Open Access Article. Published on 17 juni 2025. Downloaded on 22/02/2026 17:20:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2025, 18, 7440

Received 28th March 2025,
Accepted 12th June 2025

DOI: 10.1039/d5ee01752a

rsc.li/ees

Broader context

Carbon footprint of oil produced through
enhanced oil recovery using carbon dioxide
directly captured from airf

Antonio Gasos, (2 Ronny Pini, ©2° Viola Becattini® and Marco Mazzotti () *

Some argue that using CO, from direct air capture (DAC) in enhanced oil recovery (CO,-EOR) can
produce carbon-neutral oil by permanently storing more CO, than is emitted when using the extracted
fossil fuels. However, existing analyses often provide case-specific insights based on short-term
operations without considering the full life cycle of reservoir exploitation, including primary, secondary,
and tertiary (EOR) recovery phases. Here, we present a general, top-down approach based on mass and
volume conservation to assess the potential carbon footprint of oil production, applicable to different
temporal perspectives of reservoir exploitation. Supported by field data from 16 EOR projects, our
analysis shows that 30% of projects appear carbon-neutral when EOR is considered in isolation, but they
all become significantly carbon-positive when the full reservoir lifetime is considered. The volume of
emitted CO, exceeds the pore space freed for storage by at least a factor of three, making carbon-
neutral oil physically unattainable in conventional reservoirs. The favorable conditions for low-carbon oil
production during CO,-EOR exist solely because of extensive prior oil extraction and water injection,
and only residual oil zones may truly offer potential for carbon-neutral oil due to their low oil saturation
and lack of legacy emissions. While omitting legacy emissions from previously depleted fields may be
justifiable and may enable claims of carbon neutrality during the EOR phase, newly developed fields, i.e.,
developed now or in the future, should be held accountable for the full life-cycle emissions they
generate. This necessitates clear and transparent accounting policy frameworks. Although CO,-EOR
may reduce oil's carbon footprint, promoting it as a pathway to carbon-neutrality risks legitimizing
continued fossil fuel production, ultimately undermining global climate targets.

As society struggles to find actionable pathways to reach net-zero CO, emissions, carbon dioxide removal (CDR) technologies such as direct air capture (DAC)
are attracting momentum. Some companies propose using DAC-derived CO, for enhanced oil recovery (EOR), suggesting that the CO, stored underground

during this process could offset the emissions from burning the recovered oil—yielding so-called “carbon-neutral oil”. If valid, this approach could reshape
how fossil fuels are positioned in the energy transition. However, these claims often overlook the emissions from earlier production stages. In this study, we
present a simple, general framework based on mass and volume conservation—supported by field data from 16 CO,-EOR projects—to evaluate whether the
emissions from oil production can be fully offset by geological CO, storage. We show that, even under optimistic assumptions, conventional oil reservoirs lack
the capacity to store enough CO, to achieve true carbon neutrality. While some EOR projects may appear carbon-neutral during the EOR phase alone, this
depends on omitting legacy emissions from previous production phases. Our findings highlight the need for transparent and consistent carbon accounting

frameworks that address legacy emissions. Without them, misleading narratives could slow the transition away from fossil fuels and undermine climate goals.

1 Introduction
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typically proceeds in three stages (Fig. 1). The first stage,
primary recovery, relies on the natural reservoir pressure to
produce oil. This is followed by secondary recovery, which
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reservoir pressure and displace additional oil. Finally, tertiary
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Fig. 1 Qualitative illustration of the oil production phases. Water is
injected during secondary production, while CO, is injected during tertiary
production, i.e.,, CO,-EOR, and for storage in the depleted reservoir.
Dashed lines represent oil production without transitioning to subsequent
production phases.

recovery, or enhanced oil recovery (EOR), employs miscible
fluids such as natural gas or carbon dioxide (CO,), or thermal
methods such as steam injection, to mobilize trapped oil and
enhance production.’ After oil extraction, depleted reservoirs
can serve as sites for permanent CO, storage.>” This work
focuses specifically on CO,-EOR, where CO, is used as the
miscible fluid.

