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d CO2 reduction benefits of
a coal-to-olefins plant using a CO2-ECBM process
and fuel substitution

Han Yu, a Qingzhe Jiang,*a Zhaozheng Song,a Qian Ma,a Bo Yuanb

and Huanxi Xiongb

Taking advantage of coalbedmethane as a substitute for coal fuel can facilitate CO2 reduction in addition to

CO2 sequestration. Here, the CO2 reduction potential and economic impact of CO2 recovery of methane

from a coalbedwere evaluated at a CTO plant in the Inner Mongolia Autonomous Region of China. Emission

reductions and capital, annual, and methane costs were analyzed basing on engineering data, empirical

formulas, and assumptions. Cost analysis included the influence of a potential carbon tax. In addition,

a sensitivity analysis was conducted on the annual gross profit to parameters, including carbon tax, CO2

capture rate (CCR), pipeline distance, capital recovery factor, CO2 injection rate, operation and

maintenance (O&M) percentage, coal depth, and methane price. Results showed that an optimal CO2

capture rate is about 80%, taking into consideration total capital, annual, and methane costs. At this

optimum CCR, the methane price was calculated as $0.12 Nm�3 and a total capital cost of $323.14 M,

which also results in a 58% reduction in CO2 emissions. Reductions from CO2 sequestration and fuel

substitution respectively account for 66% and 34% of the total emissions reductions. The carbon tax

impact analysis suggests a carbon tax greater than $20 per tCO2 will maintain a profitable system with

a range in CCR of 70–80%. The sensitivity analysis demonstrates that carbon tax, CCR, and pipeline

distance have the greatest effects on annual gross profit.
1. Introduction

Olen plays an important role in the petrochemical industry;
therefore, its production capacity may in part reect a nation's
economic status. The world ethylene production capacity
reached 153.5 Mt/a with a documented production of roughly
130.0 Mt/a in 2014.1 In China, the domestic supply of ethylene
was 17.3 Mt/a in 2015; nevertheless, the demand was over 37.3
Mt/a with a big gap of 20 Mt/a;2 it is imperative that this gap be
lled with olens derived from alternative resources. The
characteristics of China's energy structure are referred to as
“rich in coal, low in oil, and poor in gas” (see Fig. 1), which
makes coal to olens (CTO) production themost clear choice for
solving the olen shortage problem.

The CTO process has clear advantages in product cost based
on the low price of feedstock.4 However, CTO technology suffers
from high CO2 emissions, which urgently needs to be addressed
in the context of the international political environment. CO2

mitigation methods have primarily focused on fuel balance and
ssing and Beijing, China University of

ail: jiangqingzhe@163.com; Tel: +86 10

t Technology, China National Petroleum

hemistry 2017
switching, technology upgrades, and CO2 capture for seques-
tration or utilization.5–10 Among these, CO2 sequestration has
been veried as an effective approach because it can reduce CO2

at a larger scale than other options. Carbon capture and storage
(CCS), CO2 enhanced coalbed methane (CO2-ECBM), and CO2

enhanced oil recovery (CO2-EOR) are three major technologies
which have received increasingly attention in recent years.
Fig. 1 Profile of major energy production in China since 2006.3

RSC Adv., 2017, 7, 49975–49984 | 49975

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra07994j&domain=pdf&date_stamp=2017-10-25
http://orcid.org/0000-0002-1930-267X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07994j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007079


Table 1 Screening criteria for CO2-EOR

Criteria Miscible Immiscible

Capacity >4 Mt
Reservoir type Sandstones and carbonates
Rock wettability Water wet of week oil wet
Depth >450 m 600–900
Thickness <40 m 10–20 m
Temperature 60–121 �C >35
Pressure > minimum miscibility

and < fracture pressures
>7.5 MPa

Porosity >3% >3%
Permeability >5 mD >0.1 mD
Caprock thickness >10 m >10m
Oil density <0.88 >0.9
Oil viscosity <10 mPa s 10–1000
Oil saturation >0.3 0.3–0.7

Table 2 Screening criteria for CO2-ECBM

Criteria Suitable condition

Capacity >1 Mt
Thickness >10 m
Depth 300–1500 m
Temperature >35 �C
Pressure >7.5 MPa
Porosity >5%
Permeability >1 mD
Caprock thickness >10 m
Ash content <25%
Methane content 2.5–50 m3 t�1

