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Abstract: In order to realize carbon mitigation and the efficient utilization of waste biogas,
the biogas-to-methanol process is an important method. The syngas produced by the con-
ventional biogas reforming technology is rich in CO: and CO, whereas it is poor in hydro-
gen. Therefore, additional H: is introduced into the system to adjusted the syngas ratio,
promoting the efficient conversion of the biogas. However, the use of traditional Hz pro-
duction technologies generally results in considerable carbon emissions. Given these
points, low-carbon H: production technologies, namely methane pyrolysis technology
and chemical looping reforming technology, are integrated with the biogas-to-methanol
process to enhance carbon conversion, carbon reduction, and cost-saving potentials. Com-
prehensive technical and economic comparisons of the integrated processes are conducted.
The process coupled with chemical looping reforming technology has a higher carbon con-
version efficiency (73.52%) and energy efficiency (70.41%), and lower unit carbon emissions
(0.73 t CO2/t methanol). Additionally, the process coupled with methane pyrolysis technol-
ogy has higher product revenue, whereas that including chemical looping reforming tech-
nology has a lower net production cost (571.33 USD/t methanol). In summary, the novel
chemical looping reforming technology provides a cleaner and more sustainable pathway
with which to promote the efficient conversion of biogas into methanol.

Keywords: biogas-to-methanol process; low-carbon Hz production; methane pyrolysis
technology; chemical looping reforming technology; techno-economic assessment

1. Introduction

The demand for fossil fuels has continued to grow since the Industrial Revolution.
From 2023 to 2024, the growth rate of fossil fuels reached 2.3%, exceeding the highest level
in history. Despite the increase in the deployment of renewable energy, its share in the
current energy structure is still relatively small, and it is difficult to replace traditional
fossil energy in a short time [1]. Therefore, we need to simultaneously find other clean
alternative energy sources to alleviate the scarcity of fossil resources. In recent years, bio-
gas has attracted a lot of attention because it is renewable, cheap, and abundant [2]. Typ-
ically, biogas is combusted to provide heat for industrial production or daily life. How-
ever, this means of utilization inevitably results in considerable carbon emissions [3]. To
address this issue, biogas has been considered an important feedstock and is used to pro-
duce valuable chemicals in industry. It is expected to achieve carbon mitigation and pro-
duce alternatives to fossil energy.
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Methanol is regarded as an important platform chemical that can be used to produce
light olefins, aromatics, dimethyl ether, and so on. Meanwhile, methanol is considered a
clean fuel, and its combustion process generates lower CO2 emissions compared with fos-
sil fuels [4,5]. Given these points, biogas-to-methanol technology has attracted a lot of at-
tention. The typical biogas-to-methanol process is divided into three steps, namely, the biogas
reforming, methanol synthesis, and methanol purification steps [6]. Unlike industrial steam
methane reforming, the poor-hydrogen syngas is generally generated during the biogas re-
forming process due to the higher CO: content in the biogas (>30 mol%). Therefore, the addi-
tional Hz needs to be supplied to adjust the syngas ratio of H2/(2CO + 3CQ) to 1.0, which can
satisfy the requirement of the following methanol synthesis step. The typical reactions in the
methanol synthesis process are shown in Equations (1) and (2).

CO,+3H, —» CH,0H+H,0 1)

CO+2H, - CH,0H )

In general, H: is generated by steam methane reforming technology in industry.
However, the technology generally results in considerable CO:2 emissions along with H>
production, further aggravating climate change [7]. Therefore, novel Hz production meth-
ods are proposed, such as water electrolysis, methane pyrolysis, and chemical looping
reforming pathways [8-10]. The water electrolysis technologies are heavily dependent on
renewable electricity [11]. Nevertheless, it should be noted that the intermittency of re-
newable electricity can affect the stable operation of the plant [12]. Meanwhile, the cost of
renewable electricity is the crucial challenge in enhancing the economic feasibility of water
electrolysis technologies in the current market conditions [13,14]. Nevertheless, the me-
thane pyrolysis and chemical looping reforming pathways could see large-scale deploy-
ment under the present energy structure. More specifically, in the methane pyrolysis pro-
cess, the methane is pyrolyzed into solid carbon and H: in high-temperature conditions
without generating any CO2 [15]. The byproduct solid carbon can be sold as a high-value-
added product. Notably, the carbon dioxide in the feedstock needs to be separated out if
the biogas is selected as the feedstock. In the chemical looping reforming process, pure
methane or biogas can be used as feedstock [16]. Taking biogas as an example, H2 can be
obtained and in situ CO2 separation can be achieved through the calcination and genera-
tion of the solid adsorbent.