Estimates suggest that approximately 180 Gt of oil could be
recovered globally through CO,-EOR in known oil fields.* For
decades, this process has utilized CO, sourced primarily from
natural underground reservoirs, where CO, has accumulated
for millions of years,? to maximize oil recovery per unit of CO,
injected, thus minimizing operational costs.® As carbon capture
and storage (CCS) technologies gained attention for their
potential to reduce greenhouse gas emissions, CO,-EOR
emerged as a possible method for permanently storing CO,
from industrial sources, which is captured and transported to
the injection site.>” Thus, the goal of CO,-EOR became that of
producing oil while maximizing the volume of CO, stored, as
the utilization of CO, changed from a cost to a potential climate
service.®'° However, using and thus burning the oil produced
through EOR results in CO, emissions that reduce or nullify the
climate benefits of CO, storage itself. An additional concern is
the long-term permanence of CO, stored via EOR, which
operates under less stringent permitting and monitoring
requirements (class II injection wells under US EPA) compared
to dedicated geologic sequestration (class VI injection wells).
CO,-EOR is now considered a form of CO, utilization, whose
attractiveness stems from being a profitable business rather
than a means of counteracting climate change."*

In recent years, direct air capture (DAC) has gained signifi-
cant attention as a carbon dioxide removal (CDR) technology,
which enables the direct removal of CO, from the atmosphere
by technical means.">™* At least one corporation engaged in
hydrocarbon exploration has invested in DAC, viewing DAC as a
way to offset the CO, emissions generated by its products.™
Proponents of using CO, derived from DAC in EOR argue that it
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can help finance the development and early deployment of DAC
technologies, and that the oil produced in this manner could be
carbon neutral.’®"” This latter argument hinges on the claim
that the amount of CO, ultimately stored in the reservoir
exceeds that emitted during the refining and use (i.e., burning)
of the extracted oil. If the CO, has been captured from the
atmosphere, using it for EOR could close the carbon cycle for
the oil produced in this manner.

Robust, bottom-up approaches have assessed the climate
impact of oil produced through EOR using life cycle analysis
(LCA)."**' These methods use operational field data or reser-
voir fluid dynamics models to estimate the amounts of both
CO, stored and hydrocarbons produced. The system bound-
aries are then extended to include factors such as emissions
from oil utilization, EOR operation, and the CO, source. While
LCA studies provide detailed insights, they also rely heavily on
case-specific data and assumptions, which can limit their
ability to support broad conclusions about the feasibility of
carbon-neutral oil.

The time frame considered is a critical factor in these
assessments. CO,-EOR operations initially have a carbon-
negative balance, meaning that more CO, is stored than
emitted, as significant volumes of CO, are injected to pressur-
ize the reservoir and displace fluids.>*> However, over time—
typically after about 10 years—the operation transitions to a net
carbon-positive impact as hydrocarbon production increases
while less new CO, is injected, with a portion of the injected
CO, being produced at the extraction well and re-injected.
Given that EOR operations usually last around 20 years, ana-
lyses focusing on shorter periods, such as under ten years,>
may provide a misleading assessment of EOR’s net climate
impacts.

Moreover, traditional LCA studies typically consider only the
EOR phase, which represents a much shorter period than the
entire life cycle of reservoir exploitation. Since EOR follows
primary and secondary recovery phases (Fig. 1)—and its con-
ditions are largely shaped by these earlier phases—we argue
that assessments must cover the full life cycle of the reservoir to
account properly for the overall climate impact.

This study proposes a novel top-down framework to evaluate
the net climate impact of DAC-based CO,-EOR. While less
detailed than bottom-up models, our analysis remains accurate
and is broadly applicable. It enables the consistent assessment
of carbon balance under varying temporal perspectives,
whether isolating the EOR phase or considering the full life
cycle of reservoir exploitation, revealing how temporal bound-
ary choices shape carbon neutrality claims.

2 The conceptual framework

The feasibility of carbon neutral oil through CO,-EOR could be
dismissed based on two figures: (1) burning one ton of oil
generates at least three tons of CO,>* and (2) under reservoir
conditions, the density of oil is higher than that of CO,, with an
oil-to-CO, density ratio between 1.0 and 1.5.> This means that
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Fig. 2 Schematic representation of an oil and gas reservoir at the start of primary production, at the start of CO,-EOR (i.e., after water flooding during

secondary production), and at the end of CO,-EOR.

all the CO, generated by burning the recovered oil would
occupy between 300% and 450% of the volume made available
by extracting oil; thus, attaining carbon neutrality would be
physically impossible given the reservoir’s volume constraints.