Coal rank 0.6–1.5%
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All the three processes have similar key sub-processes: (1)
CO2 collection and pretreatment; (2) CO2 compression and
transportation; and (3) geologic injection. The CO2 sources
include industries related to generation of power, production of
cement, iron and steel, and coal chemicals as well as chemical
reneries.11 Different technologies for gas pretreatment have
been adopted due to varying CO2 concentrations in the ue gas
resulting in different corresponding carbon capture costs. For
onshore CO2 transportation, pipeline and tanks are the two
primary modes. Results demonstrate that for longer distances,
pipeline transportation is relatively more cost-effective due to
its larger CO2 loading capacity.12 With regard to the CO2

geologic injection procedure involved in the CO2-EOR and CO2-
ECBM projects, it is much higher in complexity than the rst
Table 3 Previous field tests on CO2-ECBM

Scale Location Key n

Field test San Juan Basin, USA Gas rec
Field test Upper Silesian Basin, Poland 55–70%
Micro-piolet test Ishikari Coal Basin, Japan Methan
Micro-piolet test Qinshui Basin, China Methan

49976 | RSC Adv., 2017, 7, 49975–49984
two sub-processes. Tables 1 and 2 show the criteria for CO2-EOR
and CO2-ECBM projects.13

As is evident, the CO2-EOR and CO2-ECBM processes as well
as the economic performances are sensitive to parameters like
oil density, oil viscosity, permeability, methane content, and
well depth. According to Dahowski,14 the net costs pertaining to
the large CO2 point sources in China range from less than �$60
to more than $200 per ton of CO2 stored. Sun et al.13 concluded
that CO2-EOR could be considered the most favorable CCUS
technology that deserves highest priority for development in the
short and medium term. Kay Damen et al.15 made a comparison
between the four CO2-EOR and CO2-ECBM projects. Results
showed that the CO2 mitigation costs ranged between �3 to 19
V/t CO2 and 5 to 6 V/t CO2, respectively that ratied promising
prospects for both the CO2 reduction methods.

Here, a notable point is that the methane gas generated from
the CO2-ECBM process can become a source of revenue as
feedstock or fuel, with minimal processing; this gives the
process a comparative advantage over the CO2-EOR process and
other CCS processes.

The CO2-ECBM process has been studied extensively. A
feasibility study on ECBM recovery and CO2 storage was con-
ducted in Southeast Qinshui Basin, China by Zhou et al.16 Wong
et al.17 evaluated the conceptual economic performance of a full-
scale CO2-ECBM project and concluded that it showed prom-
ising prospects for deployment. A laboratory and simulation
investigation of ECBM recovery by CO2 injection was conducted
by Fulton et al.18 that demonstrated an increase in the gas
recovery efficiency from 36% to 132% with an increase in CO2

pressure from 0.34 to 1.41 MPa. An experimental study con-
ducted by PhilippWeniger et al.19 revealed that the CO2 sorption
capacities exceeded the methane sorption capacities by a factor
of 1.9–6.9 for the coal samples extracted from the Paraná Basin,
Brazil. A.S. Ranathunga,20 in his study, concluded that
compared to natural recovery, CO2 ooding can signicantly
increase the CH4 production from low-rank coal seams.
However, most of the related researches are on an experimental
level. The few eld level studies that have been conducted
related to CO2-ECBM processes are presented in Table 3; they
reveal that the impact of CO2 injection on CH4 recovery is
denitely positive at the eld level, although it may vary
according to operating conditions and geological settings. A
broad body of literature is also available on ECBM theory and
mechanisms in detail.21–24 Most scholars have focused more on
coalbed methane production and have only evaluated the CO2

reduction potential from the perspective of CO2 sequestration;
very few studies have evaluated the benets of the produced
methane.25,26
dings Ref.

overy was enhanced from 77–95% by CO2 injection Reeves27

increase of gas production Bergen28

e production was enhanced by 2–3 times Fujioka29

e production was enhanced by 2.5–15 times Wong10

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Schematic of the CO2-ECBM process with methane returning
to the CTO plant.

