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• A CO2-ECBM system analysis simulta
neously estimates engineering, eco
nomic, and environmental outcomes.

• Deep unminable coal seams are 
economically viable for CO2 sequestra
tion while unlock abundant natural gas. 
unminable coal seams are demonstrated 
to be economic viable as a emission sink 
for CO2 sequestrtion and unlock exces
sive natural gas supply.

• Environmental and economic trade-offs 
are evaluated to enable the negative 
emission potentials for the CO2-ECBM 
process.
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A B S T R A C T

Economically viable and environmentally sustainable geological carbon sequestration (GCS) will be necessitated 
to mitigate the rising climate change. CO2-enhanced coalbed methane (CO2-ECBM) recovery offers a promising 
solution to address the dual challenges in energy security and environmental sustainability. However, scaling up 
CO2-ECBM requires comprehensive multi-perspective understanding at the system level. This work proposes an 
engineering, economic, and environmental (3E) system analysis framework to evaluate the multi-aspect benefits 
of CO2-ECBM, deploying the Mannville coal in Alberta, Canada, as an example. Four key findings are highlighted. 

Abbreviations: 3E, engineering, economic, and environmental; ALCA, attributional life-cycle assessment; BHP, bottomhole pressure; CAPEX, capital expense; CBM, 
coalbed methane; CCUS, carbon capture, utilization, and storage; CDR, carbon dioxide removal; CI, carbon intensity; CLCA, consequential life-cycle assessment; CO2- 
ECBM, CO2 enhanced coalbed methane recovery; CO2-EOR, CO2 enhanced oil recovery; CO2-ESGR, CO2 enhanced shale gas recovery; CtG, cradle-to-gate; DAC, direct 
air capture; DCF, discounted cashflow; GHG, greenhouse gas; GtG, gate-to-gate; GWP-20, global warming potential over 20-year; HCPV, hydrocarbon pore volume; 
IEA, International Energy Agency; LCA, life-cycle assessment; LCOCS, levelized cost of carbon storage; LCOM, levelized cost of methane; LCT, total levelized cost; 
NPV, net present value; OPEX, operating expense; OPGEE, oil production greenhouse gas emissions estimator; TEA, techno-economic analysis; UFgross,UFnet , gross and 
net utilization factor of CO2.
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Techno-economic analysis
Life-cycle assessment

First, we demonstrated deep unmineable coal seams are reliable CO2 sinks in that 0.08 kg of CO2 can be stored 
per MJ of CBM production. Second, the levelized cost is $1.19/GJ with a carbon footprint of ~10 gCO2e/MJ 
using current technologies. GCS in coal enables carbon offsets due to CO2 utilization. Third, carbon-neutral and 
carbon-negative CBM is achievable when CO2 is point-sourced and from atmosphere, respectively. Lastly, the 
carbon dioxide removal (CDR) during CO2-ECBM can generate a trade-off of $4.7/GJ associated with 8.6 g CDR 
(a net CDR efficiency of 6.2 %). Economic viable CDR requires a carbon tax of $175/tCO2 plus reducing direct air 
capture (DAC) costs to $115/tCO2 or improving DAC efficiency to at least 86 %. This novel integrated framework 
bridges the gap between energy engineers, economists, and policymakers, unlocking the potential to transform 
unmineable coal seams from a CO2 source to a sink.

1. Introduction

Coal still plays a central role in the global energy supply, remaining 
the largest energy source for electricity generation, cement production 
and steelmaking (IEA, 2024). Storing CO2 in coal seams could in part 
address CO2 emissions associated with the coal industry and other point- 
source emitters. Unlike conventional reservoirs, gas storage in coalbed 
methane (CBM) reservoirs is primarily through adsorption within their 
microporous structure, which allows for a more secure CO2 storage 
compared with other geological porous media (Clarkson et al., 2008). 
The CO2-enhanced coalbed methane (CO2-ECBM) recovery process, 
applied to deep, unmineable coal formations, provides natural gas to the 
energy sector while sequestering CO2 (Clarkson et al., 2008; Moore, 
2012). The injection of CO2 into coal seams can lead to incremental 
recovery of methane at production wells due to a combination of 
displacement of methane in the adsorbed phase due to the greater 
adsorption strength of CO2, and a partial pressure reduction of methane 
in the gas phase (Ma et al., 2022; Yang et al., 2022). Until now, this 
process has only been implemented at the pilot-scale (Yang et al., 
2023a). It is possible that the upscaling of CO2-ECBM will not only 
provide significant CO2 storage capacity to meet the drastically rising 
demand of carbon capture, utilization, and storage (CCUS), but also 
provide a reliable natural gas supply to meet the energy demand (Ma 
et al., 2021). In recent years, the industrialization of carbon dioxide 
removal (CDR) has suggested the possibility of negative‑carbon energy 
sources, which, in turn, could substantially increase demand for 
geological carbon storage (GCS) (Bui et al., 2018; Tanzer and Ramírez, 
2019). Meanwhile, climate policies, such as carbon credits and taxes, 
and the emissions trading market, have jumpstarted the CCUS industry 
on a broad scale (IEA, 2023a, 2023b). CO2-ECBM at scale could become 
a critical source of future energy supply and element of CCUS 
commercialization.

Although commercial extraction of natural gas from coal seams is a 
mature technology in the United States, Australia, China, and Canada, 
few CO2-ECBM projects have been implemented because of the cost of 
deploying CO2 (Moore, 2012). Several CO2-ECBM pilot studies, how
ever, have been performed in the United States and Canada since the 
1990s, including the Allison Unit and Pump Canyon CO2-ECBM pilots 
located in the San Juan Basin of New Mexico, USA, and the Fenn-Big 
Valley CO2-ECBM pilot in Alberta, Canada (Gunter et al., 2002). The 
technical feasibility of this process has been demonstrated through these 
pilots, but the economic and environmental feasibilities remain unclear; 
the latter have hampered the application of CO2-ECBM at the commer
cial scale. Fortunately, implementation of climate policies enables op
portunities for CO2-ECBM, by taking advantage of the favorable 
geological storage capacity, while increasing the economic feasibility of 
the process. For example, a recent field pilot investigation of CO2 storage 
in the deep Mannville coal in Alberta has demonstrated technical 
feasibility, which could potentially generate substantial amounts of 
carbon tax abatement at the field scale (Yang et al., 2023a).

