 K [32].
Otherwise, the process would fail. Meanwhile, temperature rising
cost should be taken into account.

Based on Fig. 4(a), increasing pressure decreased income or, in
the other words, increased financial loss. Although higher pressure
increases gas solubility in water as well as component concentra-
tion in the gas phase, more money should be expended for pur-
chasing gaseous substrates, H2 and CO2. This is while the amount
of produced methane is not enough to compensate it. Therefore,
low-pressure biomethanation process would be more attractive based
on the gained modeling results. Note that under lower pressures
the possibility of increasing acidity of medium due to CO2 solubil-
ity would be decreased. The issue should be considered in the case
of running the biomethanation process in an underground high
pressure natural reservoir.

According to the stoichiometry of the methanation reaction,
Eq. (1), a mole ratio of H2/CO2=4 should be supplied to the biore-
actor to achieve one mole of methane. Fig. 4 implies that more favor-
able economic condition arises at higher substrates mole ratios, and
its exact value was achieved 3.98 based on RSM response optimizer.
However, this variation is not linear.

In the case of PSC factor, it was found that it should be sup-
plied in a maximum value to have maximum income. Fig. 4(a) and
(b) show that the calculated income improves almost linearly with
PSC. It means providing initially soluble gaseous substrate in the
medium motivates more biomass growth and metabolic activity
rather than supplying the substrate only through diffusion from
the gas phase. Indeed, larger volume of microorganisms is involved
in the batch biomethanation process when microorganisms are sup-
plemented with high PSC. While, running the process under sub-
strate diffusion from the top phase promotes only surface micro-
organisms in methane production.

It was found from response optimizer that if the near-term sce-
nario is considered for biomethanation process, the amount of
achieved income is 36% higher than that of long-term scenario.
According to Table A2, in appendix A, benchmark capture cost for
near-term scenario is about $36.63/ton CO2.

In addition, the minimum subsidy which can be supplied by the
government to achieve a profitable process under the whole of 31
runs should be at least $363/ton CO2 and $327/ton CO2 for long-
and near-term scenarios, respectively. Therefore, a biomethanation
plant which is working under a batch process does not come to
profit unless receiving at least 12-fold or 11-fold subsidy more than
an average CO2 tax ($30/ton CO2), respectively. Otherwise, the pro-
duced biomethane should be sold for nearly $34,000/ton CH4, which
is undoubtedly unaffordable.
4. Sensitivity Analysis

The sensitivity of income against some controllable process param-
eters such as height over diameter of the bioreactor (HL/D), DL, gas
volume (Vg), liquid volume (VL), pressure, temperature, and PSC was
evaluated and results presented in Fig. 5. The bio-kinetic parame-
ters are not considered as controllable parameters as they vary only
by microorganism strain or substrates substitution [33]. All the
parameters were kept constant during sensitivity analysis except
that of concern. In addition, the effect of all the considered factors
was investigated under a vast range of possible carbon subsidies
from 30 to $300/ton CO2. According to Fig. 5, the carbon subsidy
plays a prominent role concomitant with process parameters in
financial investigations of a batch biomethanation process.

As seen in Fig. 5(a), increasing liquid height to diameter ratio of
the bioreactor (HL/D) from 0.1 to 8.5 positively influences the cal-
culated income when $30 carbon subsidy is allocated to the pro-
cess per ton of CO2. However, increasing the carbon subsidy up to
$300/ton CO2 caused a reverse trend in which more income can
be expected in a flat bioreactor with lower HL/D. Although it was
found from previous research data that a wider bioreactor facili-
tates mass transfer (data unpublished), financial consideration in
the present study reveals that a column-shaped bioreactor would be
affordable in total. Indeed, gaseous substrate consumption would
be higher in a flat bioreactor than that of a column type.

Fig. 5(b) shows that liquid diffusivity coefficient, DL, negatively
affects the income in the case of low subsidy. DL can be considered
as gentle liquid mixing. Increasing DL from a magnitude of 109 to
106 caused a 70% drop in the income or, in the other words, a
70% rise in financial loss. Increasing DL caused more gaseous sub-
strate to be solubilized in the liquid medium, which led to increased
expenses. This is while, the produced methane is not that much to
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economically compensate such deficiency. In the case of carbon
subsidies higher than $200/ton CO2, higher DL values are more
welcomed. Also, there is no liquid mixing in the case of performing
the biomethanation process in an underground natural gas reservoir.

