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Abstract: The Pearl River Mouth Basin (PRMB) is the largest petroliferous sedimentary basin
in the northern South China Sea. It is near the coastal economic zone of Guangdong province
where a large number of CO2 emission sources are located. Carbon dioxide enhanced oil
recovery (EOR) represents an opportunity to promote offshore carbon capture, utilization and
storage (CCUS) deployment because CO2 flooding offers a method to recover additional oil
while simultaneously sequestering anthropogenic CO2. In this paper, a comprehensive
multiparameter ‘quick look’ and potential evaluation method was proposed to screen and assess
offshore CO2 EOR potential. A screening scheme for the CO2 EOR potential of reservoirs of
the PRMB was also proposed using additional parameters, including reservoir properties and
engineering design incorporating a dimensionless screen model and calculations. The results
show that the suitability of reservoirs for CO2 EOR and storage varies and could be categorized
into four priority grades. Approximately 30 of the oil reservoirs from 10 oilfields were
preferentially identified by applying the screening method for reservoirs with predicted higher
ultimate recovery potentials. It was predicted that 3227× 104t of additional oil could be
produced from these reservoirs and that 3617×104t of CO2 could be simultaneously stored. The
sensitivity analysis shows that injection pressure (Pinj) would be more sensitive than
production pressure (Pp) and well distance (L) on the CO2 EOR and storage efficiency,
indicating that EOR operations with higher Pinj may improve oil production. The prospective
reservoirs include those candidates with suitability grades of I and II from the Lufeng (LF) and
Huizhou (HZ) oilfield clusters, where 1164×104t of additional oil could be produced and
1464×104 t of CO2 stored with CO2 EOR.
Keywords: CO2 EOR; carbon sequestration; capacity estimation; quick screening; offshore
oil reservoirs

Introduction

Global and regional climate change caused by greenhouse gas emissions is still stimulating
interest in the development of various technologies to reduce the concentrations of carbon
dioxide (CO2) in the atmosphere.1–5 Many countries have set targets for reducing the emissions
of greenhouse gases to mitigate global warming. Among these countries, and top on the list of
CO2 emission producers in the world, China aims to reduce 40%–45% of its CO2 emissions
per unit GDP by 2020, based on the 2005 level.6 Carbon capture and storage (CCS) is widely
recognized as a critical technology to meet the ambitious rate of 1.5/2°C agreed upon at the
Twenty-first Conference of the Parties (COP) in Paris in 2015.7
Due to certain legal advantages and vast resource capacities, the offshore storage of CO2 in
geological strata has significant potential and offers an attractive alternative to onshore
storage.8 Offshore CO2 storage has been successful in the Sleipner and Snøhvit offshore
projects near Norway, and a number of other projects in the world are in the construction or
planning phase.9 Offshore CO2 storage is the principal or only opportunity for CO2 storage for
regions without suitable onshore sites – regions such as Western Europe, Australia, the US
Gulf Coast, Japan, and southeastern Asia.10 In recent years, the application of CO2-enhanced
oil recovery (CO2 EOR) in offshore oilfields has received significant attention due to the
potentially enormous amount of recoverable oil,11 but CO2 EOR application offshore is still in
a very early stage due to more complex conditions that require higher costs than those of
onshore projects, owing to the unique parameters present offshore. Due to the higher costs and
platform-space limitations for offshore activities, successful CO2 EOR and storage applications
in offshore oilfields requires more accurate site selection and evaluation methods than those
for conventional onshore applications.
Guangdong is the largest provincial economy and one of the five low-carbon pilot provinces
in China. The necessity for, and feasibility of, CCS in Guangdong were confirmed by a study
carried out between 2010 and 2013.12 Most CO2 point sources in Guangdong are distributed
along the coast, and source-sink matches can be made within a distance of 300 km.13 The study
also showed that the storage capacity onshore is limited, while the Pearl River Mouth Basin
(PRMB) offshore has a very large effective CO2 storage capacity.14 Offshore storage is
therefore recognized as the primary form of CO2 storage for Guangdong;12,15 later, the
Guangdong offshore carbon capture, utilization and storage (CCUS) project (GOCCUS)
started to be promoted. The long-term and large-scale development of offshore CO2 storage for
Guangdong has been suggested for 2030 and 2050.10 The early opportunities believed to exist
in offshore oilfields in the PRMB were screened qualitatively for their suitability for CCUS,
and three fields were selected as candidates for the first demonstration project.10,16
Unfortunately, these studies did not result in a quantitative potential evaluation, so more
detailed studies are needed to reach a reasonable decision. In this study, an integrated oil
reservoir database was established, which includes the major sandstone oil reservoirs in the
PRMB offshore Guangdong. The substantial development, exploration, and reservoir property
data made available in recent years were included in this database. This study proposes an
assemblage of methods to calculate a list of oil recovery, storage potential and dimensionless
reservoir parameters, which was used to evaluate the CO2 EOR and storage potential to identify
candidate sites for CCUS in sandstone oilfield clusters of the PRMB offshore Guangdong