However, this perspective is incomplete, as it overlooks that
injecting CO, displaces not only oil but also other fluids
present in the reservoir, namely a gas phase and an aqueous
phase. In other words, there is an additional fraction of the
pore space, previously occupied by less carbon-intensive fluids,
that could be occupied by CO,. Here, we analyze the CO,-EOR
system using a novel top-down approach, based on mass and
volume conservation principles, accounting for all reservoir
fluids. A schematic of the reservoir before and during exploita-
tion is shown in Fig. 2.

2.1 Description of the reservoir

The analysis considers the reservoir as a fixed control volume,
namely as a porous rock body with constant pore volume, V.
Initially, the pore volume contains fluids at initial tempera-
ture and pressure, T; and P;. Based on the black-oil model, these
fluids are grouped in three phases (see Fig. 2): an aqueous
phase (w), a gaseous phase (g), and an oleic phase (o). For the
sake of simplicity but without loss of generality, we assume that
each phase consists of one pseudo-component only, namely
water, methane, and oil. The initial state is described as:

Vo= Vot Vgt Vi (1)

where Vi, V;’,, and Vi, are the corresponding volumes of oil, gas,
and water; these are called in-place volumes by practitioners.

After CO,-EOR, the pore volume is occupied by the residual
fluids, not recovered, and by a dense phase, assumed to consist
of pure CO, only, under the final reservoir conditions, Tr and Py.
The final state is described as:

Vo=Vo+ Vet Vi + Vo @)

where Vg4 is the volume of CO, stored and Vj is the residual

volume of phase j remaining in the reservoir.
Eqn (2) assumes that all the stored CO, exist at its dense
phase density, even though it is partially evaporated or
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dissolved in the liquids. This assumption could be refined by
using a lower effective CO, density that accounts for these
phases.

2.2 Exploitation of the reservoir

The extracted in-place fluids generate CO, emissions upon
their utilization, Vé‘gizl, which is calculated using emission

factors, f;. These factors represent the volume of CO, emitted
per unit volume of phase j used, from gate to grave:*®

Vérglzl _ ngdfo + Vgrodfg + V\{),mdfw (3)

Here, VJPmd = (V} — V]B)) is the volume of phase j produced,
where f; is the phase density ratio after and before exploitation.

DAC and EOR operations have a site-specific carbon foot-
print, accounted for through an overall CO, removal efficiency,
Nlco, Thus, the target volume of CO, to be stored to fully
compensate emissions is given by:

emit

target VC02

Veo, = (4)
Nco,

2.3 Emission factors

The emission factors are calculated using:
.1 p(Ti P)) Mco,
! 1 pCOZ(va Pr) M,

(5)

Here, p; and pco, are the densities of phase j and of CO, at
relevant temperature and pressure levels, respectively, while M;
and Mco, are their molar masses, in mass per mole of carbon.
We use M, = 14 g mol~ " (for CH,, the building block of oil),
M, =16 g mol ™" (methane), and M,, = 0 g mol ™' (water, being
carbon-free).

The densities and molar masses estimate direct emissions
from fuel combustion, while the variable #; denotes the carbon
efficiency in the utilization of phase j, accounting for indirect
emissions. This efficiency depends on conditions and events
beyond the scope of this analysis. Thus, we use a conservative

This journal is © The Royal Society of Chemistry 2025
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value of 1, acknowledging that a LCA could provide a more
precise estimate.

2.4 Carbon balance of the reservoir

The production of reservoir fluids may not provide enough pore
volume to store the entire quantity of CO, emitted. The ratio of
the emitted CO, volume to the reservoir’s available storage
volume from displaced fluids, &, is expressed as:

target
5 CO,

= e = é(m Foft b)) (6

) 2
where the volume fraction of each phase produced, ¢;, can be
defined either as a function of the produced volumes, VJP“’d, or
as a function of the fluid saturations in the reservoir, S; = V;/Vp,
through eqn (2):

prod i
v 5, = S,

= Vgrod + Vgrod + V\];,md - 1— (Sg T Sé +S\rv>

®;

Note that ¢; = S} if there are no residual fluids remaining
(5j=0).