Sensitivity of income for VL and Vg variations is seen in Fig. 5(c)
and 5(d). When low levels of carbon subsidy are dedicated to the
process, increasing VL, at a fixed Vg, negatively and almost linearly
decreases the income; however, the trend becomes positive only if
the subsidy gets around $200/ton CO2. Based on Fig. 5(d), increas-

ing the gas volume, Vg, under a fixed pressure and VL, nonlinearly
decreases income in the whole range of studied carbon subsidies
from 30 to $300/ton CO2. Higher subsidies should be considered
to achieve a positive income. According to Fig. 5(e), pressure im-
poses the same effect as VL on income. It means that increasing pres-
sure linearly decreases the calculated income under low carbon
subsidies, which is in the line with RSM results (Fig. 4(a)). If the
government creates more incentives on carbon consumption, the
batch biomethanation process would be more attractive at higher

Fig. 5. Sensitivity analysis for investigating the effect of (a) HL/D, (b) DL, (c) VL, (d) Vg, (e) pressure, (f) temperature and (g) PSC on income
under carbon subsidies from 30 to $300/ton CO2.
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pressures. Therefore, implementing the biomethanation reaction
as a batch process in an underground reservoir, with high intrin-
sic pressures, might be uneconomical with carbon subsidies lower
than $200/ton CO2 if the other terms in Eq. (22) are assumed to
be constant.

In the case of process temperature, it shows a bell-shaped effect
on the calculated income. Fig. 5(f) illustrates that increasing the tem-
perature from 305 to 400 K initially increased the income and then
decreased it at around 370 K, when the carbon subsidy was fixed
as low as $30/ton CO2. It is in compliance with the obtained results
by RSM for temperature, Fig. 4(a). Indeed, raising more the tem-
perature improves gas solubility in water due to lowering Henry’s
constant of the participant gas [30]. However, allocating more sub-
sidy up to $300/ton CO2 caused a reversed bell-shape with a mini-
mum peak value around 320 K.

Fig. 5(g) illustrates the effect of PSC on the income. The same
trend as pressure is seen under the entire range of low and high car-

Fig. 6. Sensitivity analysis for PSC in a flat bioreactor with HL/D=0.5
and carbon subsidy variations between 30 to $300/ton CO2.

Fig. 7. Comparative view of the most significant levels of each of the studied factors under both subsidies of 30 and $300/ton CO2. PSC(8.5)
and PSC(0.5) are those obtained with HL/D=8.5 and 0.5, respectively.

bon subsidies. Increasing PSC means that higher costs should be
paid for providing initial gaseous substrates in the culture medium.
However, as seen, allocating more subsidies than $120/ton CO2 may
gradually turn the trend and make the process more economic at
higher PSC.

Comparing Fig. 4(a) and Fig. 5(g) with low level of subsidy reveals
that there is a mismatch between PSC trends found by RSM and
sensitivity analysis: meanwhile, the HL/D value was fixed at 0.5 and
2, respectively. Fig. 6 discloses that the value of HL/D parameter deter-
mines the obtained trends. Indeed, a wide bioreactor with HL/
D=0.5 gives significantly different trends of PSC compared to that
achieved by HL/D=2 (Fig. 5(g)).

With a glance at Fig. 6, it is clear that income has a positive rela-
tionship with PSC at low and high levels of carbon subsidy, unlike
that found in Fig. 5(g). Therefore, Fig. 6 verifies the results of PSC
found by RSM illustrated in Fig. 4(a). Changing HL/D imposed no
significant variations in trends of the other factors investigated in
Fig. 5.

To inform of the most effective process parameters with the high-
est income results, Fig. 7 is depicted. It contains a comparative view
of the most significant levels of each of the studied parameters
under both subsidies of 30 and $300/ton CO2.

It is clear from Fig. 7 that, if low subsidy is dedicated to the pro-
cess, the factors pressure, PSC(8.5), VL, DL, Vg, HL/D, PSC(0.5) and
temperature will achieve highest incomes, respectively. However,
when the biomethanation process meets circumstances to have
higher subsidy of $300/ton CO2, the most important parameters
would be VL, pressure, DL, HL/D, PSC(0.5), temperature, PSC(8.5)
and Vg, respectively.