Literature Review

Currently, CHs pyrolysis as well as chemical looping reforming technologies are in-
tegrated with various chemical processes. For instance, Galish et al. [17] presented the
ammonia production process used to integrate the methane pyrolysis and reforming tech-
nologies and conducted techno-economic analysis. The results indicated that the inte-
grated process can significantly reduce carbon emissions and coproduced valuable carbon
black can improve economic feasibility. Ostadi et al. [18] suggested using the biomass/mu-
nicipal solid waste-to-methanol process coupled with water electrolysis and CHs pyroly-
sis technologies. Meanwhile, the process performances of two options were compared in
detail. It was found that two process options enhanced carbon efficiency. However, the
latter process had stronger economic competitiveness under the current energy structure.
In addition to methane pyrolysis technology, the chemical looping reforming technology
has obtained widespread attention. For instance, Chisalita et al. [19] developed the gas-to-
H: process in a way that was integrated with chemical looping reforming technology.
Compared with the conventional Hz production process, which uses steam methane re-
forming, the novel process has superior advantages in terms of carbon mitigation poten-
tial. Xiang et al. [20] presented a novel coal-to-methanol process combined with a chemical



Processes 2025, 13, 313 3 of 18

looping reforming technology. The introduction of the chemical looping reforming unit
replaced the water—gas shift unit in the traditional coal-to-methanol process, improving
the carbon conversion capacity and reducing CO: emissions. Similar findings were re-
ported in the study of Zhang et al. [21]. In summary, the aforementioned literature indi-
cated that the introduction of methane pyrolysis and chemical looping reforming in the
chemical process can enhance process performances. However, there is still a gap in re-
search regarding the biogas-to-methanol process coupled with chemical looping reform-
ing and CH4 pyrolysis technologies.

Given these points, in this work, we propose the integration of biogas-to-methanol
processes with low-carbon Hz production technologies. Herein, the CHa pyrolysis and
chemical looping reforming technologies are employed to adjust the ratio of Hz/(2CO +
3C0Oy) in syngas. The detailed technical and economic performances are evaluated and
compared to quantitatively manifest the strength of two processes. On this basis, the op-
timal process can be determined. This is expected to provide a sustainable pathway for
the efficient conversion of waste biogas.

2. Material and Methods

2.1. Process Description

In this work, the biogas-to-methanol processes, integrated with methane pyrolysis
technology (Option A) and chemical looping reforming technology (Option B), are pro-
posed. The specific process flowsheet diagrams and heat exchange network diagrams are
shown in Figures 1 and 2, respectively. The proposed biogas-to-methanol processes
mainly include a biogas reforming unit, a Hz2 production unit, and a methanol synthesis
unit. For two process options, the process configurations of biogas reforming and metha-
nol synthesis units are similar, whereas the key difference is the H2 production unit. The
relevant process models are designed using the Aspen Plus v.11 (Aspen Technology Inc.,
Cambridge, MA, USA). The important assumption is illustrated as follows:

(1) The Peng-Robinson equation of state is chosen as the thermodynamic model owing
to its better prediction ability for polar and nonpolar compounds [22].

(2) The biogas is made up of CH4 (60 mol%) and CO: (40 mol%). Its operating conditions
are assumed to be 25 °C and 1 bar, respectively.