If £ = 1, the volume of displaced fluids is exactly sufficient to
store the amount of CO, emitted, enabling carbon-neutral oil
production; if £ < 1, there is excess storage capacity, allowing
for negative emissions; and if ¢ > 1, the storage capacity is
insufficient, and EOR using DAC-derived CO, ultimately emits
more CO, than it can store.

3 The climate impact of reservoir
exploitation
3.1 Case study assumptions

The efficiency of DAC with storage typically ranges from 0.80 to
0.95 depending on the technology, energy source and geogra-
phical location,”®*” and lower efficiencies are possible but
would likely not be deployed. Additionally, CO, produced at
the extraction well requires separation and re-injection to
ensure effective storage, further reducing the overall ﬂc02-21
Given these factors, a CO, removal efficiency of #¢o, = 0.85 is
used in eqn (4).

Emission factors are reported in Table 1 for a typical
reservoir under identical initial and final conditions of
P =190 bar and T = 70 °C. The assumed densities for the
calculations are 690 kg m ™ for the oleic phase®® (including
dissolved gas), 640 kg m ™~ for the CO, dense phase,*® and 100
kg m~* for the gas phase (ideal gas law). The oil emission factor
is significantly larger than one, primarily due to stoichiometry
rather than assumptions: even in an optimistic scenario with
same CO, and oil densities, and unitary efficiency, eqn (5)
yields f, = Mco /M, = 3.14.

3.2 Geometrical representation

The exploitation state of any reservoir can be represented as a
point on the ternary diagram shown in Fig. 3, where the
horizontal and the vertical coordinates are the volume fractions

This journal is © The Royal Society of Chemistry 2025
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Table 1 Emission factors for a reservoir at 190 bar and 70 °C

Oil (f,)

3.4 0.44 0.0

Methane (f;) Water (fy)

oil

0.8 1

0.6

0.4 1

0.2

Dy volume fraction of produced oil (-)

/7{9 T T T T
,
Q. 0.2 0.4 0.6 0.8

¢g, volume fraction of produced gas (-)

Fig. 3 Ternary diagram of the volume fraction of produced fluids (oil, gas,
and water). The lines represent isolines of £. The squares illustrate typical
phase distributions during EOR only (labelled 'EOR’) and over the entire
reservoir lifetime, including prior exploitation phases (‘All).

of gas and oil produced. The water fraction is the complement
to one. The vertices of the triangle represent reservoirs filled
with only one fluid phase, while the edges represent two-phase
mixtures, with the excluded phase opposite the edge.

Eqn (6) constrains the combination of produced phases, ¢;,
compatible with a given value of ¢. By varying ¢ values, one
obtains straight isolines in the ternary diagram, representing
loci of points where the volume occupied by the target CO, to
be stored is ¢ times the pore volume freed in the reservoir upon
extraction of the in-place fluids. Reservoir operations corres-
ponding to points above the £ = 1 isoline (red region) ultimately
emit more CO, than the reservoir can store, while those
mapping in points below it (green region) may store more
CO, than they emit.

The ternary diagram may be used to effectively illustrate the
specific scenarios of interest:

(1) Saline aquifer (¢, = ¢, = 0): only water is displaced,
providing CO, storage capacity without extracting fossil fuels,
resulting in & = 0.

(2) Gas reservoir (¢, = 0): only gas and water are produced;
since 1co, > fg > fw, more CO, is stored than emitted, resulting

P

in ¢ < 1.
(3) Oil reservoir (¢, = 0): only oil and water are produced;
since fo > 1co, > fw, achieving carbon neutrality requires

producing more than 70% water.
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The impact assessment using the ternary diagram is based
solely on production volume ratios and can be used regardless
of whether legacy emissions from prior oil exploitation are
included.