Despite the technological maturity and climate policy support, a 
knowledge gap exists in understanding the social-economic trade-offs 
and the sufficiency of climate policies over the entire CO2-ECBM supply 
chain. As such, the emission drivers and mitigation opportunities have 

not been clearly identified. The existing literature on GHG emissions 
from upstream fossil fuel extraction predominantly concentrated on 
crude oil (Cooney et al., 2015; El-Houjeiri et al., 2013; Masnadi et al., 
2018a) and natural gas productions (Heath et al., 2014; Littlefield et al., 
2019), while studies investigating the carbon footprint of CBM with a 
specific emphasis on the CO2-ECBM process remain limited. For 
example, Liu et al. (Liu et al., 2021) performed life cycle modeling to 
quantify the GHG emissions of western Canadian natural gas produc
tion, comparing the estimates with US studies and estimates from British 
Columbia, Canada. They revealed that 3.1 to 4.0 gCO2e/MJ will be 
generated from upstream natural gas production, smaller than the pre
vious studies (Littlefield et al., 2019). Brandt et al. (Brandt et al., 2022) 
established an oil production greenhouse gas emissions estimator 
(OPGEE) to quantify the upstream emissions associated with crude oil 
extraction methods. This tool has been widely applied to quantify GHG 
emissions and developing GHG inventories (El-Houjeiri et al., 2013; 
Kolster et al., 2017; Ma, 2023; Masnadi et al., 2018a; Masnadi et al., 
2018b). While it may be possible to use life cycle assessment (LCA) to 
estimate the GHG emissions associated with CO2-ECBM, there is insuf
ficient field-scale operational data to support LCA development.

An integrated system analysis can simultaneously address the engi
neering, economic and environmental (3E) feasibilities of subsurface 
energy recovery (Abuov et al., 2022; Jiang et al., 2019; Xue et al., 2024a; 
Xue et al., 2024b) but have not been properly applied to CO2-ECBM. The 
reason is that most of the studies were performed for a site-specific case 
with a primary focus on an economic aspect, such as CO2 enhanced shale 
gas recovery (CO2-ESGR) (Ma et al., 2022) and CO2-enhanced oil re
covery (CO2-EOR) (Jiang et al., 2019). Although CO2-ECBM can be 
technically feasibility, a comprehensive simulation-based framework 
needs to be established to simultaneously address 3E concerns in sup
porting large-scale field implementations at their early stage.

To the best of our knowledge, no simulation-based system analysis 
framework has been created and applied to CO2-ECBM. In this study, a 
novel system-level analytical approach is presented, referred to as the 3E 
analytical framework, to explore the 3E feasibility of CO2-ECBM by 
integrating reservoir modeling, techno-economic analysis (TEA) and 
LCA. The case study of CO2-ECBM in the Mannville coal in Alberta has 
been carried out by using this new analytical framework. Economic and 
environmental parameters with the greatest influence were identified 
using a sensitivity analysis. In addition, the economic and environ
mental trade-offs of producing carbon neutral and negative‑carbon CBM 
have been summarized.

The rest of the paper is structured as follows: Section 2 presented an 
overview of the designed 3E analytical framework, background on the 
Mannville coal, and the integration of reservoir simulation, TEA and 
LCA approaches. Section 3 outlined CO2-ECBM performance from the 3E 
perspectives and compared it to other subsurface CO2 enhanced hy
drocarbon recovery technologies, such as CO2-EOR and CO2-ESGR. The 
sensitivity analysis and conditions for producing carbon neutral and 
negative‑carbon CBM are discussed subsequently. The economic and 
environmental trade-offs are elucidated by carbon dioxide removal 
(CDR) via CO2-ECBM coupled with direct air capture (DAC). Finally, 
conclusions are provided and the implications of the proposed 3E 
analytical framework for CO2-ECBM are summarized to identify the 
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necessary elements to commercialize CO2-ECBM.

2. Methodologies

2.1. Study overview

In this work, a 3E analytical framework has been established. The 
reservoir simulation has been carried out by CMG-GEM such that the 
performance of CO2-ECBM and CO2 storage can be evaluated techni
cally, economically, and environmentally as demonstrated in Fig. 1(a). 
As stated earlier, the Manville coalbed located in Alberta, Canada with 
the geological formation highlighted in Fig. 1(b). The reservoir 
modeling of Manville coalbed has been developed and validated with 
previous work (Yang et al., 2023a). With the annual predictive CBM 
production and CO2 retention by numerical modeling, the techno- 
economic analysis is conducted by calculating the net present value 
(NPV) and the total levelized cost (LCT). The carbon footprint can be 
estimated based on the LCA across the system boundaries, as illustrated 
in Fig. 1(c). The supply chain of methane as the product from CO2-ECBM 
involves three segments, where the upstream, midstream, and down
stream segments describe the CO2 capturing, utilizing CO2 to recover 
coalbed methane, and end-use of recovered methane processes, 
respectively. Table A1 outlined the input parameters involved in this 
study, where the geological properties are deployed to developing the 
reservoir model and life-cycle economic and environmental inventories 
are described to support the TEA and LCA.