(3) The isentropic efficiency of the compressor is set at 75%. The pressure drop of the
reactor and heat exchangers is not considered. Additionally, the heat loss in the sys-
tem is ignored.
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Figure 1. (a) Process flowsheet diagram of biogas-to-methanol process combined with methane py-
rolysis technology. (b) Process flowsheet diagram of biogas-to-methanol process combined with

chemical looping reforming technology.
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Figure 2. (a) Heat exchange network diagram of biogas-to-methanol process combined with me-
thane pyrolysis technology. (b) Heat exchange network diagram of biogas-to-methanol process
combined with chemical looping reforming technology.
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2.1.1. Biogas Reforming Unit

The water is pumped and evaporated; then, the obtained steam is mixed with the
biogas. The generated mixture enters the reformer after heating to 850 °C, where the steam
methane reforming and dry reforming reactions occur simultaneously. Herein, the
RGibbs model is selected to simulate the biogas steam reforming reactor [23]. The gaseous
stream from the outlet of the reformer includes unreacted methane, syngas (i.e., COz, CO,
and H2), and byproduct water. It is cooled down and is sent to the flash tank to remove
the byproduct water. Afterward, small amounts of methane and the desired syngas are
compressed to 7.2 MPa, and they are routed to the methanol synthesis unit.

2.1.2. H> Production Unit

Considering that the ratio of H2/(2CO + 3COz) in the aforementioned syngas is lower
than 1, a level at which it is difficult to achieve the efficient conversion of the syngas, and
additional H2 production unit is added to adjust this ratio.

(1) Methane pyrolysis unit

The biogas is first sent to the membrane separator to remove CO:. Following this, the
obtained methane is heated and fed into the methane pyrolysis reactor, which is operated
at 1200 °C and 0.1 MPa. The RPlug model, based on kinetics, is adopted to simulate the
methane pyrolysis reactor, and the specific kinetic parameters are referenced to the work
of Keipi et al. [24]. The gaseous stream from the reactor is primarily composed of Hz, solid
carbon, and some unreacted CHa. Afterward, the cyclone separator is used to recover the
solid carbon. The remaining Hz and unreacted CHs are sent to the membrane separator to
further recover the Ha, and it is routed to the subsequent methanol synthesis unit after
compression.

(2) Chemical looping reforming unit

The chemical looping reforming unit primarily comprises a fuel reactor, a calcination
reactor, and an air reactor. Herein, CaO and NiO are selected as the CO: adsorbent and
oxygen carrier, respectively [25]. To be specific, the water and biogas are heated and then
enter the fuel reactor where the desired Hz and byproduct CO: can be obtained with the
influence of the NiO and steam. Meanwhile, the NiO is reduced to Ni, and the CaO is used
to capture the byproduct COz, generating CaCOs (2.27 kg CaCOs/kg CO2). The obtained
water-containing Hz is cooled, and the water is separated in the following flash. The gen-
erated high-purity Hz is fed into the following methanol synthesis unit after compression.
In the calcination reactor, CaCO:s is decomposed into CaO and COz. The CaO, along with
the Ni, enters the subsequent air reactor. Herein, the Ni is oxidated to the NiO with the
aid of the air. Finally, the oxygen carrier NiO and adsorbent CaO are recycled into the fuel
reactor. The operating temperatures of the fuel reactor, air reactor, and calcination reactor
are set at 500, 900, and 1000 °C. The operating pressures of the fuel reactor, air reactor, and
calcination reactor are set at 1 atm. The RGibbs model is selected to simulate the three
reactors mentioned [26].

2.1.3. Methanol Synthesis Unit

The syngas from the biogas reforming unit and the Hz from the Hz production unit
are mixed with the unreacted syngas. Then, they enter the methanol reactor, which is
packed with the commercial Cu-based catalyst and operated at 240 °C as well as 7.2 MPa.
The RPlug model is used to simulate this reactor, and the detailed kinetic parameters are
derived from the work of Bisotti et al. [27]. The crude product at the outlet of the reactor
consists of methanol, water, COx (i.e., CO and CO2), and Hz. COx and H: are collected
through the two flash tanks. In order to avoid the accumulation of inert components, a
some COx and H: from the first flash tank are exhausted, and the residual portion is
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recirculated to the previous reactor to increase the methanol yield. Afterward, the crude
methanol is sent to the second flash tank to remove a small amount of dissolved COs..
Finally, the fuel-grade methanol is generated by removing the water from the crude meth-
anol in the distillation column.

2.2. Technical Analysis Methods
2.2.1. Carbon Conversion Efficiency

Carbon conversion efficiency (CE) donates the momentous parameter to quantify the
carbon conversion ability, as shown in Equation (3).

