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ABSTRACT

CO.-to-methanol process is an attractive option to simultaneously reducing the anthropogenic
CO2 while producing value-added chemicals. In this work, two distinct CO2-to-methanol process
routes specifically, single step and dual step are evaluated based on their economic and environ-
mental performance. First, a multiobjective optimization (MOO) framework is formulated to de-
velop the optimal process configurations. Three conflicting objectives including methanol produc-
tion rate, total annual cost (TAC) and carbon intensity of methanol are considered. For this MOO,
the elitist non-dominated sorting genetic algorithm (NSGA-II) is employed to get the Pareto front.
From the Pareto front, a balanced compromise solution is identified by the technique for order of
preference by similarity to ideal solution (TOPSIS) with entropy information as weighting criteria.
Then, the comparative performance analysis is conducted across the Pareto front. At the TOPSIS-
selected configuration, the single step process offers economic advantages (1.97% lower levelised
cost of methanol (LCoM)), but performs poorly on environmental perspective (3.03% higher car-
bon intensity of methanol). In contrast, at the cost-optimal point the dual step process is marginally
favourable in both aspects (0.55% less LCoM and 1.26% reduction in carbon intensity of methanol).
Overall, both processes exhibit comparable economic and environmental outcomes, with the dual
step showing better environmental performance and reduced variability across the Pareto space.

Keywords: CO2-to-methanol, Process design, Multiobjetive optimization, Techno-economic assessment, En-
vironmental performance

INTRODUCTION

Methanol has an extensive industrial demand,
reaching around 112 million metric tons per year in 2024,
owing to its versatile applications [1]. It serves as a build-
ing block for the production of numerous chemicals, such
as formaldehyde, acetic acid, methyl tert-butyl ether
(MTBE), and dimethyl ether (DME), among others. In ad-
dition, it exhibits favorable combustion properties, which
make it a potential alternative fuel and energy carrier.
Traditionally, methanol is produced from synthesis gas
(CO/H2/COz2) using heterogeneous Cu/ZnO/Al>Os cata-
lyst. The synthesis gas is typically derived from fossil re-
sources, with around 80% obtained through natural gas

concentrated on ‘green’ methanol processes by replacing
fossil resources with renewables. In this regard, CO2 hy-
drogenation through the Power-to-Methanol concept
emerges as an attractive option due to its dual benefit. It
mitigates global warming by lowering or even reversing
the CO2 emission while simultaneously producing value
added products. The CO: is obtained from industrial flue
gases or, direct air capture and the green H» from elec-
trolysis of water using renewable energy (e.g. solar, wind
etc.

Main reactions, which are involved in the heteroge-
neously catalyzed synthesis of methanol are:

Hydrogenation of COa:

AH = —49.4 kJ.mol!
——-

reforming and the remainder from coal gasification [2]. CO, + 3H, CH;0H + H,0 (1)
However, in recent time significant interests are being
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Hydrogenation of CO:

AH =—90.6 kJ.mol™!
—

CO +2H, CH;0H (2)

Reverse water gas shift (RWGS):

AH = 41.2 kJ.mol™}
=

CO, +H, CO + H,0 (3)

Typically, hydrogenation of CO: is much faster than
hydrogenation of CO [3]. Nevertheless, a CO rich feed is
favorable because it consumes water during water gas
shift, which limits the conversion of the resulting CO2 hy-
drogenation to methanol. In contrast, from a chemical
perspective, a CO; rich feed is not so favorable because
it produces water during the reverse water gas shift.

In the standard process, a CO rich feed (i.e., synthe-
sis gas) is used. Accordingly, two options are available
for the new CO.-to-methanol process, i.e., a single-step
process converting the CO: rich feed directly to methanol
or, a dual-step process, where COz is first converted to
CO in a separate reverse water gas shift reactor. After-
wards, the CO rich feed is converted in a second reactor
to methanol following the standard process. The dual
step process offers additional potential for improvement
by using different catalysts and operating conditions in
the different reactors [4]. In this context, a comparative
techno-economic analysis is required to find out which
process option is the best for CO2-to-methnol produc-
tion. To the best of our knowledge, limited investigations
are available in this direction. Previous studies mainly
compared both processes using relatively simple reac-
tion kinetics and basic process analyses, often based on
sensitivity studies [5-7]. Optimization is not applied for
the rigorous evaluation of single and dual step processes.
Therefore, in this contribution, a techno-economic anal-
ysis is performed using optimization and a rigorous ki-
netic model for both processes.