CONCLUSION

As a challenging issue, gas/liquid mass transfer in a batch bio-
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methanation reactor should be precisely taken into account. This
paper addressed the issue through kinetic and mass transfer mod-
elling to achieve substrates, product, and biomass concentration pro-
files versus time and space within both gas and liquid phases of the
bioreactor. As a prerequisite, six unknown kinetic parameters were
globally optimized via a predefined algorithm. The values of 0.09872
day1, 1.54222, 0.13740 day1, 0.01830, 1.36359, and 0.09077
were obtained in this way for the corresponding kinetic parame-
ters of max, kL, m, YX/L, YC/L, and YP/L, respectively. Then, mass transfer
modelling was developed and the space-averaged (space-indepen-
dent) results were verified via some space-independent experimental
data. The developed model was utilized to predict the amount of
consumed and produced gases over time and subsequently the pro-
cess income. As a novelty of the current study, an equation was pro-
posed to calculate process income based on the amount of con-
sumed and produced gases as well as considering a term for car-
bon subsidy. Then RSM design of experiment was conducted to
investigate the effect of four independent variables: H2/CO2, PSC,
temperature, and pressure on the studied response, income. It was
found that highest levels of temperature and PSC as well as lowest
level of pressure and H2/CO2=3.98 led to achieve maximum income.
However, a break-even income would be achieved if only a car-
bon subsidy of $363/ton CO2 is allocated to the process. Sensitivity
analysis revealed that the amount of carbon subsidy significantly
influenced on the positive or negative trends of the studied factors
versus the calculated income. On this basis, pressure was the most
important factor to achieve maximum income when a low car-
bon subsidy of $30/ton CO2 is allocated to the process. This is while,
both VL and pressure were found as the most important factors to
have maximum income in the case of higher subsidies of $300/ton
CO2. Evidences suggested that implementation a batch biomethan-
ation process in an underground gas reservoir with intrinsic high
pressure and temperature as well as large surface area (low HL/D),
due to porosity, would be affordable if only large amount of car-
bon subsidy is assigned to the process.

NOMENCLATURE

CLini : initial concentration in liquid phase [mole·m3]
Cgini : initial concentration in gas phase [mole·m3]

: multicomponent Fick diffusivity [m2·s1]
CL : time and space dependent concentration in the liquid phase

[mole·m3]
CL.ave : space-averaged concentration in liquid phase [mole·m3]
CLs : liquid concentration on gas-liquid interface [mole·m3]
CX : time and space dependent concentration of biomass [mole·

m3]
Cg : time and space dependent concentration in gas phase [mole·

m3]
Cg.ave : space-averaged concentration in gas phase [mole·m3]
Cgs : gas concentration on gas-liquid interface [mole·m3]
DL, i : diffusivity coefficient of gases in liquid phase [m2·s1]
Deff, i : effective diffusion coefficient of component i in gas mixture

[m2·s1]
Di

T : thermal diffusion coefficient
Dij : diffusion coefficient of pair gases [m2·s1]

NL : liquid diffusive flux [mole·m2·s1]
Ng : gas diffusive flux [mole·m2·s1]
Yi/L : theoretical maximal (C)-molar yields on the basis of hydro-

gen
Ymod. : response value obtained via modelling
Yprd. : response value predicted by RSM
kL : saturation constant [mole·m3]
qL

max : maximum H2 consumption [mole·m3]
rH2 : H2 consumption rate [mole·m3·s1]
rC : CO2 consumption rate [mole·m3·s1]
rP : CH4 production rate [mole·m3·s1]
rX : biomass growth rate [mole·m3·s1]
yj : mole fraction in gas phase
j : mass fraction
P : pressure gradient
T : temperature gradient
Hr : dimensionless Henry’s constant
m : microorganism maintenance coefficient [day1]
u : velocity [m·s1]
 : mixture density [Kg·m3]
max : maximum growth rate of biomass [day1]
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APPENDIX A

Table A1. DL, i and Dij used in the mass transfer model at temperature of 313 K and working pressures of 50 and 100 atm

DL, i (m2/s)×109

Reference
Dij (m2/s)×105

Reference
50a atm 100b atm 50 atm 100 atm

DL, CO2 2.541 2.537 [25,34] DCH4, CO2 0.036 0.018 [27,28]
DL, CH4 2.084 2.081 [25] DCH4, H2 2.596 1.198 [27,29]
DL, H2 6.279 6.267 [25] DH2, CO2 0.141 0.070 [27]

Water viscosities at temperature of 313 K and pressures of a50 atm and b100 atm were interpolated as 0.6502 and 0.6513 cP, respectively [35].

Table A2. Values for terms used in Eq. (22)
Terms Value ($/ton) Comment Reference

Upgraded biomethane price 1158.25 - [36]

CO2 capture cost
0036.63 Near-term scenarios with small scale high purity CO2 utilization

and low benchmark capture cost 0[6]
0072.15 Long-term scenario with large scale CO2 utilization and higher

benchmark capture cost
CO2 tax 30. Average in Europe -
Renewable H2 cost 3585.30 Break-even prices in Germany [37]
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