M
CE = — 52 2100 3)

Ctotal

where Mcproauet is the mole flowrate of total carbon atoms for the product methanol, and
Mcwota is the mole flowrate of total carbon atoms for the feedstock biogas.

2.2.2. Energy Efficiency

Energy efficiency (EE) refers to the ratio of the output energy to input energy of the
overall system. Thia is expressed as follows:

EE = —QQ"’e’h‘;;l x100 (4)
+

where Q is the sum of the lower heating values (LHV) of feed biogas and the external fuel
natural gas required by the key equipment (e.g., preheaters and endothermic reactor), W
represents the power consumption of the compressor as well as the pump, and Qumethano
means the LHV of targeted methanol.

2.2.3. Unit Carbon Emissions

The measurement unit carbon emissions (UCE) refer to the CO: emissions (CE) based
on one-tonne methanol during the whole biogas-to-methanol stage. This measure is com-
posed of direct (CEuirct) and indirect (CEindiret) CO2 emissions, as shown in Equation (5).
The direct ones in this system are generated by the combustion of the tail gas, which can
be acquired through the simulation results. The indirect ones are generally produced by
utility consumption (i.e., external fuel and electricity).

_CE,.. +CE,

irect indirect

UCE

®)

Methanol

2.3. Economic Evaluation Methods

In this section, four indicators are considered to explore the economic performance
of different process options, namely, annual capital investment (ACI), total operating cost
(TOC), total production cost (TPC), and net production cost (NPC). Their correlation is
shown in Equations (6)—(8). More specifically, the TPC consists of the annual capital in-
vestment and total operating cost. The NPC depends on TPC, total production revenue
(TPR), and the mass flow of methanol.

TPC = ACI +TOC (6)

TPR = Zmi X pc; 7)
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NPC:TPC—TPR ®)

methanol
where Munetanot denotes the mass flow of methanol. mi and pci denote the mass flowrate and
price of byproducts such as solid carbon, highly purified CO:, and N2, respectively.

2.3.1. Annual Capital Investment

ACI is composed of the capital recovery factor (CRF) and total capital investment
(TCI). Herein, TCI is used to reflect the construction cost, which consists of two parts: fixed
capital cost (FCC) and working cost (WC). Its calculation formula is shown in Equations
(9)-(13). The mentioned costs are estimated according to the total equipment cost (Ct). The
primary equipment cost is calculated according to Equations (14) and (15). More specific
calculation methods are described in the work of Zhang et al. [28,29].

ACI =TCIxCRF ©)
TCI = FCC+WC (10)
WC=C,xaxRF (11)

FCC:CExax(1+ZRFij (12)

i=1
l><(1+1)
CRF = < (13)
(1+i) -1

where the rate factor (RF) is reported in the work of Peters et al. (see Table 1) [30]. The
delivery factor a is assumed to be 1.1, and the capital recovery factor (CRF) is used to
calculate the recovered investment cost in a given number of years. Herein, the interest
rate (i) is considered to be 7%, and the plant life (N) is set as 20 years. The cost of the
equipment involved in this work is identified by the six-tenth rule, and it is updated by
considering the chemical engineering plant cost index (CEPCI) given in Equation (15).

n

9

ref

(14)

cI
I=15x=F (15)

1

where 7 is the characteristic scaling index of the whole device and is taken as 0.6.  denotes
the equipment cost, Q denotes the production capacity of the equipment or the size of the
equipment, and CI denotes the (CEPCI) [31].

Table 1. Estimation method of total capital investment.

Classification RF
(1) Delivered purchased equipment 1
(2) Equipment and installation cost 1.47
(3) Auxiliary system 1.15
(4) Building and land cost 0.98

(5) Project construction cost 0.63




Processes 2025, 13, 313

9 of 18

(6) Supervision and contingency cost 0.81
(7) Working capital cost 0.89
(8) Fixed capital cost 2)+@B)+@)+(B)+(6)+(7)

2.3.2. Total Operating Cost

The OC is the cost incurred in the daily production process, as shown in Equation
(16). The OC mainly includes the cost of raw materials (Cr), utility cost (Cu), operation and
maintenance cost (Cosm), and other costs (Cotier). The calculation method is shown in Table
2; we use the full load of 8400 h for the calculation of OC.

OC=Cp+C,+Cp,, +C (16)

other

Table 2. Operating cost estimation.