2.2. Reservoir modeling

In this section, detail procedures of reservoir modeling are docu
mented based on CMG-GEM, which is a compositional reservoir simu
lator for the multicomponent, multiphase flow in porous media (Chen, 
2007; CMG-GEM, 2020). A dual porosity has been created containing 
seven vertical layers (see Fig. 1(b)) with a total of 19 × 19 × 9 blocks 
including natural fractures. Complex physical processes such as diffu
sion flow in the matrix, competitive adsorption of CO2 over CH4, and 
permeability evolution were characterized in our simulation, which are 
necessary considerations of unconventional reservoirs in shale and 
coalbed (Yang et al., 2023a). Diffusion flow in a coal matrix refers to the 
process where the gas molecules spread out within the coal over time, 
typically transporting from higher to lower concentration areas (Yang 
et al., 2023a). Owing to the heterogeneity of coalbed, diffusion coeffi
cient can vary within regions and the matrix can exhibit anisotropic 
properties (Yang et al., 2022). In this study, we assumed a constant 
diffusion coefficient for each formation layer. Competitive adsorption of 
CO2 over CH4 describes a physical phenomenon that the absorbed CH4 
molecules are replaced by CO2 molecules owing to a greater adsorption 
capacity of CO2 than CH4 at the isothermal condition, which can trig
gered the coal matrix swell and fracture shrinkage, also known as the 
permeability evolution (Dahi Taleghani et al., 2020; Lu et al., 2023; Xue 
et al., 2024c). The extended Langmuir model and the Palmer and Higges 
(P-H) model are adopted to couple the competitive adsorption and 
permeability evolution mechanisms, consistent with our former inves
tigation (Yang et al., 2023b). Further, the numerical model has been 
validated with previous work, where a history-match of CO2 injection 

had been performed on a field pilot testing project (Yang et al., 2023a). 
We assume that the matrix and the natural fractures only contain 
methane or water initially. Two vertical wells (i.e., one producer and 
one injector) have been drilled with a spacing of 300 m apart from each 
other at the no flow boundary. The producer was operated under the 
constant bottomhole pressure (BHP), whereas the injector was operated 
under the constant flow rate, assuming the injection pressure not 
exceeding the caprock failure pressure. The life span of the project is 
assumed to be five years.

The reservoir performance was evaluated from both CBM recovery 
and geological CO2 sequestration perspectives, of which three compu
tational outputs are obtained from the numerical model: the incremental 
recovery factor, effective CO2 storage, and the CO2 utilization factor. Eq. 
(1) describes the incremental CBM recovery factor in percentile by 
taking a ratio of incremental CBM production over the OGIP, which has 
been used in CO2-EOR and CO2-ESGR prior to this work (Ma et al., 
2022). 

RFin =
Pin

OGIP
(1) 

where Pin is the incremental CBM production in volumetric unit and 
OGIP refers to original gas in place, both in a volumetric unit. The total 
gas injection has been normalized to HCPV scale (Eq. (2)) such that the 
direct correlation between CO2 utilization and RFin can be revealed (Ma 
et al., 2022). 

CO2inj,HCPV =

∑
VCO2 ,inj

VHCPV
(2) 

where CO2inj,HCPV is the total injected CO2 in HCPV scale, VCO2 ,inj is 
volumetric CO2 injected and VHCPV defines the total hydrocarbon pore 
volume (HCPV).

The gross and net utilization factor (UFgross, UFnet) are selected to 
estimate the effectiveness of CO2 injection on CBM production, as shown 
in Eqs. (5) and (6) (Ma et al., 2022). The utilization factors are the 
foundational inputs for the TEA and LCA analysis, as the UFnet provides 
the estimation of CO2 purchasing cost, where UFgross can be used to 
assess the carbon footprint of field CO2 recycling, which is a carbon 
intensive process (Cooney et al., 2015). 

UFgross =

∑
ρCO2

× VCO2 ,inj
∑

Pin
(5) 

UFnet =

∑
ρCO2

×
(
VCO2 ,inj − VCO2 ,prod

)

∑
Pin

=
RCO2 × ρCO2

× VCO2 ,inj
∑

Pin
(6) 

To conveniently apply both factors to the TEA and LCA framework, 
we normalized the total injected/retained CO2 to mass basis by multi
plying with the CO2 density (ρCO2

) at the corresponding conditions for 
both equations. Typically, ρCO2

=1.87 kg/m3 at the standard condition 
(NIH, 2024).

2.3. Techno-economic model

Limited existing literature can be retrieved in the context of TEA of 
CO2-ECBM. Therefore, we referred to the relevant pioneer studies in the 

Fig. 1. 3E analysis framework of this study. (a) presents the logic structure for CO2-ECBM system evaluation from the engineering, economic, and environmental 
perspectives. Six geological and two operational inputs have been collected to the reservoir modeling, six market conditions associated with two results (by reservoir 
simulation) are deployed to the techno-economic (i.e., discounted cashflow, DCF) model. Five emission factors have been used to develop the environmental 
assessment model for carbon footprint of CO2-ECBM associated with reservoir modeling results. A total of seven outputs are expected from the 3E analysis framework 
(i.e., three from reservoir model, two from DCF model, and two from LCA). (b) highlights the distributions of Manville coal seam in Alberta, Canada (Canadian 
Institute of Mining, 2024). In this study, we use the three geological formation layers including caprock, CBM reservoir and basement, with a total of seven sub-layers 
in the reservoir model. More information can be retrieved from our previous study (Yang et al., 2023a) (c) illustrates the system boundaries of CO2-ECBM, including 
three segments. The upstream, midstream, and downstream segments refer to capturing CO2 from either the industrial sources or atmosphere, utilizing CO2 during 
the ECBM, and end-use of methane produced by CO2-ECBM. The cradle-to-gate (CtG) and gate-to-gate (GtG) system boundaries are used in TEA and LCA in 
later sections.
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topics of CO2-EOR and CO2-ESGR to develop s the discounted cashflow 
(DCF) model (Abuov et al., 2022; Jiang et al., 2019). In summary, the 
total project revenue consisted of annually trading produced natural gas 
plus offsetting or removing CO2 from either industrial emitters or DAC 
process by saving the carbon tax in Canada (Alberta Energy Regulator, 
2023; Fukai et al., 2016; Government of Alberta, 2024; Hughes et al., 
2022; International Energy Agency, 2022b), mathematically presented 
as Eq. (7). 

Rev = pNG ×Pin + ct ×UFnet ×Pin (7) 

where, pNG is the market price of natural gas in the unit of $/GJ and ct is 
the potential marginal revenue of geological carbon storage, by either 
offsetting or removing CO2 depending on the sources, in unit of $/ton. 
As a reference, the carbon tax in Canada is announced to rise to CAD 170 
(USD 125, as the conversion rate of 2024) by 2035 with an annual 
increment of CAD 15 (USD 11) (IEA, 2022a). A dynamic ct has been 
implemented to the DCF subsequently with a constant growth of USD 
10/yr. The total expenditure comprised capital (CAPEX) and operational 
costs (OPEX), as defined in Eqs. (8) and (9). 