First, fixed bed reactor based single step and dual
step processes are developed. Commercial
Cu/ZnO/AI203 and Ni/Al201e catalysts are employed for
the methanol synthesis and RWGS reactions, respec-
tively. This study considers the mechanistic model of the
methanol synthesis reaction based on the Langmuir-Hin-
shelwood kinetic model [8], with the corresponding
model parameters adopted from Seidel et al., 2021 [9].
The kinetics of RWGS reaction are taken from literature
[10]. Subsequently, the economic and environmental per-
formance of the processes are assessed by total annual
cost and carbon intensity of methanol. The economic
analysis accounts for capital cost, operating cost, labour
cost and raw material cost. Carbon intensity of methanol
is defined as the total CO2 emissions associated with the
process per unit of methanol produced. Finally, the opti-
mal process configuration, including design and operat-
ing parameters, is determined through a multiobjective
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optimization (MOO) technique using the elitist non-dom-
inated sorting genetic algorithm-Il (NSGA-Il). The MOO
problem is formulated with three conflicting objectives:
maximizing methanol production rate, minimizing total
annual cost and minimizing carbon intensity of methanol.
To identify the final optimal point, the technique for order
of preference by similarity to ideal solution (TOPSIS) with
entropy information as a weighting criterion is imple-
mented. Subsequently, both processes are evaluated
based on their optimal configurations.

PROCESS DESCRIPTION

In this study, two process routes are analyzed/con-
sidered for the production of methanol from CO2 namely,
single step and dual step process. In both processes,
pure CO2 and H2 are mixed and introduced into the reac-
tor following a multistage compressor coupled with inter-
mediate heat exchangers. This multistage compressor
and intermediate heat exchanger arrangement are de-
signed such that the desired operating pressure and tem-
perature can be achieved. For the large scale production
the feed flow rate is assumed to be fixed at 1000 mol/sec
for both the processes.

Figure 1 demonstrates the single step process con-
figuration. The compressed feed is combined with the re-
cycle stream and preheated in a heat exchanger to attain
the desired reaction temperature. Such heat integration
provides a clear advantage, as reported in the literature
[11].The mixed stream is introduced to an isothermal
fixed bed type reactor. The reactor is packed with
Cu/ZnO/Al203 catalyst and the specified temperature of
the reactor is maintained by a water-cooled arrange-
ment. The density of the catalyst is 770 kg/m? with the
bed void fraction of 0.4. The outlet from the reactor is
cooled down in a heat exchanger and introduced in a
flash separator. The flash separator is operated at high
pressure and low temperature at isothermal and isobaric
condition. In the separator the gases are separated from
liquid products. The gas stream mainly consists unre-
acted CO3z, CO and Hz; whereas liquid stream consists of
methanol and water. A part of the gas stream is purged
(1%) and the remaining is recycled (99%) back to the re-
actor. On the other hand, the liquid stream is then di-
rected to a distillation column to get the pure methanol.
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Figure 1. Schematic of the single step CO2-to-methanol
process route.
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The dual step process configuration is shown in
Figure 2, where the compressed feed is partially con-
verted to CO in a RWGS reactor. The outlet stream of the
RWGS reactor is then cooled down and introduced into a
flash separator to separate the water. The remaining va-
por stream, composed of CO2, CO and H: is then com-
pressed and subsequently mixed with the recycle
stream. This steam is fed into the methanol synthesis re-
actor through a heat exchanger, where it is attained the
desired temperature. The output of the second reactor is
then cooled using a heat exchanger and directed into a
flash separator. The vapor stream from the flash separa-
tor, mainly contains CO2, CO and Hz is recycled back after
a small purge, similar to the single step process. The lig-
uid stream of the flash separator contains methanol and
water, which are separated from each other in a distilla-
tion column.

o 4@~
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Figure 2. Schematic of the dual step CO2-to-methanol
process route.

MATHEMATICAL MODELING

This section highlights the mathematical model for-
mulation of single and dual step process configurations.
It consists modeling of reaction kinetics, fixed bed reac-
tor and flash separator.

Reaction Kinetics

The kinetic model proposed by Seidel et al. [8], with
reported parameters [9], is adopted here for the metha-
nol synthesis reactor over Cu/ZnO/Al,Os catalyst. Three
reactions occurred simultaneously in the second reactor,
as mentioned in Section 1. The corresponding rate ex-
pressions are described as follows,

p
reo = (1 — @)k, (PCOPIZ-I2 - %) OcoOH, (4)
1
p P
rc0, = 0% (eo,Piy, = "EA0) 020,01, (5)
9] PcoPH,0
Frwgs = @ks (Pco2 - TPHZZ) 0c¢0,0c0 (6)

The reaction constants are calculated from the ex-
tended Arrhenius equation, where j represents the reac-
tions (1, 2 or 3).
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kj = exp (521'—1 - 52J(Tr8f - 1)> v

T

On the other hand, synthesis gas is produced in the
RWGS reactor over the commercial Ni-catalyst (Ni/Al203).
The reaction kinetics is given by:

_E CcoC
= kel w0 (ccoz - —ch:o) (8)

The model parameters are adopted from the work

of [10].