province. The results can provide a ‘quick look’ to help the industry and government sectors
to spend their increased investment in assessing these fields and can also provide a basis for
Guangdong offshore CCUS development.

Geological setup
The Pearl River Mouth Basin (PRMB), with total area of ~ 200 000 km2, is the largest
sedimentary basin in the northern South China Sea (Fig. 1(A)). It is an extensional basin in a
passive continental margin, formed by rifting in the Paleogene and subsequent subsidence in
the Neogene.17 The PRMB has experienced extensive geological surveying and hydrocarbon
exploration since the 1970s. The source rocks in the PRMB are mainly Eocene lacustrine
mudstones and Oligocene coal-bearing rocks, and the reservoirs developed mainly in the
Neogene marine clastic and carbonate rocks and upper Oligocene alternating continentalmarine beds. Three source-reservoir-seal assemblages formed: (1) the Palaeocene-Eocene selfcontained continental assemblage developed sparsely in the northern PRMB; (2) the
Palaeogene-Eocene-Miocene assemblage with sources in the continental Palaeogene within
discrete sags, reservoirs in the marine Tertiary Zhuhai and Zhujiang formations, and seals in
the upper Zhujiang formation; (3) the Zhujiang-Yuehai marine assemblage with sources in the
Zhujiang formation, reservoirs in the Hanjiang formation, and seals in the upper Hanjiang and
Yuehai formations.17,18
Structural traps in sandstone and carbonate buildups are the principal reservoir types in the
PRMB. The oilfields are mainly located in the Zhu-I depression and northern Dongsha uplift
as shown in Fig. 1(B). So far, more than 30 oilfields have been developed, most of them are
small with proven reserves of less than 60 Mt, and only the LH11-1 field has proven reserves
of 155 Mt.19 These fields usually have strong bottom or lateral water drive energy; thus, water
flooding has been proven to be unnecessary. The PRMB fields have several properties in
common with those in west Texas and UKCS; these properties include low density and
viscosity of the crude oil and high porosity and permeability of the reservoir,17 favorable for
miscible CO2 EOR. Although the primary oil recovery factor is relatively high (40~62%) in
these fields, similar to that in UKCS, this does not exclude the possibility of EOR in the later
development period.
These fields are categorized into five clusters including the LF, HZ, XJ, PY and LH oilfield
clusters, as shown in Fig. 1(B). Among these, the LF, HZ, and XJ clusters, which include a
hundred oil layers, are marine sandstone oil reservoirs characterized by a high porosity and
high permeability, strong bottom water drive energy and light crude oil. The PY fields are
mostly gas fields with a few oil layers. The LH fields are carbonate oilfields with complex pore
systems and heavy crude oils. The oil reservoirs in the LF, HZ, and XJ oilfield clusters were
therefore evaluated in this study. These fields are located near onshore CO2 emission sources
along the coast (Fig. 1). These oilfield clusters were planned source-sink matches with onshore
source clusters for the GOCCUS in 2030 and 2050.10 The results of a buffering analysis among
the sources and sites based on a GIS method show that the matching distances between onshore
CO2 emission sources and offshore oilfields are mainly 150~250 km, as shown in Fig. 2. At

this distance, the frequency percentage of CO2 emission points is up to 65% (Fig. 2a), and the
total mass of CO2 emissions is greater than 1000 Mt (Fig. 2b). Thus, more than 70 oil reservoirs
in the LF, HZ, and XJ oilfield clusters were selected for study, and their CO2 EOR potential
was quickly screened and assessed in this paper.