Fig. 3 Location of the CTO plant in Baotou City, Inner Mongolia
Autonomous Region of China, and the CO2-ECBM field in the Ordos
Basin.
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In this study, a system consisting of CO2 capture and
compression, CO2 pipeline transport, CO2-ECBM processing,
and methane pipeline transport was constructed (see Fig. 2).
Taking advantage of the produced methane to displace coal fuel
in the CTO plant boilers have the potential for additional CO2

reduction because methane is much cleaner than fuel coal. A
particular CTO plant in China was selected as the study site and
the adjacent Ordos Basin was chosen for the CO2-ECBM eld
option. CO2 resources for ECBM processing were derived from
the CTO plant emissions. The produced methane was sent back
to substitute for the fuel coal in the CTO plant boilers, which
offered a novel low carbon option for the CTO plant. The CO2

reduction potential and corresponding economic performance
were evaluated.
2. Methodology
2.1 Overview

In this study, CO2 from a Rectisol® unit was transported to the
CBM eld and injected into the coalbed, which produced
methane. The methane was sent back to the CTO plant to
replace the fuel coal in the boilers. Thus, CO2 emission reduc-
tions were derived from both CO2 sequestration and switching
fuels.

A CTO plant in Baotou City, Inner Mongolia Autonomous
Region of China was selected as study site. The plant was put
into production in 2011 with an olen capacity of 0.7 Mt/a,
which made it the rst and largest CTO commercial scale
facility.30 According to the literature,31 the total emission of the
CTO plant was near 6 Mt CO2/a. Table 4 shows the CO2 emission
sources as percentages of total emissions. The Rectisol unit
Table 4 CO2 emissions of the Shenhua Baotou CTO plant

CO2 sources Value (Mt/a) CO2 concentration (%) Portion (%)

Rectisol unit 3.60 88.1 60.1
MTO regenerator
ue gas

0.11 21.0 2.0

Sulfur recovery
ue gas

0.06 28.1 1.0

Steam superheater
ue gas

0.03 9.5 0.5

Boiler ue gas 2.18 6.0 36.4
Total 5.98 100.0

This journal is © The Royal Society of Chemistry 2017
accounted for the most emissions, 60.1% of the total, with
a CO2 concentration of 88.1%. Boiler ue gas accounted for
36.4% of total emissions, but the CO2 concentration was as low
as 6.0%. Because the two sources accounted for 96.5% of total
emissions, they were the main focus of CO2 reduction. CO2 ue
gas emissions from the MTO regenerator, sulfur recovery, and
steam superheater accounted for the remaining 3.5%.

The treated CO2 was sent to the gas eld in the Ordos Basin
through a pipeline. With an area of 25 � 104 km2, the Ordos
Basin is the second largest sedimentary basin in China;32 it is
a few hundred kilometers south of Baotou City (see Fig. 3). The
basin has the largest proven reserves of natural gas with >500 �
109 m3 in newly conrmed annual reserves.33,34 Six gas elds,
Jingbian, Daniudi, Shenmu, Sulige, Zizhou, and Yulin, with
>1000 � 108 m3 of proven reserves have been found in the basin
to date.35 Table 5 presents basic information on the main gas
elds in the Ordos Basin;36,37 it can be noted that most of the
elds possess low permeability and high averaged coal layer
thickness, indicating that perfect gas sealing conditions are
possible. In this study, no specic gas eld was identied so the
CO2 transport distance varied. The produced methane was
transported back to the CTO plant by pipeline.

Before the economic analysis, a preliminary safety evaluation
needs to be performed. Adaptive capacity performance as per
the operating conditions differs signicantly from one gas eld
to another due to the differences in geological settings. The
main safety risks comprise leakage, pipeline corrosion, and
reservoir fracture; the rst two risks can be managed effectively
through monitoring and maintenance.
Table 5 Basic characteristics of main gas fields in Ordos Basin

Gas
elds

Porosity
(%)

Permeability
(mD)

Thickness
(m)

Gas saturation
(%)

Jingbian 4.5–7.4 0.6–5.5 3.1–8.1 77%
Daniudi 6.0–10.6 0.4–1.0 5.3–14.8 22%
Shenmu 7.5–7.8 0.6–2.5 5.8–8.8 33%
Sulige 7.0–11.0 0.5–1.0 4.9–11.5 22%
Zizhou 5.8–8.5 0.7–1.3 6.6–9.0 67%
Yulin 6.0–6.6 1.8–8.2 6.5–10.8 35%