Item

(1) Raw materials

Biogas 4 USD/G]J [19]
Feed water 0.53 USD/tonne [31]

(2) Utilities

Nonrenewable electricity 0.063 USD/kWh [32]
Natural gas 8.80 USD/MMBtu [33]
Cooling water 0.033 USD/m? [31]

(3) Operating and maintenance

(3.1) Operating labor

5 labors/shift, 3 shift/day, 60,000 USD/labor/a

(3.2) Operating supervision and laboratory charges

35% of operating labor

(3.3) Maintenance and repairs

3% of fixed capital investment

(3.4) Operating supplies

15% of maintenance and repairs

(4) Other costs

(4.1) Insurance and taxes

2% of fixed capital investment

(4.2) Royalties

1% of operating cost

(4.3) Plant overhead costs

60% of labor, supervision and maintenance

(4.4) General expenses

(4.4.1) Administration

20% of labor, supervision and maintenance

(4.4.2) Distribution and selling

2% of operating cost

(4.4.3) Research and development

2% of operating cost

Total operating cost

1) +2)+(3)+4)

3. Results and Discussion
3.1. Technical Performance Analysis

Carbon conversion efficiency, energy efficiency, and CO:2 emissions are selected as
the key technical indicators. On this basis, we compare the technical performance of the
biogas-to-methanol processes coupled with methane pyrolysis (Option A) and chemical
looping reforming (Option B) technologies to investigate the carbon utilization potential,
energy conversion capacity, and environmental impact of the overall system.

3.1.1. Carbon Conversion Efficiency

Figure 3 presents the carbon conversion efficiency of the two process options. The
carbon conversion efficiency of Option B is 73.97%, while the carbon conversion efficiency
of Option A is 66.71%. Therefore, Option B is more competitive regarding carbon
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utilization potential. As can be seen in Figure 4, the process configuration in the biogas
reforming and methanol synthesis units of the two options is the same. Therefore, the
variation in carbon conversion efficiency between the two process options is seen in the
H: production unit. In detail, the amount of biogas consumed in this unit in Option A is
181.17 kmol/h, and that in Option B is 111.73 kmol/h. This is mainly because the hydrogen
generated via the methane pyrolysis pathway is mainly derived from the methane. How-
ever, the hydrogen obtained via the chemical looping reforming pathway originates from
methane and an oxidizing agent (i.e., steam). Thus, Option B has lower biogas consump-
tion compared with Option A, resulting in higher carbon conversion efficiency.

80
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Figure 3. Carbon conversion efficiency of Option A and Option B.
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Figure 4. (a) Detailed carbon flow diagram in Option A. (b) Detailed carbon flow diagram in Option B.

3.1.2. Energy Efficiency

Figure 5 presents the energy efficiency of the two process options. The energy effi-
ciency of Option A is 64.37%, while that of Option B is 70.41%. As mentioned above, their
difference in this level is reflected in the heat duty of the energy-consuming equipment
and the demand for the consumed biogas in the H2 production unit. More specifically, in
Option A, the stream exiting the methane pyrolysis reactor is used to preheat its feed to
minimize the external heat consumption of the energy-consuming equipment. However,
the highly endothermic methane pyrolysis reactor still requires considerable external heat.
According to the simulation results, the energy consumption of the methane pyrolysis
reactor is 10.96 GJ/h. In Option B, the streams exiting the three reactors are also used to
preheat the feed. Meanwhile, the reaction heat in the air and the fuel reactors is recovered
to provide the endothermic calcination reactor and the preheater. In this situation, only
the air preheater requires external heat in the H2 production unit, which is set to 5.20 GJ/h.
In addition, as described in Section 3.1.1, Option B has a significant advantage over Option
A in biogas consumption in the Hz production unit. Therefore, the closely associated LHV
is lower than that of Option A by 10.43%.