Figure 1. Maps showing structure subdivision and oilfield location (A and B, respectively), offshore Guangdong province,
southern China, together with CO2 emission sources in A (CO2 emission sources from Huang;20 oilfields from Luo21).

Methodology
The main focus of an evaluation of CO2-EOR potential in a carbon-constrained environment is
to estimate the oil-recovery efficiency and the volume of sequestered CO2 for various operating
scenarios.22 Most EOR screening methods are geared towards optimizing CO2 EOR reservoir
performance (incremental oil production), ignoring CO2 sequestration in petroleum industry
operations. Although a reservoir simulation can be used for a relatively precise capacity
assessment if detailed reservoirs data are available, quick methods are mostly used to calculate
capacity for preliminary site-screening purposes. The oil recovery potential of each reservoir
is assumed to be close to its ultimate primary and secondary recovery;23 thus, the quick
prediction of CO2 flooding performance for large number of oil pools is expressed in relation
to the target original oil in place (OOIP).22,24 Furthermore, quantitative screening models

including CO2 Prophet, the CO2 Predictive Model, Kinder Morgan’s scoping models and
models by Rivas et al.25 and Diaz et al.26 have been developed. Although these methods are
based on theoretical calculations, numerical simulations and field experience can be applied
relatively easily; however, these methods also need more detailed reservoir information, are
too time consuming, or did not produce quantitative data for oil recovery and CO2 storage.27
Thus, these methods are not suitable for the batch analysis of a large number of oil layers.
The scaling method outputs a result extrapolated from one scale to another scale.28 Wood29
developed dimensionless groups for continuous gravity-stable CO2 flooding of homogeneous
reservoirs with high vertical permeability and large dip angles to scale miscible CO2 flooding
and storage. This multiparameter method was developed not only to facilitate inputting more
reservoir properties but also to calculate the result quickly using an Excel spreadsheet. It is
ideal for quickly screening large databases of reservoirs for the most attractive CO2 EOR and
storage candidates, but to apply this method, the potential of CO2 EOR and storage must first
be evaluated quantitatively to determine the oil recovery and CO2 storage capacities.

Figure 2. Pie charts of source and site matching relationship, showing frequency percentage of CO2 emission points (a) and
total mass of CO2 emissions, (b) for different distances to offshore oilfield sites.

On the other hand, the evaluation method for CO2 storage capacity has focused on two main
areas: (1) the assessments of total capacities per scale including country, basin, region, local
and site-specific scales, and (2) the risk assessment and uncertainty analysis of CO2 storage.30
The first approach has resulted in inventories and global atlases, with an emphasis on
theoretical and effective storage capacities based on material balance, analogy methods, and
different trapping mechanisms.31–35 Such capacities are being used by modelers and policy
makers to set the physical boundaries for national deployment of CCUS. The second approach
has resulted in a screening and ranking framework (SRF) for site risk assessments on the basis
of health, safety, and environment (HSE) issues arising from CO2 leakage.36–39 Almost all of
these frameworks are based on quantitative mathematical modeling and only a few
semiquantitative assessments have been developed;30 more time and effort should be given to
this work, especially for the early stage offshore CCUS project in China.
This paper mainly focuses on the screening potential of an oil reservoir for CO2 storage
associated with EOR. Thus, based on previous research, a modified evaluation process was
proposed combining a multiparameter screening model and a mass balance calculation
approach. Moreover, the reservoir and injection operation properties were used for calculating

and could yield more reliable results because this is more physically reasonable than using the
volumetric equations directly.