CAPEX = Cdrilling +Cequipment +Cland (8) 

OPEX = CCO2 ,purchase +CCO2 ,transport +CCO2 ,recycle +Cmonitor +Cother (9) 

{
Cdrilling = 328,112⋅exp(0.0003D);0 < D < 1500

Cdrilling = 0.1418⋅D1.9107;1500 < D < 4000 (10) 

The drilling cost refers to the expense associated with drill vertical 
wells, well completion, hydraulic fracturing and day-to-day expenses 
associated with the operations. The empirical costs are evidenced in the 
joint associated survey (JAS) reported by the American Petroleum 
Institute (API) since 1954, and the total cost can be evaluated based on 
the regression method as Eq. (10) demonstrated (Jiang et al., 2019; 
McCoy and Rubin, 2008). However, given the high variability of hy
draulic fracturing cost, such as proppants and chemicals purchase, 
geographical locations, regulatory requirements, and labor availability, 
the actual cost can be substantially beyond the theoretical estimation, 
which added limitations to this study (Gong et al., 2020). Equipment 
cost contains the infrastructure installations, including the wellhead, 
injecting, producing equipment, compressor, separator etc. Cost of land 
use typically defines the purchasing or leasing of the land according to 
the local regulations. In this study, we combined the land and equipment 
cost with a 25 % salvage value by the end of the project lifespan.

The NPV and the levelized cost are two economic benchmarks of the 
DCF model. The NPV function is defined as Eq. (11) with assuming a 
constant discount rate (τd), income tax rate (τs), and the royalty rate (τR), 
where the values can be found in Table A1 (Jiang et al., 2019). A 5-year 
straight-line depreciation was applied to the DCF in calculating the 
earnings before interest and tax (EBIT). 

NPV = − CAPEX+
∑i=5

i=1
(Revi − OPEXi)(1 − τs)

(
1 − τR)

/
(
1 + τd)i (11) 

Owing to the dual functionalities (producing CBM and storing CO2) 
of the CO2-ECBM at the system level, we define the levelized cost 
comprised of two parts, the levelized cost of methane (LCOM) and the 
levelized cost of carbon storage (LCOCS). The total levelized cost (LCT) 
of the system is defined in Eq. (12), which is the sum of LCOM and 
LCOCS. We adopted weighting factors based on the ratio of revenues 
generated by selling CBM or saving carbon tax to allocate LCT to LCOM 
and LCOCS, mathematically presented in Eqs. (13) and (14). The allo
cated LCOM and LCOCS allowed us to conduct comparisons of cost 
versus market price of natural gas, carbon tax for CBM and CO2 storage, 
respectively, according to each functionality. 

LCT =

[

CAPEX +
∑i=5

i=1
OPEXi⋅

(1− τs)(1− τR)

(1+τd)
i

]

Pin
= LCOM+ LCOCS (12) 

Weighted factor :

⎧
⎨

⎩

wCBM = pNG × Pin/Rev
wCS = ct × UFnet × Pin/Rev

wCBM + wCS = 1
(13) 

Allocation :

{
LCOM = LCT × wCBM
LCOCS = LCT × wCS

(14) 

2.4. Simulation-informed life-cycle emission analysis

The ISO14040/44/67 standardized the procedures of applying LCA 
into four phases to quantify the GHG emissions for products or engi
neering activities (ISO14040, 2006; ISO14044, 2006; ISO14067, 2018). 
Previous studies have successfully quantified the carbon footprint 
associated with CO2-EOR or conventional natural gas production, but 
limited work attempted to understand the GHG emissions along with the 
CO2-ECBM process (Abuov et al., 2022; Azzolina et al., 2016; Liu et al., 
2021; Masnadi et al., 2018a). In this study, a simulation-informed LCA 
framework was established to disclose the potential carbon footprint of 
CO2-ECBM based on numerical modeling. In this section, the elements of 
simulation-based LCA for CO2-ECBM have been outlined as follows.

In this work, we pursue two goals by deploying the LCA framework. 
First, we attempt to quantify the environmental impact reduction for 
CO2-ECBM process based on the case of Manville coalbed. Second, in 
combining with the TEA, we aim to address the economic cost of 
minimizing GHG emissions for the CO2-ECBM, which allows us to 
perform consistent comparisons with other CO2 enhanced hydrocarbon 
recovery options economically and environmentally.

To compare the performance of CO2-ECBM with other similar tech
nologies, we specify the functional unit of producing 1 MJ of methane 
during the CO2-ECBM associated with the carbon sequestration. Accord
ingly, the emission reduction opportunity of the entire process can be 
quantified and compared with similar techniques, which normally 
report GHG emissions on an energy basis.

The GHG emissions are estimated across the system boundaries as 
illustrated in Fig. 1(c). We specifically focus on the CtG, which com
prises of the upstream and midstream segments. The downstream 
segment was excluded because the end-use GHG emission of methane 
can be substantially differed depending on the utilization purpose, 
upgrading configurations, and regional constrictions.

The LCA methods can be widely divided into two subcategories, the 
attributional and consequential LCA methods. The consequential LCA 
(CLCA) focuses on highlighting the environmental impacts with respect 
to the adoption of the candidate products or systems, while the attri
butional LCA (ALCA) directly assesses the environmental impact of the 
products or systems in a static manner (von der Assen et al., 2014). In 
this paper, we performed the ACLA as we focus on leveraging the un
derstanding of environmental benefits of the simulated CO2-ECBM 
process for Manville coalbed specifically. According to the system 
boundary definition, the CtG emissions are mathematically presented by 
Eq. (15). 

ET = Eupstream + ECO2 − ECBM =
(
Ecapture − Msupply

)
×RCO2 + Eoperation (15) 

The net emission (ET) contains upstream and midstream emissions, 
referring to the carbon capturing and CO2-ECBM process in this context. 
The upstream emission (Eupstream) is the emission of supplying unit mass 
CO2, typically 1 kg or metric ton (Sleep et al., 2021). This is also known 
as the carbon intensity (CI) of CO2 supply, where the positive value 
indicates CO2 is sourced from industrial emitters and negative value 
means CO2 is removed from air through DAC. By multiplying with the 
retention factor (RCO2 ), the effective geological carbon storage can be 
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calibrated subsequently. The operational emissions (Eoperation) describe 
all other anthropogenic emissions of the engineering activities such as 
gas compression, separation, injection, and recycling (Environment and 
Climate Change Canada, 2023; Environmental Defense Fund, 2015). Gas 
transportation is neglected in this work as it contributes negligible 
proportions as long as there is no detected leakage empirically.