80

X
>
1

(=)
>
I

Energy efficiency, %
S S
1 1

w0
>
1

20 -

Option A Option B

Figure 5. Energy efficiency of Option A and Option B.
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3.1.3. Unit Carbon Emissions

Figure 6 shows the unit carbon emissions of the two process options. The results in-
dicate that the same direct CO2 emissions are observed in the two options proposed. How-
ever, Option B has lower indirect COz emissions than Option A by 4.31%, which is mainly
ascribed to the lower level of heat consumption, as shown in Table 3. In two options, CO:
emissions from external fuel combustion are reduced by optimizing the initial heat ex-
changer networks. Nevertheless, the advantage of heat integration in Option B is more
significant compared to Option A. As shown in Section 3.1.2, the heat consumption in
Option B is reduced to 89.53 GJ/h through the cascade utilization of the waste heat. How-
ever, the heat consumption in Option A is still as high as 94.59 GJ/h due to the energy-
intensive methane pyrolysis reactor. As a result, the resulting unit carbon emissions in
Option B are lower compared to those in Option A in terms of 0.012 t COz/t methanol. In
addition, the electricity consumption in Option A is slightly higher than that in Option B
by 0.64 GJ/h. This is mainly because the little unreacted methane, along with the desired
Hy, is compressed in Option A. The associated unit carbon emissions in Option B are lower
than those in Option A in terms of 0.005 t CO2/t methanol.
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Figure 6. Unit carbon emissions in Option A and Option B.

Table 3. CO:z emissions distribution for Option A and Option B.

Item Option A Option B Unit
Direct carbon emissions Waste gas 1.78 1.86 tonne/h
i issi
Tail gas 0.35 0.35 tonne/h
. L. Electricity consumption  3.35 3.26 tonne/h
Indirect carbon emissions .
Heat consumption 5.31 5.02 tonne/h
Total carbon emissions 10.79 10.50 tonne/h
Unit carbon emissions 0.75 0.73 tCO/t CH;OH

3.2. Economic Performance Analysis

Annual capital investment, total operating cost, and net production cost are consid-
ered as important economic indicators. Moreover, the economic performance of two pro-
cess options is compared to explore their economic feasibility.
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3.2.1. Annual Capital Investment Estimation

Table 4 presents the cost of major equipment for two options. As shown in the calcu-
lation result, Option A has more expensive devices than Option B. More specifically, on
the one hand, the high-temperature operating temperature (1200 °C) of the methane py-
rolysis reactor could result in higher design and manufacturing costs. Therefore, the cost
of the methane pyrolysis reactor exceeds that of the three reactors in Option B by 5.47 M$.
On the other hand, the significant advantages of the chemical looping reforming technol-
ogy lie in the in situ separation of H2 and COz. The feedstock pretreatment device is not
necessary. However, for the methane pyrolysis technology, CO:z needs to be separated
from the feed biogas to avoid CO: being reduced to CO in the reactor, which affects the
subsequent adjustment of the hydrogen-carbon ratio. Hence, the cost of the relevant pur-
chased equipment in Option B is lowered by 2.98 M$. Based on the equipment cost men-
tioned, the annual investment cost of the two process options is calculated further, and
the result is shown in Figure 7. The annual capital investment of Option B is lower than
that of Option A by 4.80 M$/a owing to lower equipment cost. Therefore, Option B is more
competitive than Option A in terms of annual investment cost.

Table 4. Detailed equipment cost of Option A and Option B.

No. Equipment Option A Option B Unit
1 Heat exchangers 6.58 7.56
2 Compressors and pumps 6.95 6.79
3 Biogas reforming reactor 19.10 19.10
4 Methanol synthesis reactor 6.27 6.09
5 Membrane separator 2.98 / MS$
6 Methanol separation column 0.41 0.41
7 Flash tanks 0.49 0.48
8 Methane pyrolysis reactor 8.23 /
9  Chemical looping reforming reactor / 2.76
Total equipment cost 51.00 43.20
36
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Figure 7. Annual capital investment of Option A and Option B.
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3.2.2. Total Operating Cost Estimation

The total operating costs of the two process options are illustrated in Figure 8 and
Table 5. As can be seen in this figure, the total operating cost of Option A is determined
to be 49.13 M$/a, whereas that of Option B is identified to be 43.80 M$/a. Consequently,
Option B has notable advantages compared with Option A in terms of the total operating
cost. As described above, the higher carbon conversion efficiency of Option B means less
biogas consumption, reducing the cost of raw materials by 1.15 M$/a. Moreover, the
stronger heat integration ability in Option B further reduces the external fuel consump-
tion, lowering the utility cost by 0.35 M$/a. In addition, Option B has a lower investment
cost than Option A. Therefore, the closely related operation and maintenance costs, as well

as other costs, are reduced by 1.49 M$/a.