Multiparameter screening model
Wood29 derived seven important dimensionless groups of parameters, the effective aspect ratio
(RL), the CO2-oil mobility ratio (Mgo), the buoyancy number (Ngo), the injection pressure (PinjD),
the production pressure (Pprod), the initial oil saturation (Soi) and the residual oil saturation to
water (Sorw), to scale continuous CO2 flooding in a Gulf Coast reservoir. The model works by
inputting the dimensionless groups into a simulator to produce output parameters.23,27,29 The
five output parameters were modeled with the normalized dimensionless group values using
response surface fitting as the results of the output from the simulator. The first parameter is
the dimensionless oil breakthrough time (tD) at which significant amounts of oil are recovered.
Recovery at all points before this time is assumed to be zero. The three oil recoveries are the
first dimensionless recovery (RD1), second dimensionless recovery (RD2), and third
dimensionless recovery (RD3) at tD = 0.8, 1.0, and 1.2, respectively. Dimensionless recovery is
the fraction of the total pore volume recovered, and not the typical measure of the percentage
of the original oil in place (% OOIP) recovered. Only one parameter is used to model CO2
storage: the pore volumes of CO2 storage, SCO2, at the final dimensionless time, tD = 1.2. The
dimensionless breakthrough time, recovery, and CO2 storage can therefore be used to make an
accurate estimation and ranking of its oil recovery and CO2 storage potential. TheWood’s29
multiparameter model uses dimensionless groups that are necessary to successfully scale
continuous CO2 flooding for a typical line-drive pattern, which is most applicable to oil
reservoirs in the PRMB of this study. Therefore, in this paper, the dimensionless model was
used to scale CO2 flooding and evaluate the oil recovery and CO2 storage potential of oilfields
in the PRMB.

Capacity estimations
The methods for calculating CO2 storage and EOR potentials of oil reservoirs depend on the
reservoir status, CO2 injection process, and CO2 storage mechanism. In the PRMB, there are
only primary recovery oil reservoirs because of the strong water drive. There are therefore
several types of capacities to determine for the CO2 EOR process, including the theoretical and
effective storage capacities (the volume of CO2 that can potentially be stored) and the amount
of crude oil that can be produced during CO2 EOR operations. The following sections will
discuss the calculations of the EOR and CO2 storage capacities for the reservoir.
Calculation of effective CO2 storage capacity in oil reservoir
A quick assessment of the theoretical and effective CO2 storage capacity in an oil reservoir is
a very important factor for CO2 EOR and storage site selection. In the study area, the oilfields
are usually developed by natural depletion because of the strong water drive. Although
formation water would invade the reservoir as the pressure declines because of production,
leading to a decrease in the pore space available for CO2 storage, CO2 injection can partially

reverse the aquifer influx, thus making more pore space available for CO2.40 In this study, for
the quick-look assessment objective, it is assumed that the pore volume represented by the oil
production is available in the reservoir for CO2 storage. The theoretical storage capacity of CO2
in an oil reservoir was therefore defined as the volumetric-based CO2 storage estimation using
the original oil in place (OOIP) value calculated by the standard industry methods provided by
the Carbon Sequestration Leadership Forum (CSLF).34 The effective storage capacity for the
CO2 storage in the oil reservoirs under in situ conditions, MCO2e, is given by:
MCO2e = ρCO2r × Rf × OOIP/Bf ×Ce

(1)

where ρCO2r = CO2 density under reservoir conditions; OOIP = original oil in place; Rf = oil
recovery factor; Bf = the formation volume factor that converts the oil volume from standard
conditions to the in situ conditions; and Ce = CO2 storage efficiency factor.
The CO2 storage efficiency factor is likely variable, depending on the reservoir characteristics;
this variability explains the wide range of incremental oil recovery and CO2 utilization.31
Unfortunately, few studies have estimated Ce values. According to Bachu and Shaw,32 Ce =
Ceff × Caq, where Ceff < 1 is the effective storage coefficient and Caq is the relative reduction in
storage capacity caused by the effects of formation water influx. The coefficient Ceff represents
the CO2 mobility and density with respect to the oil and water, water saturation, and reservoir
heterogeneity. For an oil reservoir, a value of Ceff = 0.5 was considered reasonable, and Caq =
81% to 25% with an average 50%.41 The oil recovery factors in the PRMB sandstone oil
reservoirs studied in this paper are primarily high and strongly water driven;17 therefore, the
mean Ce value normally used for the reservoirs of this study is Ce = 0.5 × 0.5 = 0.25.
Calculation of additional oil production from CO2 EOR
The additional oil production of reserves due to CO2 EOR is determined by applying an extra
recovery factor, and the extra recovery factor from the CO2 EOR operation is taken as a
percentage of the OOIP. In this study, therefore, the additional oil produced due to CO2 EOR
is calculated using the approach from Stevens42 and Hendriks et al.24 as follows:
Np = OOIP RCO2C