RSC Adv., 2017, 7, 49975–49984 | 49977
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However, the third risk, i.e., reservoir fracture, is relatively
more complex to manage. It is related to geological character-
istics and operating pressure. We use Daniudi gas eld as an
example. Its caprock is a set of 180–300 m thick lacustrine
clastic mudstones with a single layer of thickness up to 30–50
m. The minimum values of porosity and permeability are 6.0%
and 0.4 mD, respectively, indicating that the reservoirs have
good sealing efficiency and a stable regional distribution. The
overpressure was estimated to be as high as 20–25 MPa; much
higher than the general CO2-ECBM operating pressure.38,39 As is
shown in Table 5, most of the gas elds in the Ordos Basin have
similar characteristics of low porosity, permeability and like-
wise. This fact indicates that the preliminary safety require-
ments for a CO2-ECBM process in the Ordos Basin are met.
However, there is a need of a detailed empirical investigation,
along with a process simulation, and pilot test specic to the gas
reservoir before an actual CO2-ECBM process is undertaken.

2.2 CO2 reduction

Total CO2 reduction consisted of two processes, direct CO2

sequestration in coalbeds and indirect CO2 reduction from fuel
switching.

Throughout the process, net CO2 sequestration underper-
forms the theoretical calculations. This difference is due to CO2

losses in the capturing and purifying process, leakages in
pipelines, and parasitic CO2 produced from energy use. There-
fore, the net CO2 sequestered in coalbed was set at 79% of the
total CO2 based on calculations by Wong.17

The amount of CO2 reduction from fuel switching was
calculated on the basis of low heat value and carbon content per
GJ. The low heat value and carbon content for coal fuel are 14.08
GJ t�1 and 28.00 � 10�3 t C/GJ, respectively. The low heat value
and carbon content for the produced methane are 389.31 GJ/104

Nm3 and 15.30 � 10�3 t C/GJ, respectively.3,40

2.3 Economic evaluation methodology

The economic evaluation for CO2-ECBM was based on four
aspects, total capital cost, annual cost, methane cost, and
annual gross prot.

2.3.1 Capital cost. We analyzed the capital cost for the
whole CO2-ECBM process including CO2 capture and
compression, CO2 pipeline construction, CBM production, and
methane pipeline construction.

� CO2 capture and compression. CO2 from the Rectisol unit
needs to be processed using the existing absorption tower and
ashing evaporator to concentrate the CO2 from 88.1% to
>98.5%. The CO2 capture rate will vary from 10% to 100% by
switching the operating pressure and temperature. Therefore,
the capital cost includes compressors and pumps.

These costs were estimated based on the method described
by McCollum and Ogden.41 This approach adopts a combina-
tion of 5-stage compression plus pumping to increase the CO2

pressure from atmospheric pressure to 15.0 MPa for trans-
portation. An additional parallel compressor train was needed,
and the calculated compression power was more than 40 000
kW due to the limits of the single compressor maximum power.
49978 | RSC Adv., 2017, 7, 49975–49984
The compression power calculating formulas for each stage are
as follows:

Ws ¼
�

1000

24� 3600

��
mZsRTin

Mhis

��
ks

ks � 1

�h
ðCRÞðks�1Þ=ks � 1

i
(1)

Ws-total ¼ (Ws)1 + (Ws)2 + (Ws)3 + (Ws)4 + (Ws)5 (2)

Ntrain ¼ ROUNDUP

�
Ws-total

40 000

�
(3)

where CR ¼ (Pcutoff/Pinitial)(1/Nstage); Pcutoff ¼ 7.38 MPa; Pinitial ¼
0.1 MPa; Nstage ¼ 5; R ¼ 8.314 kJ (kmol�1 K�1); M ¼ 44.01 kg
kmol�1; Tin ¼ 313.15 K (i.e., 40 �C); his ¼ 0.75; 1000 ¼ kg t�1; 24
¼ h day�1; 3600 ¼ s h�1; Zs ¼ 0.995 (stage 1), 0.985 (stage 2),
0.970 (stage 3), 0.935 (stage 4), 0.845 (stage 5); ks ¼ 1.277 (stage
1), 1.286 (stage 2), 1.309 (stage 3), 1.379 (stage 4), 1.704 (stage 5).