Tsy

Process Modeling

In this study, both RWGS and methanol synthesis re-
action takes place in an isothermal fixed bed reactor
(FBR). The reactor is operated at a constant pressure and
considered no axial mixing and ideal gas phase. The FBR
model is developed considering a cascade of CSTRs,
where the number of stages correlates with the degree
of back-mixing [12]. The corresponding material balance
for each component in the gas phase is expressed as,
cd

Vi _ - . NR
E = Afeealio — Nout)i + Meg; Zj:l Vi,jrj (9)

n

Where, n® denotes total mole present in the gas
phase of the reactor. rif,.q and r,,, are molar flow rates of
the feed and outlet of the reactor (mol/sec). y; represents
the gas phase mole fraction of component i. v;; is the
stoichiometric coefficient of component i in reaction j, r;
is the rate of reaction j (mol/sec/kgcat) among the total
number of reaction NR.

The summation of the component material balances
over all species (NC) yields the total material balance,
which is used to compute the outlet molar flow rate (7).

. . NC NR
0= Nfeed — Nour + Mear Zi:l Zj:l Vi, it (10)

The outlet stream from the reactor is fed into an
ideal flash separator, which is operated at a fixed tem-
perature and pressure. The flash process is computed by
the Rachford-Rice method, which is mathematically de-
scribed by component material balance and total material
balance.

Fz; = Vy, + Lx; (1
F=V+L (12)
yi=Kx; = Plis:t Xi (13)

Here, the input flow rate to the flash separator is F
(mol/sec), with composition z. V and L are the outlet flow
rate of the vapor and liquid stream, respectively
(mol/sec) with corresponding composition y and x. K is
the vapor-liquid equilibrium coefficient of the ideal solu-
tion, which is the ratio of saturation pressure and total
pressure. The saturation pressure is calculated using An-
toine equation.

By substituting equation 13, into the material bal-
ance equations, we get the Rachford-Rice equation for
the vapor fraction 6=V/F,
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Table 1: Singificant decision variables with their ranges

Single step process

Dual step process

Decision variables Range Decision variables Range
Pressure of methanol synthesis reactor 25-85 Pressure of RWGS reactor (bar) 5-25
(bar)
Temperature of methanol synthesis reac- 450 - 650 | Temperature of RWGS reactor (K) 900-1500
tor (K)
CO, mole fraction in feed 0.15-0.55 |CO2 mole fraction in feed 0.15-0.55
Catalyst amount methanol synthesisre- 30000 - Catalyst amount of RWGS (kg) 100 -5000
actor (kg) 150000
Pressure of methanol synthesis reactor  35-85
(bar)
Temperature of methanol synthesis reac- 450 - 650
tor (K)
Catalyst amount of methanol synthesis 10000 -
Reactor (kg) 150000
Table 2: TOPSIS-selected optimal process configurations
Single step process Dual step process
Decision variables Values Decision variables Values
Pressure of methanol synthesis reactor 76.1 Pressure of RWGS reactor (bar) 18.07
(bar)
Temperature of methanol synthesis re- 519.82 Temperature of RWGS reactor (K) 1418.82
actor (K)
CO, mole fraction in feed 0.2486 CO2 mole fraction in feed 0.2496
Catalyst amount methanol synthesisre- 150000 Catalyst amount of RWGS (kg) 1507.26
actor (kg)
Pressure of methanol synthesis reactor  69.2
(bar)
Temperature of methanol synthesis re- 483.35
actor (K)
Catalyst amount of methanol synthesis 108201
reactor (kg)
F(8) = ZNC; -1 (14) TAC (€/yr) = (ACCR x CAPEX) + OPEX (15)

1=1[1-6(1-K;)]

The Newton Raphson method is employed to find
out the root of the above equation and correspondingly
solve the flash calculations. The ODEs involved in the re-
actor analysis are solved by the ODE15s solver, and all
simulation are conducted in the MATLAB R2022b envi-
ronment.

PERFORMANCE ASSESSMENT

The processes are evaluated based on an economic
and environmental perspective. For this, three primary
performance indicators are used namely, methanol pro-
duction rate (kg/hr), total annual cost (TAC) and carbon
intensity of methanol (kg-eq CO2/kg MeOH).