In this paper, we assess the global warming potential over 20-year 
(GWP-20) for the CO2-ECBM process, as it is reflecting the short-term 

environmental impact. We use the unit of CO2e to characterize GWP- 
20 in the later context. Regarding the methane emissions, we applied 
a conversion factor 86 to quantify GWP-20 of the leaking methane, 
because it has much larger global warming impact than CO2, 86 and 34 
times higher than CO2 over the 20-year and 100-year timeframe, 
respectively (IPCC, 2023).

Fig. 2. Engineering performance from the basic reservoir modeling. Both(a) and (b) use CO2 injection in HCPV scale as the dependant variable (x-axis). In detail, (a) 
presents the incremental gas recovery factor (RFin, left y-axis) and CO2 retention factor (RCO2 , right y-axis), representing the performance evaluation from both CBM 
recovery and geological CO2 sequestration perspectives. (b) depicts the trends of gross/net utilization factors (UFCO2 ,Gross, UFCO2 ,net) with respect to the CO2 injection 
in HCPV scale with comparison of our previous study for CO2-ESGR (Ma et al., 2022). Detail discussion for each stage can be found in the main text below. (c) 
illustrates the CO2 storage by mechanisms comparing with our previous study on Barnett shale (Ma et al., 2022). (d) compares the net utilization factor of CO2-ECBM 
with CO2-ESGR and CO2-EOR with existing studies (Azzolina et al., 2016; Cooney et al., 2015; Ma, 2023; Masnadi et al., 2018a).
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3. Results and discussion

3.1. Engineering performance

In this section, the technical performance of CO2-ECBM has been 
discussed based on the numerical modeling carried out by CMG-GEM. As 
stated earlier, the CO2 injection was normalized to HCPV scale such that 
the temporal noise can be eliminated. We investigated the RFin and 
RCO2 ,ret to reveal the reservoir performance with respect to the CBM 
production and effective CO2 sequestration, respectively, as illustrated 
from Fig. 2(a). As a result, a total of 8.5 % additional CBM was extracted 
owing to the utilization of CO2. Over the 5-year timeframe, 99 % of 
cumulative injected CO2 had been successfully stored in the deep coal 
seam via the structural and adsorptive mechanisms. A CO2 breakthrough 
was recorded after the 0.23 HCPV of CO2 injection, which corresponded 
to two years and six months of operation evidenced from our composi
tional reservoir modeling. Differ than other numerical studies of CO2- 
EOR and CO2-ESGR, the RCO2 ,ret were greater than other CO2 enhanced 
hydrocarbon recovery processes, indicating that better CO2 storage 
performance can be expected owing to unique features of the deep coal 
seam, where adsorption can dominate the geological carbon sequestra
tion. The utilization factors (UFgross and UFnet) were plotted and 
compared with our previous work of CO2-ESGR as shown in Fig. 2(b). 
Since approximately all injected CO2 (i.e., 99 %) can be retained to the 
reservoir, we noticed that the difference between UFgross and UFnet can be 
negligible. We classified the entire CO2-ECBM operation into three 
stages based on the tendency of UFnet. In stage one (i.e., blue region in 

Fig. 2(b)), at the early stage of CO2 injection, CBM was produced 
dominantly by the pressure-driven mechanism. The gas production rate 
was declining with respect to time, and only methane gas content was 
produced as all injected CO2 retained to the reservoir by structural 
trapping. Since the producer and injector were assumed to be operated 
simultaneously, the UF was increasing as CO2 injected, where the CBM 
production was not affected by CO2 injection during this stage. In stage 
two (i.e., the light pink region in Fig. 2(b)), the UF diminished from its 
max value to reach the minimum with the rapid increase of CBM pro
duction. The sharp improvement in the production rate was caused by 
permeability revolution and competitive adsorption mechanisms, where 
competitive adsorption was the key reason triggering this observation, 
especially at the latter time of this stage. The mechanisms of enhanced 
methane recovery are the same as the CO2-ESGR process, but with the 
different magnitude on each mechanism, where competitive adsorption 
dominates the CO2-ECBM process owing to the greater adsorptive gas 
content on coal compared with shale. The UF reached its nadir when 
CO2 was breakthrough, and gradually grew in stage three, meaning that 
the CO2 was stored in absorbed phase, and the methane production was 
depleted. The UFgross and UFnet started apart from each other during this 
stage along with the CO2 production. Compared with our previous 
investigation on CO2-ESGR, the UF was monotonically declining from 
the positive infinite, where the CO2 was injected after the gas rate 
declined to near-zero. In addition, although competitive adsorption was 
considered in CO2-ESGR, it had a more substantial impact on CO2-ECBM 
in both gas recovery and carbon storage aspects. At the later stage of 
both operations, the increasing trend of UF in CO2-ECBM demonstrates a 

Fig. 2. (continued).
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better capability of CO2 storage due to the greater adsorption capacity of 
CO2 on coal compared with shale. However, a limitation of this work 
was that the timing of CO2 injection might be underrepresented in the 
reservoir model, which contains high uncertainty during the field 
operation and leading to the increasing UF in stage one. As shown in 
Fig. 2(c), the coal seam stored over 60 % of injected CO2 by adsorption 
mechanism, which was tripled than it was in shale. However, owing to 
the unique rock heterogeneities from place to place, this result cannot 
reflect accurate quantitative comparisons between coal and shale. To 
compare with the UF of CO2-ECBM with other processes, we normalized 
the UF from mass to energy basis. There were two key reasons that the 
energy basis was applied for comparison. First, the energy intensity 

contains great variability, which leads to an inconsistent comparison for 
different types of hydrocarbons. Second, the carbon footprint was 
commonly reported for operations on an energy basis. Thus, by trans
lating to energy basis, it was instinctive to compare the emission 
reduction potential by geological carbon storage. According to Fig. 2(d), 
a largest UFnet was observed for CO2-ECBM comparing with CO2-ESGR 
with our previous work and CO2-EOR with existing studies, demon
strating that the CO2-ECBM operations can have the greatest carbon 
sequestration potential when providing the same magnitude of energy. 
Numerically, the UFnet in this study can reach to 0.08 kgCO2/MJ over the 
five years, and even greater as the project life expanded. Although the 
result demonstrated that CO2-ECBM were able to sequester more CO2 