Power needs for boosting the pressure of the dense phase
CO2 to the nal 15.0 MPa outlet pressure were estimated as
follows:

Wp ¼
�
1000� 10

24� 36

��
m� �

Pfinal � Pcutoff

�
rhp

�
(4)

where m ¼ CO2 mass ow rate (t day�1); r ¼ 630 kg m�3; hp ¼
0.75; 1000 ¼ kg t�1; 24 ¼ h day�1; 10 ¼ bar MPa�1; 36 ¼ m3 bar
h�1 per kW.

The capital cost of the compressor and pump was based on
the following equations:42

mtrain ¼ (1000 � m)/(24 � 3600 � Ntrain) (5)

Ccomp ¼ mtrainNtrain

��
0:13� 106

�ðmtrainÞ�0:71

þ �
1:40� 106

�ðmtrainÞ�0:60ln
�
Pcut-off

Pinitial

��
(6)

Cpump ¼ [(1.11 � 106) � (Wp/1000)] + 0.07 � 106 (7)

where mtrain ¼ CO2 mass ow rate of each compressor (kg s�1).
� CO2 pipeline transport. The capital costs of CO2 pipelines

have been estimated using several models, including linear cost
model,43 ow rates model,41,44–46 pipeline weight model,12,47 and
quadratic equations.48,49 In this case, we adopted a model based
on the ow rates and pipeline length:46

I ¼ 77 854 � m0.4055 � L + 595 704 (8)

where I ¼ total capital cost of the pipeline; m ¼ mass ow (kg
s�1); and L ¼ pipeline length (km), which was set to 200 km in
the base case.

� CO2 enhanced coalbed methane process. For this part, the
capital costs included the investment for CO2 injecting wells,
methane production wells, and eld infrastructure. The
number of injection wells was the key factor in capital cost,
which depends heavily on the CO2 injection rate. According to
eld geologic parameters, Dahowski set the injection rates for
most of China's hypothetical CO2-ECBM elds. In his work, the
annual injection rate in the Ordos Basin was evaluated as
200 000 tCO2 per well.46 However, data from the very few CO2-
This journal is © The Royal Society of Chemistry 2017
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ECBM projects indicate that the documented on-site injection
rate was much less than the calculated values.10,16,17 Thus, the
annual injection rate of 14 000 tCO2 per well was applied in this
study, based on the results of the only large-scale CO2-ECBM
project to date, in the San Juan Basin of New Mexico, USA.50 The
injection-to-production well ratio was set as 1 : 1.22, referring to
a full-scale conceptual CO2-ECBM project in Qinshui Basin,
Shanxi Province, China.17 Capital costs were estimated for wells
and infrastructure as follows:51,52

Cwell ¼ 1 000 000 � 0.127e0.0008z + 530.7 (9)

Cinfrastructure ¼ 43 600�
ffiffiffiffiffiffiffiffiffiffi
7389

280n

r
(10)

where z ¼ well depth in m and n ¼ number of wells in the eld;
a well depth of 500 m was adopted for the base case.

� Methane transport. Currently, Pipeline transport of Natural
Gas (PNG) is a booming market in China. Because the tech-
nology is mature, researchers have rich experience in estimating
capital cost. In this study, the capital cost of constructing
a natural gas pipeline was calculated on the basis of 2 � 106

RMB km�1.53

2.3.2 Operation and maintenance (O&M) cost. There are
different methods for O&M cost estimates for each part of the
process. In the literature, annual O&M costs are generally
expressed as a percentage of capital costs, which are generally in
the range of 1.5–4.0%.14,54 Equations and xed value per unit are
also applied in various methods,55,56 derived from large
amounts of data analysis or experience. In this work, the annual
O&M costs were expressed as a xed 2.0% of the total capital
cost.

2.3.3 Energy cost. In this study, energy consumption was
mainly caused by CO2 purifying units at the CTO plant,
compressors and pumps, and was easily estimated from elec-
tricity consumption. The energy use in the CO2-ECBM eld and
during methane transport was neglected because the methane
pressure aer production was usually high enough to move the
short distance, less than 500 km, from the eld to CTO without
additional boosters or pumps.57 The energy consumption data
was obtained from Xiang.58 The electricity price was set as $0.1
kW h�1.59

2.3.4 Annual cost and methane cost. The annual cost was
selected as the index consisting of annualized capital, O&M, and
energy costs. A capital recovery factor of 0.15 was applied to
annualize the capital cost. Annual cost and methane cost were
calculated as follows:

Cannual ¼ Ctotal capital � CRF + CO&M + Cenergy (11)

Cmethane ¼ Cannual/Pmethane (12)

where CRF ¼ capital recovery factor (%) and Pmethane ¼ annual
methane production (Nm3).