(2)

where Np = extra oil production due to CO2 EOR; RCO2 = recovery factor increment because
of CO2 EOR; and C = contact coefficient of CO2 and crude oil, which is generally 0.75.42
To calculate the RCO2 due to CO2 injection, an empirical relationship between the oil gravity
(API) and recovery increment was proposed based on seven Permian Basin (US) EOR
projects.42 More CO2 will be required to produce one barrel of low-API oil than that required
to produce a barrel of high-API oil. A low value of 5%, a best estimate of 12%, and a high
estimate of 20% were therefore proposed for the EOR calculation. The API gravity of oil in
oilfields of this study is of 42~46%,17 which indicated that a high RCO2 (12%~20%) should be
assigned to the oilfields in this study. Combined with the offshore experience value of reservoir
recovery, which is assumed to be 15% of the OOIP based on the EOR history in the Gulf
Coast,23 the RCO2 value of 15% was reasonably assumed in this study.

Calculation of CO2 storage capacity from CO2 EOR
The estimation of CO2 storage capacity in CO2 EOR projects could not be based on the
reservoir volume for storage at reservoir conditions; however, detailed case-by-case numerical
reservoir simulations could predict the reservoir behavior, the amount of additional recoverable
oil, and the amount of CO2 that needed to be injected.31 Many countries, especially the US and
EU, and organizations have conducted many CO2 EOR projects and obtained valuable
observations. For this quick estimation method, the CO2 utilization coefficient is used to
calculate the total CO2 storage capacity due to CO2 EOR as Shen et al.43 proposed:
MCO2R = NpCCO2

(3)

where MCO2R = volume of CO2 that can be potentially sequestered, t; Np = cumulative oil
production due to CO2 injection, m3; and CCO2 = CO2 utilization coefficient, i.e., the ratio of
net CO2 injection versus produced oil, t/m3. In this study, no distinction was made between
miscible and immiscible flooding. Based on observations reported in the literature,24,43 the
value of CCO2 varies for reservoirs and ranges from 0.9-5.0 t/m3; a minimum estimate of 1.0
t/m3, a moderate estimate of 3.0 t/m3, and a maximum estimate of 5.0 t/m3 were proposed in
this study.

Parameters
Data sources
The data for this study were generated by gathering engineering information from several
sources, including the Atlas of Oil and Gas Basins, China Sea,18 Development of Oil and Gas
Fields of China, Volume of Oil and Gas Fields in Eastern South China Sea,17 and engineering
research books edited by Luo et al.44 and Luo.21 The geological, petroleum, and production
data to 2005 or 2010 are from data published in Zhu and Mi18 and CNOOC.45 We mainly used
the data from these publications as a basis for our study, and the production history data was
partially updated to the end of 2010.
Parameters were collected from the 12 oilfields, from the LF, HZ, and XJ oilfield clusters,
which include 72 oil reservoirs, to build the database for the screening calculation and analysis.
The database includes petro-physical data, fluid characteristics, and geological information,
along with production information and location data. The screening model at
a reservoir
scale requires 10 parameters, including reservoir thickness, temperature, pressure, oil density,
and injection pressure for all oil layers. The parameters in the database were listed in Table 1.
General parameter values
The viscosities of water, oil, and CO2 in units of cP and the densities of the oil and CO2 in units
of kg/m3 were calculated using the equations as shown inWood29 and Wood et al.27 In this
paper, in general, the assigned vertical permeability is kz = 0.1kx (horizontal permeability, kx),

injection pressure is Pinj = 0.75×1.5PinF (initial formation pressure, PinF), and production
pressure is Ppro = 0.5 PinF.
The input parameters of the oilfields needed in the dimensionless model mainly include rock
and fluid variables and engineering variables, as shown in Table 1. We set reservoir dip (α) as
a constant value of 0° due to the sensitivity within a relatively small range (less than 3°) in
these reservoirs. Additionally, the endpoint relative permeability of the oil ( k roo ) and endpoint
relative permeability of the gas ( k rgo ) are given as two experiential values, and the distance
between injector and producer (L) is given based on the field condition. The reservoir thickness
(H), permeability in the x direction (kx), reservoir temperature (T), average reservoir pressure
(P), oil density (ρoil), and oil viscosity (μoil) are obtained or interpolated from Liu;17 the CO2
density (ρCO2r) and CO2 viscosity (μCO2) are calculated based onWood.29 The initial oil
saturation (Soi), which means the oil saturation at the start of CO2 injection, is calculated as
follows:
Soi = Soo × PVo + Soa × PVa