Fig. 3. Breakdown of (a) NPV and (b) LCT on energy basis. (b) allocates the LCT to LCOCS and LCOM with using the value allocation factor by Eqs. (13) and (14).
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compared to other processes (i.e., doubled than CO2-EOR), the expen
sive CO2 cost and insufficient carbon policies avoided operators from 
investment on the large-scale CO2-ECBMs. Therefore, the industrial 
revolution of reducing CO2 supply cost and sufficient carbon policies 
would be necessitated in promoting the development of CO2 sink in deep 
coal seams.

Concisely, this section presented utilizing CO2 can recover an addi
tional 8.5 % CBM through the permeability revolution and competitive 
adsorption mechanisms. Deep coal seams are ideal CO2 storage medium 
owing to the large adsorption capacity, which provide reliable carbon 
storage potential, and can be reflected by the UFnet. In this study, 0.08 kg 
of CO2 can be stored to deep coal seams while extracting 1 MJ of CBM 
(equivalent to 3.5 kgCO2 per cubic meter of CBM on the mass basis) over 
the assumed project lifespan. In addition, compared with other CO2 
enhanced hydrocarbon recovery operations on an energy basis, more 
CO2 can be stored during the operations. However, this has not been 
accepted by industry owing to the economic challenges.

3.2. Economic performance

In this section, annual CBM production and CO2 retention are 
inputted into the DCF model such that the NPV and LCT can be deter
mined. In Fig. 3(a), the breakdowns of NPV by earning and expense 
items are plotted. In this section, CO2 was assumed to be sourced from 
the industrial capture process with pipeline transportation from the 
capture plant to the CBM field. As a considerable amount of CO2 was 
successfully stored in the coal seam, approximately 70 % of earnings 
were generated by geological carbon storage, given the dynamic carbon 
tax increased annually. As a result, operations of CO2-ECBM in this study 
can generate a total of $8.63 M monetary value over the five years’ 
timeframe, where over half of the revenue is from geological carbon 
storage. Limitations exist as the uncertainties in drilling cost are 

underrepresented and we utilized a short project life owing to the sharp 
decline in CBM production rate. In practical, similar projects are ex
pected to operate longer owing to the large CAPEX.

The LCT was another output from the TEA in this study as shown in 
Fig. 3(b), which measured the unit cost of producing 1 GJ of CBM during 
the project operation. Translating the LCT to the energy basis was to 
match the reported market price of natural gas, such that the cost- 
benefit analysis can be directly established. The LHV has been used 
for conversion purposes. As mentioned, owing to the dual functionalities 
of the CO2-ECBM processes, the LCT has been allocated to the LCOM and 
LCOCS to represent the detailed costs for each functionality based on the 
revenue weighted factors. As a result, the LCT was estimated at $1.19 
per GJ of CBM production associated with geological carbon storage. By 
applying the allocation, 76 % of LCT was attributed to the geological 
CO2 storage, indicating that LCOCS was equivalent to $256/tCO2, and 
the rest was belonging to the LCOM, which was $0.29/GJ. Comparing 
with Fig. 3(a), the percentage difference between revenue by each 
functionality versus the total earnings was caused by the salvage value 
of the equipment, which was excluded in the weighted function as it was 
not a recurring earning. The LCOCS was considerably beyond the cur
rent carbon tax even the price can reach to CAD 170 in Canada by 2030, 
it was still not affordable to stimulate the market growth of geological 
carbon storage in deep coal seams. However, the CO2-ECBM can achieve 
profitability as the natural gas price was greater than the LCT. Operators 
are not intending to further implement the CO2 sequestration in deep 
coal seams if CBM cannot guarantee the project profitability. Hence, 
stronger climate policies are crucial elements to commercialize the 
carbon storage pilots in coal seams.

3.3. Emissions and geological carbon storage

In this section, the CtG GWP of CO2-ECBM was outlined combining 

Fig. 4. The CtG GWP over 20-year timeframe breakdowns by process. In this study, we considered the CO2 sourced from IC and DAC, as they are generating carbon 
offsets and removals, respectively. Error bars present the lower and upper estimates with the combinations of lower/upper values adapted from Table A1. Results 
have been compared with existing studies on natural gas and oil production from CO2-EOR and national emission factor inventories on the energy basis (Liu et al., 2021; 
NETL, 2014). The conversion rate between gCO2e/MJ to gCO2e/$ of base case is 500 MJ/$ assuming the natural gas price at $2/GJ according to Table A1.

H. Ma et al.                                                                                                                                                                                                                                      Science of the Total Environment 966 (2025) 178721 

9 



with CO2 sourced either from industrial emitters or atmosphere. The 
results have been compared with pioneered studies as Fig. 4 exhibited 
(Cooney et al., 2015; Laurenzi and Jersey, 2013; Liu et al., 2021; NETL, 
2014). When CO2 sourced from the point source capture (PSC), the CI of 
CO2 supply is positive as the capturing process generated GHG emis
sions, which left uncaptured amount release to atmosphere given the 
capture efficiency (i.e. up to 99 %, we assumed a conservative rate of 90 
% in this study) of the configurations (Müller et al., 2020). Therefore, 
the CtG net GHG emissions (Eq. (15)) can be modified as follows (Eq. 
(16)). 