2.3.5 Annual gross prot. Annual gross prot was calcu-
lated based on annual revenue and annual cost, while annual
revenue was obtained by adding the revenue due to avoiding the
carbon tax and methane sales.
This journal is © The Royal Society of Chemistry 2017
2.4 Basic assumptions

The purpose of the economic calculations was to determine the
economic feasibility and appeal of the project with the adopted
parameters. Some assumptions were required due to the lack of
documented variables, which are described as follows.

The CTO plant and CO2-ECBM process were assumed to
operate 8000 hours annually. The pipeline length for CO2 and
methane were set to 200 km for the base case.

No boosters were considered for CO2 and methane pipeline
transport. For CO2 transport, the pressure drops may be fairly
small for short distance transportation. For methane transport,
the methane can be delivered back to the CTO plant by taking
advantage of the high pressure during methane production.

We also assumed that every 1 molecule of methane
production requires 2 molecules of CO2 injection, and no
breakthrough will occur for the lifetime of the CO2-ECBM
process.

All costs are expressed in U.S. dollars and converted to 2015
dollars by using the Chemical Engineering Plant Cost Index
without taking tax into account.60 The exchange rate between US
dollars and RMB was set to 6.39 according to the average
exchange rate of 2015.61
3. Results and discussion
3.1 CO2 reduction

As indicated previously, CO2 reduction was achieved using both
CO2 sequestration and switching fuels. Furthermore, CO2

reduction from the sequestration process was set to 79% of the
initially calculated value.

As shown in Fig. 4, the CO2 sequestration curve is linear
because CO2 reduction was calculated based on a x percentage.
The reduction from switching fuels continues to increase until
the CCR reaches 59.4%, subsequently, no further reductions
from switching fuels occurs, which causes a slight decrease in
the total reduction trend. At a CCR of 59.4%, the fuel coal used
for CTO plant boilers has been totally substituted with coalbed
methane. Nonetheless, it is evident that the total emission
reduces signicantly as the CCR increases. For example, the
Fig. 4 Variations in CO2 reductions and emissions at different CCR.
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total emission drops from 5.98 Mt/a to 2.52 Mt/a when CCR is
80%, which represents a 58% CO2 reduction in emissions, of
which 34% is contributed from switching fuels.
Fig. 6 Breakdown of capital cost items for a CCR of 70%.

Fig. 7 Breakdown of capital cost items for a CCR of 80%.
3.2 Economic performance

3.2.1 Total capital cost. Fig. 5 shows the variation in total
capital and constituent costs with CCR ranging from 10% to
100%. The total capital cost increases with CO2 capture rate,
although the capital cost for wells, infrastructure, and pipeline
are constant regardless of CCR. The capital cost for methane
pipeline does not change with CO2 capture rate because
methane pipeline costs were based on pipeline length. From
Fig. 5, it is clear that a CCR of 80% is a threshold, increasing
CCR beyond this point leads to signicant increases in capital
cost for CO2 capture and compression. This threshold is due to
the power requirements above a CCR of 88.5%, 318.54 Mt/a. At
this value, the single compressor reaches the maximum power
limit of 40 000 kW, so a parallel compressor will be needed,
which causes an obvious increase in CO2 compression capital
costs.

The capital cost per unit of CO2 capture capacity was selected
as the economic index. As shown in Fig. 5, capital costs per unit
of CO2 capture capacity decreases dramatically when the CO2

capture rate increases from 10% to 80%; CCR greater than 80%
shows no additional cost benet. Therefore, from the perspec-
tive of capital cost, the capture rate should be set to 80%.