Total annual cost is expressed as:
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Where, CAPEX and OPEX represents capital and op-
erating expenditures respectively. The annual capital
charge ratio (ACCR) for this study is assumed 10%. The
CAPEX includes direct process equipment cost (e.g., re-
actor, flash separator, distillation column, compressor
and heat exchanger), indirect or, auxiliary unit cost, engi-
neering, contingency and working capital. On the other
hand, OPEX corresponding to fixed operating cost and
variable operating cost. Fixed operating includes salary,
supervision, salary overhead, maintenance, land, taxes
and insurance and general overhead cost, whereas vari-
able operating considers feed, catalyst and utility costs.
The feed CO2 and Hz cost is 0.045 and 3.15 €/kg, respec-
tively. Catalyst cost is 8.7 €/kg with 4 years of lifetime.
The utilities includes electricity 78.51 €/MWh and cooling
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water 0.03 €/ton. Steam methane reforming is consid-
ered as the H2 source due to its lower cost and stable
supply. The details of the cost functions can be found
elsewhere [13] and the calculations are done based on
the year 2024.

The carbon intensity is amount equivalent CO2 emis-
sion to produce unit amount of methanol. This accounts
the CO2 emission due to the production of Ha, electricity
and CO:z present in the purge gas. Additionally, a second-
ary economic metric is computed from the first two i.e.,
methanol production rate and TAC, which is levelised
cost of methanol (LCoM), expressed as,

TAC

LCoM (€/kg) = Annual MeOH production

(16)

MULTIOBJECTIVE OPTIMIZATION

The efficient design of the process and its perfor-
mance rely on identifying the optimal design and operat-
ing parameters. In order to achieve this a multiobjective
optimization strategy is incorporated based on non-dom-
inated sorting genetic algorithm (NSGA-II). The primary
performance indicators mentioned in the previous sec-
tion are chosen as objectives, to take into account the
economic and environmental aspects. Thus, the optimi-
zation problem is framed with the three conflicting objec-
tives, including maximizing methanol production rate,
minimizing TAC and minimizing carbon intensity of meth-
anol.

RESULTS AND DISCUSSION

In this section, the optimization results and based on
this the performance of both the processes are analyzed.
The optimization is performed based on the stated ob-
jectives and a nonlinear constraint of LCoM < 2 €/kg. The
significant decision variables and their feasible regions
are primarily determined by sensitivity analysis to avoid
the occurrence of infeasible solutions during the optimi-
zation. Accordingly, the lower and upper bounds are
identified and listed in Table 1. Notably, the total feed
flow rate is same for both the processes, while CO2:H>
molar ratio is varying as a decision variables. It ensures
identical plant capacity for the fair comparison.

The optimization is carried out over the mentioned
decision variable bounds with a population size and hum-
ber of generations of 30. The NSGA-Il parameters are
adopted from the literature [14]. The stochastic variabil-
ity of the algorithm is reduced by performing two inde-
pendent runs. Then the non-dominated solutions from
both runs are combined, and non-dominated sorting
(NDS) is performed to find the ‘true’ Pareto optimal front.
Here, the ‘true’ Pareto front consists of total of 53 and 51
non-dominated solutions for the single step and dual step
processes, respectively. These solutions represent
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trade-offs among the competing objectives, such that
improvement in one objective can only be achieved at the
expense of deterioration in at least one other objective.
However, the TOPSIS method with entropy weighting is
employed to identify the decision-preferred compromise
solution that reflects the balanced trade-off among all
objectives. Accordingly, the design and operating param-
eters of the optimal process configurations are summa-
rized in Table 2.

The Pareto front for the single step process is pro-
vided in Figure 3 (A), which demonstrates the trade-off
among the three objectives. It can be noticed that all op-
timal solutions are in the range of 18171.3 to 27821.1
(kg/hr) for methanol production rate, 177.25 to 171.7 (mil-
lion €) for TAC and 2.579 to 4.713 (kg-eq CO2/kg MeOH)
for carbon intensity of methanol. Correspondingly, the
secondary economic metric, i.e., LCoM, varies from
0.7964 to 1.1811 €/kg within the Pareto space. These val-
ues represent percent variations of around 37% for meth-
anol production, 3% for TAC and 45% for carbon inten-
sity. Notably, methanol production and carbon intensity
show a wide range of variation, because no greenness
constraint is imposed apart from the economic constraint
(LCoM < 2 €/kg), which preserves the natural trade-off
among the objectives. The TOPSIS selected optimum
point corresponds to methanol production rate of 27821.1
kg/hr, TAC of 177.25 €/yr and carbon intensity of metha-
nol is 2.579 kg-eq CO2/kg MeOH, that yields LCoM of
0.7964 €/kg.