ET = Eupstream +ECO2 − ECBM = Euncaptured − Ecapture ×RCO2 ,ret +Eoperation (16) 

The net emissions contained the operational emissions during CO2- 
ECBM plus the uncaptured industrial emissions and the abatement of 
geological CO2 storage. The breakdowns for each unit process were 

described in the grey region in Fig. 4. As shown, major contributions of 
emissions were from methane leakage, CO2 separation and uncaptured 
CO2 during the upstream segment. We assumed a 2 % leakage rate in our 
base scenario, it still has a significant contribution to final estimate 
owing to the greater GWP of methane. Similarly, the CO2 separation is a 
high energy intensive process that consumed considerable electricity, 
which causing the largest portion of GWP for the CO2-ECBM process. 
The advantage of CO2 retention is to counterbalance the GHG emissions 
for the CO2-ECBM process, which demonstrated exceptional ability to 
neutralize all emissions produced inside the CtG system boundaries. 
Nevertheless, the presence of a negative value does not imply that 
negative‑carbon CBM can be generated by the CO2-ECBM process, since 
the CO2 used in this process is obtained from PSC. The interpretation of a 
negative value is that GHG emissions can be eliminated over the whole 
life cycle, from cradle-to-grave. The most optimistic estimate is that 

Fig. 5. Sensitivity analysis of (a) NPV, (b) LCT, (c) GtG GWP-20 with CO2 from PSC, and (d) CtG GWP-20 with CO2 from DAC. Lower/upper values are adopted from 
Table A1, (a) and (b) considers the economic plus operational parameters, while (c) and (d) considers environmental plus operational parameters. Varying oper
ational parameters is carried out from the reservoir modeling by changing the corresponding conditions. Since we are conducting the site-specific case for the 
Manville CBM, the impact of geological inputs is excluded subsequently.
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emissions can be reduced to net-zero if all emissions from the down
stream segment can be neutralized. By comparing with previous studies 
(see green region in Fig. 4), Liu et al. documented natural gas produced 
in Western Canada can generate GHG emissions at the magnitude of 3.1 
to 4 gCO2eq/MJ, which specifically focused on the primary recovery 
process for the conventional reservoirs (Liu et al., 2021). Due to the 
energy-intensive nature of the CO2 supply and field application process, 
any alterations in the carbon intensity of energy supply can lead a 
considerable impact on the scope 2 emissions for the CtG CO2-ECBM. 
Hence, the primary disparities can be ascribed to the use of carbon di
oxide in this study. This study showed that geological carbon seques
tration is essential for CO2-ECBM to produce environmentally 
comparable alternatives to current approaches. Furthermore, Cooney 
et al. observed that crude oil production from CO2-EOR can result in the 
generation of >30 to 58 gCO2e/MJ if excluding the advantages of CO2 
mitigation. This is 2 to 3 times greater than that of conventional crude 
oil production as determined by NETL (Cooney et al., 2015). In this 
study, we found that the CO2 field application can raise GHG emissions 
for the CO2-ECBM, which is consistent with previous literature. How
ever, it is concluded that geological CO2 storage has a greater potential 
to reduce those emissions in CO2-ECBM compared to CO2-EOR. Due to 
the reliance on reservoir modeling results, conducting uncertainty 
analysis will require in-depth information on geological features at the 
site-level, which raises the limitations of this work.

When CO2 sourced from the DAC and permanently stored to the 

subsurface porous media, which also known as carbon dioxide removal 
(CDR) (USDOE, 2023). As such, the CtG GWP of CO2-ECBM can be 
adjusted as Eq. (17). 

ET = Eupstream + ECO2 − ECBM = −
(
MDAC × effCDR

)
×RCO2 +Eoperation (17) 

where MDAC is the total amount of CO2 captured from air on the mass 
basis, and effCDR is the CDR efficiency defined by effCDR =

MDAC − EDAC/MDAC
, where EDAC is the associated GHG emissions for the 

deployment of DAC (Müller et al., 2020). The negative sign of CI for CO2 
supply from DAC means that CO2 is removed from air (Sievert et al., 
2024). As demonstrated in Fig. 4, it is observed that the CtG GWP was 
23, ranging from − 60 to 85 g/MJ, which surpassed the scenario using 
CO2 from point sources. Similar as the DACS (refer to DAC with carbon 
storage), it revealed that negative‑carbon CBM is possible once the end- 
use emissions can be covered by geological carbon storage (Tanzer and 
Ramírez, 2019). In the reservoir modeling of this study, we observed 
that CO2 can be continuously injected into the deep coalbed, but the cost 
of DAC CO2 will be a major concern, which ceased the project as it was 
not economically profitable. As reported, future large-scale deployment 
of DAC will be ranged from $160 to $280/tCO2. With the depletion of 
daily CBM production rate, rising amount of CO2 will be injected and 
stored to the reservoir, and UFnet curve will increase, indicating that 
more CO2 will be stored associated with same amount of CBM produc
tion. As CO2 was sourced from atmosphere, the CO2-ECBM demon
strated a growing capability of producing negative‑carbon CBM on the 

Fig. 5. (continued).
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time horizon. As such, it was recommended to consider geological CO2 
storage as the co-product at the early stage, and CBM as the co-product 
at the late stage, which can influence the decision-making strategy of 
CO2-ECBM. In short, we revealed that delivering negative‑carbon CBM 
is achievable, but the LCA system boundary must cover the downstream 
segment. The expensive cost of DAC is the primary deterrent for oper
ators considering DACS during CO2-ECBM. Implementing robust climate 
policies and reducing the DAC cost can stimulate the industrial expan
sion of CO2-ECBM paired with DAC technology.

3.4. Sensitivity analysis

We performed the one-at-a-time sensitivity analysis on a total of 
sixteen and nine variables respectively to assess their individual effects 

TEA and LCA. Fig. 5 illustrates the influence of each parameter on the 
TEA, with (a) and (b) representing the NPV and LCT correspondingly. 
Additionally, Fig. 5(c) and (d) depicts the impact on the LCA in terms of 
CO2 supplied by PSC and DAC. Our findings indicate that the carbon tax 
rate had the greatest impact on the NPV due to the fact that >70 % of the 
income was obtained from the geological carbon storage through CO2- 
ECBM. Given the consideration of the expensive cost of CO2 from DAC, 
the CO2 purchase price had a significant impact on both NPV and LCT. 
Regarding the LCA findings, we discovered that methane emission was 
the primary influencing element, irrespective of the sources of CO2, due 
to its significant GWP. Nevertheless, the methane leakage rate in this 
study was derived from assumptions made according to the GHG in
ventory report, which may be significantly underestimated based on 
previous research (Alvarez et al., 2018; Yang et al., 2024). Other factors 
were demonstrated to have comparable rankings for both LCA as shown 
in Fig. 5(c) and (d).