To gain a better insight into the impact of each constituent
cost, a breakdown of capital cost items for the CCRs of 70%,
80%, and 90% are shown in Fig. 6–8; this highlights the varia-
tions around the threshold CCR of 80%. As shown, capital cost
proportions for CCR 70% and 80% follow the same ranking:
CO2 pipeline, wells and infrastructures, methane pipeline, and
CO2 capture and compression in order of decreasing capital
cost. For a CCR of 80%, the capital cost for CO2 pipeline
accounts for 33.17% of the total cost, while wells and infra-
structure capital cost account for 32.96%, andmethane pipeline
and CO2 compression account for 19.38% and 14.49%, respec-
tively. However, for a CCR of 90%, the capital costs for wells and
Fig. 5 Variations in total capital and constituent costs and costs
normalized to capture capacity with changing CCR.

49980 | RSC Adv., 2017, 7, 49975–49984
infrastructure are dominant, followed by CO2 pipeline, CO2

capture and compression, and methane pipeline.
3.2.2 Annual cost and methane cost. The annual cost index

was comprised of annualized capital, O&M, and energy costs.
The capital recovery factor of 0.15 was applied to annualize the
capital costs, and the results are shown in Fig. 9–11.

As Fig. 9 indicates, annual costs increase with increasing
CCR, with an increase in annual cost rate at the CCR threshold
of 80%. This observation reiterates that the optimal CCR ranges
between 80% and 90%, which was found in the previous capital
cost results. This range provides economically reasonable
annual costs.

Energy and well and infrastructure costs show large changes
in annual cost growth. The 10% and 80% CCRs were taken as
Fig. 8 Breakdown of capital cost items for a CCR of 90%.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The annual cost variations due to changing CCR.

Fig. 10 Proportional changes in annual costs for CCRs of 10% and
80%.

Fig. 11 Variations in methane costs, in units of per cubic meter, with
changing CCR.

Fig. 12 The net annual costs compared to net annual revenue from six
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examples to compare the proportional changes (see Fig. 10). As
shown, annual costs from the methane pipeline accounts for
the highest proportion (33.6%) at a CCR of 10%, followed by
CO2 pipeline costs of 25.0% and energy costs of 12.6%. In
comparison, at a CCR of 80%, energy costs account for the
highest proportion of annual costs (37.6%), followed by CO2

pipeline costs of 18.3% and wells and infrastructure costs of
18.1%. Clearly, energy use becomes the dominant cost as CCR
increases. In addition, the CO2 capture rate has relatively
greater inuence on annual cost than those from CO2 and
methane pipelines, wells and infrastructures, O&M, and CO2

capture and compression.
To obtain a better understanding of the economic perfor-

mance, the cost per cubic meter ($ Nm�3) of methane was eval-
uated (see Fig. 11). Clearly, the unit volume cost drops
conspicuously prior to CCR 60%, aer which the downward trend
attens until the trend goes up for CCR greater than 80%. This
indicates that the optimal CCR is between 70–80%, slightly
different than the optimal value derived from annual costs. When
the CCR was set as 80%, the cost for per cubic meter of methane
was as low as $0.12 Nm�3. This is much cheaper than the current
market price of Chinese methane, which is about $0.30 Nm�3.

3.2.3 Effect of carbon tax. Carbon tax and methane sale
should be taken into consideration when evaluating the
economic advantages of the project because these may facilitate
This journal is © The Royal Society of Chemistry 2017
indirect benets due to policy. The carbon tax is a fee that the
energy company will pay the government for CO2 emissions. In
this case, the carbon tax can be avoided due to reduction and
sequestration. Furthermore, sales of excess methane not used in
the facility were considered revenue. Four carbon tax scenarios,
$10 t�1 CO2, $20 t�1 CO2, $30 t�1 CO2, and $40 t�1 CO2, were
evaluated. We assumed that excess methane would be sold at
a price of $0.3 Nm�3 when the CCR is greater than the critical
point of 59.4%. Fig. 12 shows the results of economic perfor-
mance for the four carbon tax scenarios. A clear upward trend is
shown aer the CCR critical point of 59.4% because the revenue
from methane is much higher than the carbon tax. The inter-
sections of annual cost curve and revenue curves are the break-
even points; clearly, higher carbon taxes lead to smaller
corresponding CCRs to breakeven. For example, in the scenario
with a carbon tax $10 t�1 CO2, the breakeven point appears when
the CCR nearly reaches 80%. However, the breakeven point is
reached at a CCR of 20% in the scenario with a carbon tax of $40
t�1 CO2. Synthesizing these results from the results discussed in
Sections 3.2 and 3.3.1, the optimal CCR is between 70% to 80%,
CO2-ECBM technology will only be economically feasible if the
carbon tax is $$10 t�1 CO2 in this interval. Furthermore, higher
different carbon tax scenarios.