3.3 Sensitivity to assumptions

Fig. 4 illustrates the sensitivity of the £-isolines to variations in
reservoir conditions, namely temperature and pressure with
ranges based on reservoir data from Holm and Josendal**
(panel A), and in CO, removal efficiency (panel B). The blue
and red dash-dotted lines represent the best and worst climate
impact scenarios within the considered sensitivity range. The
effects of pressure and temperature were accounted for by
modifying the densities of the dense CO, phase (from 600 to
670 kg m*)*® and of the gaseous phase (from 87 to 115 kg m ~,
according to the ideal gas law), while the oil density remained
unchanged.

It is readily observed that the sensitivity of the position of
the ¢-isolines, particularly of the ¢ = 1 isoline, to reasonable
changes of the above parameters is qualitatively and quantita-
tively rather small. This allows arguing that the conclusions
drawn based on the specific scenario considered in Fig. 3 are
indeed general.

3.4 Existing CO,-EOR projects

Fig. 5 illustrates the carbon balance as a function of the
incremental oil recovered for 16 CO,-EOR projects reported
by Azzolina et al.,* supplemented with additional data detailed
in Table S1 (ESIT).>"** The carbon balance is also presented for
these projects when accounting for emissions from oil pro-
duced before CO,-EOR, assuming a recovery of 35% of the
original oil in place (OOIP) during primary and secondary
production; this is considered to be a representative median
value for reservoirs globally.*

Considering only EOR, all projects start carbon negative, as
injected CO, pressurizes the reservoir and displaces fluids
before significant incremental oil is produced. The carbon

(A) Reservoir conditions
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Fig. 5 Ratio of carbon emitted to stored, ¢, as a function of oil recovery
for 16 CO,-EOR projects.*® The bottom-left lines represent ¢ considering
only CO,-EOR, for each project, while the top-right lines include the entire
reservoir lifetime, assuming 35% oil recovery before EOR. Colored areas
illustrate the sensitivity to CO, removal efficiency between 0.75 and 0.95
for one specific project. Box plots show the distribution of final ¢ values,
with the colored boxes indicating the interquartile range.

balance then rises steeply due to increased oil production
(effective mobilization) and reduced CO, retention in the
reservoir, which drops between 40 and 60% as CO, breaks
through at the production well,*® requiring separation and
re-injection, thereby reducing the net-CO, injected. The curve
eventually flattens as the remaining oil becomes increasingly
difficult to mobilize, thus requiring more injected CO, per unit
of oil produced. Most projects (11 out of 16) surpassed the £ =1
threshold within the temporal bounds of the CO,-EOR opera-
tion, typically after only 5-10% incremental recovery of OOIP,
indicating that the oil produced during EOR ultimately emitted
more CO, than what was stored. The variability in carbon
impact across projects is likely attributable to differences in:
(1) CO,-EOR techniques, operating conditions, and exploitation
duration, (2) reservoir physical properties, and (3) reservoir
depletion before EOR commenced.

(B) CO2 removal efficiency

o Qil Oil
= 7 T=80°C and P = 240 bar 7 Tlcop = 0.95
© — 70 ° - 4.0 —
_g T=70°C and P =190 bar Neop = 0-85
T =60 °C and P = 150 bar =0.75
& o8- 0.8 co2
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o
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c
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5 044 0.4+
o
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¢g, volume fraction of produced gas (-)

Fig. 4 Sensitivity of the ¢ isolines to: (A) reservoir conditions, namely T and P within the ranges of 60-80 °C and 150 bar to 240 bar, and (B) CO, removal
efficiency of DAC and EOR between 0.75 and 0.95. Black lines are the central values; blue and red lines are the best and worst climate impact scenarios

within the ranges.
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When emissions from primary and secondary production
phases are also accounted for, the overall reservoir exploitation
becomes significantly carbon positive. All projects start with an
infinite value of & at 35% OOIP, as CO, was emitted before EOR
without any associated storage. Then, the value of ¢ decreases
as more CO, is stored, indicating that EOR progressively
reduces the average climate impact of the oil produced. How-
ever, the reduction is insufficient to achieve carbon neutrality.
Notably, half of the reservoirs emitted between 370 and 660% of
the stored CO, over their lifetime, as shown with box plots in
Fig. 5.

4 The temporal dimension of
carbon-neutral oil

Some key observations are worth making based on the results
presented in Fig. 3 and 5.