3.5. Trade-offs of negative‑carbon CBM

In this section, we integrated the TEA and LCA for CO2-ECBM, 
assuming CO2 sourced from DAC to evaluate the economic and envi
ronmental trade-offs for delivering the negative‑carbon CBM. In Fig. 6
(a) and (b), the TEA and LCA were performed by the 3E analytical model 
developed in this investigation. As a result, the CO2-ECBM cannot be 
profitable by deploying CO2 from DAC, owing to the expensive cost (see 
Fig. 6(a), CO2 purchase account for over 90 % of total cost). The LCT was 
calculated at $4.7/GJ, which is about 4 times higher (increased marginal 
LCT by $3.5/GJ in magnitude) than it was coupling with PSC CO2. On 
the other hand, by incorporating the end-use emission, where we 
assumed a simple combustion case, but methane can always be used for 
producing value-added petrochemicals through the chemical upgrading 
processes, it showed that a net of 8.6 g CO2 can be permanently removed 
per producing 1 MJ of CBM over the project lifespan. Physically, the 
finding indicated that the entire process resulted in a net CDR efficiency 
of 6.2 %, as it required a total of 130 g CO2 capturing from DAC at the 
DAC effCDR of 60 %. Importantly, the marginal levelized cost of CDR can 
be calculated at $407/tCO2 for the CO2-ECBM process. By performing 
the breakeven analysis using the 3E model, we concluded that either the 
carbon tax rate reach to $175/tCO2 or the DAC CO2 price decreased to 
below $115/tCO2 will be required to make the CO2-ECBM profitable. 
Alternatively, the CDR efficiency was required to reach 86 % to produce 
the net zero‑carbon CBM at the current market conditions, indicating 
that a − 860 gCO2e/kg CO2 supply is necessitated.

4. Conclusion

In this investigation, we introduced a 3E system analytical frame
work for the CO2-ECBM process at the system level based on the reser
voir modeling, TEA and LCA approaches of the Manville coal. Tackling 
the knowledge gaps to stimulate the field application, we established the 
performance evaluation matrix for decision-making at the early stage. 
Additionally, with CO2 supplied from different sources, the proposed 3E 
framework was applied to identify the conditions to deliver net-zer
o‑carbon and negative‑carbon CBM based on the simulations. Findings 
of this study offer multi-disciplinary urgent support for operators, in
vestors, and policymakers in assessing the economic and environmental 
benefits of CO2-ECBM as well as improving climate policies to support 
CDR. Four key findings are summarized below.

First, the reservoir simulation revealed that a total of 8.5 % CBM can 
be recovered by CO2 injection, and 99 % of injected CO2 can be stored 
permanently to the deep Manville coal seam through the adsorptive and 
the structural trapping mechanisms. Unlike other depleted hydrocarbon 
reservoirs, over 60 % of CO2 storage capacity was created by the 
adsorption, which provided secured GHG emission reduction opportu
nities. The net utilization factor of CO2-ECBM was calculated at 0.08 kg/ 
MJ, meaning that 0.08 kg CO2 was stored associated with 1 MJ of 

Fig. 6. Integrated TEA and LCA analysis of DAC-CO2-ECBM. Assumptions 
include the cost of DAC at $200/tCO2 at the CDR rate of − 600 gCO2e/kg 
(Table A1), indicating that per kg of CO2 removed can generate 400 gCO2e 
emissions. Data can be retrieved from the existing literature (Müller et al., 
2020). (a) describes the breakdown of NPV and the LCT (the blue star on the 
very right column, right y-axis) estimate based on the DCF model in this work. 
(b) highlights the CO2 storage associated with emissions during the CO2-ECBM, 
while the combustion emission is assumed at a conservative case with the 
emission factor retrieved from U.S. energy information administration (EIA) at 
55 gCO2e/MJ (USEIA, 2021).
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natural gas production, which was potentially twice as great as the net 
utilization factors for the CO2-EOR process. However, it also implied 
that a larger amount of CO2 must be purchased compared to CO2-EOR 
for supplying the same amount of energy, leading to a diminishing re
turn for the implementation of CO2-ECBM.

Second, our 3E analytical framework estimated the levelized cost of 
CBM production at $1.19/GJ comprised of LCOCS of $256/tCO2 and 
$0.19/GJ CBM production by revenue allocation. The CtG GWP was 
determined to range from − 75 to 82 gCO2e/MJ, where the negative 
meaning differently depending on the sources of CO2 supply. Although 
application of CO2 can generate a larger GWP of CBM production than 
conventional natural gas production, the excessive emissions can be 
completely eliminated by taking advantage of geological CO2 seques
tration. Methane emissions are primarily GWP drivers, but the current 
GHG inventories are under-reported, resulting in ambiguity in our 
calculations.

Third, when CO2 is from industrial sources, the optimal scenario is to 
produce the carbon-neutral CBM throughout the entire CO2-ECBM life 
cycle, from cradle to grave. Eventually, the uncaptured CO2 from up
stream, end-use emissions from downstream segments, and all opera
tional emissions across the entire life cycle need to be geologically stored 
during the CO2-ECBM operations. As such, the net-zero‑carbon CBM can 
be delivered at the gate, which is achievable under the current tech
nology constrictions.

Fourth, when CO2 is from atmosphere, it is possible to deliver the 
negative carbon CBM but at a much higher cost. Specifically, the total 
levelized cost was evaluated at $4.7/GJ CBM delivery associated with 
8.6 g CO2 removal, resulting in a net CDR efficiency of 6.2 %. Given the 
existing market and environmental conditions, there are two ways to 
enable DAC-CO2-ECBM to be profitable. From the economic perspective, 
we need to either reduce the DAC cost to approximately $115/tCO2 or 
increase the carbon tax rate to $175/tCO2 conservatively. From the 
environmental perspective, we need to improve the efficiency of DAC to 
at least 86 % so that the CO2 can be supplied at the intensity of − 860 
gCO2e/kg.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.178721.
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