RSC Adv., 2017, 7, 49975–49984 | 49981
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Table 6 Parameters for base case and adjustments used in the
sensitivity analysis

Parameters Base case Adjusted values

Carbon tax ($ t�1 CO2) 30 20, 40
CCR (%) 60 50, 70
Distance (km) 200 100, 300
Capital recovery factor (%) 15 12.5, 17.5
Injection rate (t/a per well) 14 000 10 000, 18 000
O&M percentage (%) 2.0 1.5, 2.5
Coal depth (m) 500 400, 600
Methane price ($ m�3) 0.30 0.25, 0.35
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carbon taxes, $20 t�1 CO2 or even higher in the next few years, will
make the application of CO2-ECBM technology for CTO plants
even more attractive economic prospects.
3.3 Sensitivity analysis

A sensitivity analysis was conducted to evaluate the economic
performances due to the uncertainties in some of the assump-
tions. The base case was set to make comparisons, and uctua-
tions in annual gross prot are due to changes in the main
parameters (see Table 6). The annual gross prot for the base
case was calculated as $19.75 M. The parameters investigated
were carbon tax, CCR, pipeline distance, capital recovery factor,
CO2 injection rate, O&M percentage, coal depth, and methane
price. Results of the sensitivity analysis demonstrate the sensi-
tivity of annual gross prot to parameter values (see Fig. 13).

Fig. 13 indicates that the carbon tax, CCR, and distance are
the three main factors that affect annual gross prot. It is most
sensitive to carbon tax because this parameter is the main
revenue stream. The annual gross prot from the case with
a $40 t�1 CO2 carbon tax is nearly 2.5 times higher than the base
case. Interestingly, the inuence of the CCR increase is much
larger than that of a CCR decrease even though the ranges are
the same. This indicates that the CCR should be set higher than
60% to maintain protability. Annualization and injection rates
were less sensitive factors, which depend heavily on the lifetime
of the equipment and technology, respectively. These two
factors will be the main considerations for calculating the
economic forecast. Finally, reasonable changes in O&M
percentage, coal depth, and methane price do not signicantly
inuence annual gross prot.
Fig. 13 Sensitivity analysis of annual gross profit based on changing
the values of the listed parameters.

49982 | RSC Adv., 2017, 7, 49975–49984
4. Conclusion

In this work, a CO2 reduction system using CO2-ECBM and
extracted methane as an alternate fuel in a CTO plant was
evaluated. The CO2 reduction potential and corresponding
economic performance of the system was examined. A number
of conclusions can be drawn from the results:

� The power of one compressor will meet the compression
demands for CCRs below 88.5%; above this threshold, another
compressor will be needed, which will cause increase the capital
costs signicantly.

� The capital cost per unit of CO2 capture capacity decreases
dramatically when the CO2 capture rate rises from 10% to 80%,
then the trend stabilizes to a nearly constant value. This indi-
cates that the optimal CCR to minimize capital cost is 80%.

� Total capital costs are dominated by cost for wells and
infrastructures; for CCR above 50%, CO2 pipeline costs domi-
nate the capital costs.

� An economical reasonable CCR range is proposed as 80–
90% from an annual cost perspective.

� Energy costs grow most rapidly with increasing CCR, fol-
lowed by costs for wells and infrastructure. The proportional
constituent costs are ranked in the same order for all CCRs,
even for those above 80%.

� An optimal CCR range of 70–80% was proposed based on
methane cost.

� A CCR of 59.4% is a critical point for this particular CTO
plant because complete fuel switching from coal to methane
occurs.

� A CCR of 80%, results in a 58% reduction in CO2 emis-
sions; of this reduction, CO2 sequestration and switching fuels
account for roughly 66% and 34%, respectively.

� In the optimal CCR interval of 70–80%, a minimum carbon
tax of $10 t�1 CO2 makes the project feasible; carbon taxes
greater than $20 t�1 CO2 generates substantial prots.

� Carbon tax, CCR, and pipeline distance are signicant
when the annual gross prot was used as an index. The impacts
of capital recovery factor and injection rate are relatively small.
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