On the other hand, Figure 3 (B) illustrates the Pareto
front of the dual step process in a three dimensional
space. The methanol production rate, TAC and carbon in-
tensity of methanol are varied from 18916.4 to 28322.2
(kg/hr), 173.36 to 184.01 (million €) and 2.5 to 4.23 (kg-
eq CO2/kg MeOH), correspondingly, LCoM changes from
0.792 to 1.1456 €/kg across the Pareto space. For this
case, the recommended optimum point yields objective
values of 28322.2 kg/hr, 184.01 million €/yr and 2.501 kg-
eq CO:/kg MeOH. The corresponding LCoM is 0.8121
€/kg. An interesting trend can be observed in the Pareto
front (Figure 3), where higher methanol production leads
to lower carbon intensity. This trend is due to the trade-
off between the three objectives and differences in op-
erating conditions. Pareto points with lower TAC produce
less methanol, resulting in higher CO2 emission intensity,
as it is the ratio of CO2 emission to methanol production
rate.

Now, a comparative performance analysis between
the two processes based on the TOPSIS-selected opti-
mal configuration are conducted. It is evident from the
Pareto-curve trend that higher methanol production de-
mands higher TAC but lower carbon intensity. The dual
process achieves 1.80% higher methanol production rate
than single step at the expense of 3.81% higher TAC.
Consequently, LCoM from single step is 1.97% lower than
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Figure 3: Pareto optimal front of the three objectives for the single step (A) and dual step (B) processes; violet
squares in these plots corresond to the chosen optimal solution by TOPSIS

dual step process. However, from the environmental per-
spective dual step outperforms single step by 3.03%
lower carbon intensity of methanol.

Itis interesting to note that the TOPSIS-selected op-
timal point and cost-optimal point are the same for the
single step process but not for the dual step process.
Therefore, at the cost-optimal point (lowest methanol
price), the dual-step process attains 0.55% lower LCoM
and 1.26% lower carbon intensity than the single-step
process. This indicates that, under strict cost-minimiza-
tion objectives, the dual-step process offers a more fa-
vorable economic and environmental performance.

Further, we evaluated the impact of green Hz on the
TOPSIS selected optimal configurations. For the single-
step process, TAC increases to 322.08 million €/yr,
methanol production remains the same, carbon intensity
reduces to 0.2861 kg-eq CO,/kg MeOH and LCoM rises
to 1.4471 €/kg. For the dual-step process, TAC is 328.65
million €/yr, methanol production rate remains un-

changed, carbon intensity 0.2511 kg-eq CO,/kg MeOH
and LCoM 1.4505 €/kg. Results indicate that using green
H2 produced by electrolysis significantly reduces carbon
intensity of methanol while increasing cost. However, the

relative performance of both the processes will remain
unchanged.

CONCLUSION

In this study, a comparative assessment of single
step and dual step process is performed for the produc-
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tion of methanol from CO2. The optimal process configu-
rations are determined using the NSGA-II coupled with
TOPSIS entropy method. This multiobjective optimization
problem is formulated considering economic and envi-
ronmental objectives namely, methanol production rate,
TAC and carbon intensity of methanol. Based on TOPSIS-
selected optimal configuration, single step process offers
better economic performance of 1.97% lower LCoM than
dual step process. However, the environmental perfor-
mance is degraded significantly, accounting 3.03% more

carbon intensity. Notably, at the cost-optimal configura-

tion dual step process shows better performance in all
the aspects, yielding 0.55% and 1.26% less LCoM and
carbon intensity, respectively.

Overall, both processes exhibit comparable eco-
nomic and environmental performance; however the dual
step process demonstrates a narrower Pareto space, in-
dicating slightly less variability in the trade-offs. In fact,
for any economic trade-off across the Pareto front, in-
cluding TOPSIS-selected, cost-optimal and highest price
solutions the dual step consistently attains lower carbon
intensity than the single step. This clearly suggests that
the dual step is environmentally superior under equiva-
lent economic criteria.

Here, the same catalyst is used for methanol syn-
thesis reaction in both processes; however, recent ad-
vancements in catalyst research indicate the possibility
of further improvement by employing more advanced
catalysts for the single-step process. In this direction, it
is crucial to investigate the impact of different catalysts,
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additional process configurations and variable cost pa-
rameters for more comprehensive system-level insight.
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