(4)

where Soo presents residual oil saturation in the reservoir, and Soa means the residual oil
saturation in the reservoir and is given as 20%. Additionally, the ratio of pore volume in the oil
layer and water layer over the sum of those two are PVo and PVa, respectively.
Minimum miscibility pressure determination
Minimum miscibility pressure (PMM) is of utmost importance for CO2 flooding and could
significantly influence the flooding mechanism and recovery effectiveness. An estimate of the
minimum miscibility pressure (PMM) was necessary to calculate the injection and producing
pressure groups. Several correlations exist in the literature, including those described by Jarrell
et al.46 and Holm and Josendal47 and extended by Mungan48 and others. However, because of
the limitation of no test data of the oil component, the PMM cannot be estimated from the
molecular weight (MW) of the C5+ components of the reservoir crude oil. In this paper, the
empirical correlation proposed by Mungan49 and He et al.50 was used to calculate PMM quickly
by using the following form:
PMM = −329.558 + (7.727 ×MW × 1.005T )
−(4.377 ×MW)

(5)

where T is the reservoir temperature;MW= (7864.9/G)1 / 1.0386, which is the molecular weight
of the C5+ components, and G is the oil API gravity.

Table 1. Reservoir property parameters used in quick screening model and estimation.

(continued)

Table 1. Continued

(continued)

Table 1. Continued

Results
Dimensionless screening
Screening results
As mentioned above, five outputs were used to model oil recovery potential and CO2 storage.
These results are shown in Table 2. The first critical parameter is the dimensionless oil
breakthrough time (tD0), at which a significant amount of oil is recovered. For the model
equation described, the most important fluid property groups in modeling tD0 were Soi and Sorw,
which are important in determining whether or not mobile oil is present at the beginning of the
CO2 flood. If mobile oil is present, oil will be produced almost immediately and therefore the
tD0 will be close to 0; however, if only residual oil is present, oil will be produced much later
in the flood and tD0 will be higher. The value of tD° changes within the large range of 0.1 PV
to 1.1 PV. According to the statistical analysis results shown in Fig. 3, the frequency percentage
of tD0 < 0.4 PV is only 10%, the percentage for 0.4–0.6 PV is 18%, the percentage for 0.6–0.8
PV is 43%, and the percentage of tD0> 0.8 PV is 29%.Most oil reservoirs, 72%, therefore have
less mobile oil, and more residual oil is present in reservoirs with higher tD0 values of more
than 0.6 PV; only 28% of the reservoirs have more mobile oil, as suggested by lower tD0 values
of less than 0.6 PV, as shown in Fig. 3. The analysis of the average oilfield shows that the tD0
value of the XJ24-1 oilfield is largest at 0.93 PV, and that of the XJ24-3 oilfield is smallest at
0.38 PV; the other oilfields have tD0 values between 0.5 and 0.8 PV, and eight fields are almost
greater than 0.6 PV, as shown in Fig. 4.
Three dimensionless recoveries were used to describe the increasing recovery potential: the
dimensionless recoveries at tD = 0.8(RD1), tD = 1.0 (RD2) and tD = 1.2(RD3). The dimensionless
recovery at any given time is the percentage of the oil in place at the beginning of the CO2
flood. As the dimensionless recovery model describes,29 the Soi is the most important group
for RD, which plays a large role in the presence or absence of mobile oil at the start of the CO2
flood. Mobile oil is easier to recover than residual oil; floods have greater Soi values at the start
of CO2 flooding, and thus larger amounts of mobile oil will produce larger dimensionless
recoveries. The statistical analysis results indicate that the RD1 values of 59 reservoirs
(accounting for 82%) are less than 30%, and 13 reservoirs (18%) have RD1 values greater than
30%, as shown in Fig. 5(a–b). Only three reservoirs have RD1 values greater than 40%. The
maximum RD1 is 47.75%. The RD2 values of 20 reservoirs (accounting for 28%) are less than
10%, and most reservoirs, 47 reservoirs, have RD2 values that vary from 10% to 50%, whereas
only five reservoirs (7%) have RD2 values greater than 50%, as shown in Fig. 5(c–d). The
maximum RD2 is 66%. The RD3 values of 17 reservoirs (accounting for 24%) are less than 10%,
and 50 reservoirs (69%) have RD3 values that vary from 10% to 60%, whereas only five
reservoirs have RD3 values greater than 60%, as shown in Fig. 5(e–f). The maximum RD3 is
73%, accounting for only 7% of the reservoirs.
The average values of the statistical analysis results at the oilfield scale are listed in Table 3
and shown in Fig. 6. The average RD1 varies from 7.7% to 43.1%, and the maximum is 16.5