First, the exploitation of oil reservoirs during their entire
lifetime falls within the region where ¢ > 1, indicating insuffi-
cient storage capacity to offset the CO, emitted. Notably, the
maximum allowable volume fraction of oil produced, or oil
saturation if all reservoir fluids are recovered, that could enable
carbon-neutral oil is only between 25 and 30% (Fig. 4 with
Nco, = 1). Such saturation levels occur naturally only in residual
oil zones, which are deep saline aquifers containing oil at
residual saturation levels and are currently unexploited.****
These findings demonstrate that conventional oil reservoirs
lack the capacity to store all the CO, generated from the
refining and combustion of the extracted fossil fuels, confirm-
ing that truly carbon-neutral oil production is physically unat-
tainable within reservoir boundaries.

Second, as oil production advances through its various
phases, the composition of reservoir fluids shifts. The volume
freed by extracted oil is replaced by gas—previously dissolved in
the oleic phase at higher reservoir pressures—and by water
injected during secondary recovery. As a result, the oil fraction
in the fluids produced decreases, shifting the operating point
downward in the ternary diagram (Fig. 3). By the time CO,-EOR
begins, the reservoir composition may fall below the ¢ = 1
threshold depending on factors such as reservoir conditions,
CO, removal efficiency, and the extent of EOR exploitation—
aligning with previous LCA findings.>*** Although only 30% of
EOR projects ultimately stored more CO, than they emitted
(Fig. 5), these cases illustrate how carbon-neutral oil may
appear feasible when EOR is assessed in isolation.

From a physical perspective, EOR cannot be decoupled from
earlier production stages, as its apparent favorable conditions
for producing low-carbon oil exist solely due to prior exploita-
tion. While DAC-based CO,-EOR may reduce the overall carbon
footprint of oil by 10-32% (Fig. S2, ESIt), oil remains a carbon-
intensive resource. To achieve net-zero emissions, the addi-
tional CO, that cannot be stored in the reservoir could be
sequestered elsewhere—such as in saline aquifers commonly
located beneath oil reservoirs or in other suitable geological
formations. However, this storage operation is independent of

This journal is © The Royal Society of Chemistry 2025
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oil production itself, redirecting attention to the broader ques-
tion of whether fossil fuel emissions should be offset through
carbon removals.

From a policy perspective, there may be arguments for
omitting certain legacy emissions from CO, accounting—
particularly for depleted fields where the environmental impact
has already occurred. The long time frames of oil production,
often spanning multiple operators and extraction phases, com-
plicate accountability. However, the situation is fundamentally
different for new oil and gas developments, i.e., initiated now or
in the future. These projects are developed with full awareness
of the emissions involved, and omitting earlier-phase emis-
sions while claiming climate neutrality during EOR is wrong.
Establishing transparent and consistent carbon accounting
frameworks is essential to prevent misleading narratives about
the climate impact of oil production and to ensure account-
ability in meeting climate targets.

5 Conclusion

We developed a general top-down approach that enables a
consistent and efficient assessment of the carbon balance of
oil and gas reservoirs, including and focusing on the EOR
phase. This approach is based on simple material and volume
balances and allows mapping the produced fluids onto a
ternary diagram, thus yielding an insightful geometrical repre-
sentation. Our assumptions provide a lower-bound estimate of
the overall carbon footprint, as it excludes indirect emissions
from hydrocarbon use. Project-specific insights from life cycle
analyses can further refine the model parameters within the
proposed framework.

Our analysis demonstrates that CO,-EOR does not enable
the production of carbon-neutral oil when the entire reservoir
lifetime is considered, as oil reservoirs lack the capacity to store
all the CO, generated from extracted hydrocarbons. While
carbon neutrality may appear achievable within limited time
frames—such as during part or all of the CO,-EOR phase—this
overlooks emissions from earlier production stages. These
findings underscore the need for clear frameworks to address
legacy emissions.

CO,-EOR has the potential to replace part of the conven-
tional oil production, reducing the overall carbon footprint of
oil while facilitating the development of subsurface CO, injec-
tion technology.'"*> However, the prospect of significant oil
recovery and CO, storage could be misused as a pretext to
continue promoting or funding fossil fuel production, which
must be phased out to meet critical climate targets.>®*”
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