Table 5. Detailed total operating costs in Option A and Option B.

Category Option A Option B Unit
(1) Raw materials 11.11 9.96

(1.1) Biogas 11.05 9.90

(1.2) Process water 0.06 0.07
(2) Utilities 11.29 10.77

(2.1) Nonrenewable electricity 3.55 3.46

(2.2) Natural gas 6.63 6.27

(2.3) Cooling water 1.11 1.03 Ms/a
(3) Operating and maintenance 10.97 9.48
(4) Other cost 15.76 13.59

(4.1) Insurance and taxes 5.66 4.79

(4.2) Royalties 0.49 0.44

(4.3) Plant overhead costs 5.74 4.96

(4.4) General expenses 3.88 341
Operating cost 49.13 43.80
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Figure 8. Detailed total operating cost of Option A and Option B.
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3.2.3. Net Production Cost Estimation

The net production costs of two options are shown in Figure 9. Generally, the net
production cost is composed of the mentioned total production cost together with total
production revenue. In the following content, the economic performances of two options
are compared from three mentioned aspects. In terms of the total production cost, Option
B has a 12.24% lower total production cost compared with Option A. This is attributed to
the lower annual capital investment and total operating cost. In terms of the total produc-
tion revenue, the product benefit of Option A is mainly obtained by selling the solid car-
bon generated in the methane pyrolysis reactor and the CO: separated from the biogas.
The product benefit of Option B is primarily derived by selling CO: generated in the fuel
reactor. However, compared with the highly purified CO,, the carbon black has higher
economic values. Therefore, the total production revenue of Option A exceeds that of Op-
tion B by 16.26 USD/t CHsOH (see Table 6). Considering the total production cost and the
product revenue together, the net production cost of Option B is lower than that of Option
A by 64.82 USD/t CHsOH. Although the total production revenue of Option B is superior
to that of Option A, the resulting small margin (16.26 USD/t CHsOH) hardly makes up for
the gap between total production costs (81.08 USD/t CHsOH). Overall, Option B has
stronger economic competitiveness in comparison to Option A when assessed in terms of
economic feasibility.

Table 6. Byproduct revenue of Option A and Option B.

Item Option A Option B Unit
Solid carbon 20.61 /
Highly purified CO: 5.88 10.23 USD/t CHsOH
Total production revenue 26.49 10.23
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Figure 9. Net production costs of Option A and Option B.

4. Conclusions

In order to achieve the efficient utilization of biogas and the carbon mitigation of the
overall system, two biogas-to-methanol processes are proposed. The methane pyrolysis
and chemical looping reforming technologies are integrated into these to adjust the syngas
ratio. Moreover, we compare their technical (e.g., carbon conversion efficiency, energy ef-
ficiency, and CO: emissions) and economic (e.g., net production cost) performances to
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determine the more competitive process option. As a result, the process coupled with
chemical looping reforming technology has more significant strength from technical and
economic perspectives. In more detail, in technical terms, the introduction of the chemical
looping reforming technology reduces the demand for biogas in the H2 production unit.
In this situation, this process has higher carbon conversion efficiency (73.52%). Moreover,
the process integrated with chemical looping reforming technology has a stronger heat
integration ability, leading to higher energy efficiency (70.41%) and lower unit carbon
emissions (0.73 t CO2/t CH3OH). In economic terms, the relatively cheaper equipment and
fewer demands for the raw materials and external fuels result in lower net production
costs (571.33 USD/t CHsOH) in the process coupled with chemical looping reforming tech-
nology. Overall, the two biogas-to-methanol processes proposed both provide feasible
and sustainable technical pathways for promoting the conversion of waste carbon into
valuable methanol. In particular, the adoption of the chemical looping reforming technol-
ogy further improves carbon conversion ability, energy-saving potential, and carbon mit-
igation potential; meanwhile, it enhances economic competitiveness. In future work, a
more detailed environmental analysis assessment must be considered in order to deter-
mine the environmental impact of the biogas-to-methanol processes when integrated with
different H production technologies.
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