Table 2. Quick screening and estimation results for all evaluation reservoirs.

(continued)

Table 2. Continued

~43.1% in each field. The RD2 value varies between approximately 12.7% and 62.2%, and the
maximum is 24.7~71.8%; the RD3 value varies between approximately 14.2% and 68.3%, and
the maximum is 26.8~77.7%. The average value trends of RD, as shown in Fig. 7, indicates that

the LF13-2, LF22-1, HZ26-1, HZ32-5, HZ32-2 and HZ26-1 oilfields have relatively higher RD
values, which suggests these oilfields have greater potential CO2 EOR than those of other fields.
Dimensionless CO2 storage is the only parameter for screening CO2 storage potential. The
statistical analysis results indicate that the SCO2 of 59 reservoirs (accounting for 82%) varies
from 0.7P V to 1.0 PV, as shown in Fig. 8(a–b). The maximum SCO2 is 1.0 PV. The SCO2 of 27
reservoirs is less than 0.8 PV, 45 reservoirs have a SCO2 larger than 0.8 PV, and 24 reservoirs
have a SCO2 that varies from 0.9 PV to 1.0 PV, accounting for 34% of the reservoirs – these
reservoirs have the highest CO2 storage potential, with SCO2 greater than 0.9 PV.

Figure 3. Pie graph of frequency percentages for dimensionless breakthrough time (t D0) for the reservoirs studied.
Table 3. Average and maximum analysis valuesof three RD values for the oilfields.

Figure 4. Average dimensionless breakthrough times for the oilfields.

Case study
Generally, an oilfield includes several layers with similar geological characteristics, therefore,
it is important to screen these reservoirs quickly to identify the most economically attractive
one for CO2 flooding and storage. A case study of the HZ21-1 oilfield, which includes seven
oil reservoirs, was discussed in this section (Fig. 7). The results show that M10 and L60 have
the highest EOR recovery, with final (when 1.2 PV of CO2 was injected) recoveries of >51%
of the initial residual oil (at the start of CO2 flooding). The L40Up reservoir has the secondhighest recovery, and >40% of the initial residual oil was recovered by CO2 flooding; tD0 is
shorter in reservoirs L40Up, M10, L60, and L40low. In particular, in L40Up, oil recovery
occurs at 0.61 PV CO2 injection. The SCO2 values are approximately the same – 0.8 PV, in all
reservoirs. This could be associated with the same pressure conditions being present because
the amount of CO2 stored is mainly affected by pressure in the reservoir, as shown in the SCO2
model equation.
According to the analyses above, M10 and L60 are the most promising reservoirs, followed by
L40Up. Considering that the oil reserves of these three reservoirs are 70% of the total oil
reservoirs over the HZ21-1 field, CO2 EOR should be implemented in all three reservoirs to
obtain the best flooding effectiveness. The reserves in the M10 reservoir are 33% of the total
reserves and 2.7 and 1.7 times that in L60 and L40Up, respectively, so M10 would have the
highest EOR potential among the six reservoirs.
Moreover, as the dimensionless recovery factor is predominantly determined by reservoir
thickness; the thicker (such as M10) the reservoir, the more oil is recovered, which could be
related to the stable gravity flooding style assumed in the quick screening model. tD0 mainly
depends on Soi; for example, L40Up has a higher residual oil before CO2 flooding, so it recovers
oil earlier.

Sensitivity analysis
Several input groups, including L, Pinj, Pp, Soi, Sowr, and PMM, affect the results of the screening
model. Among these parameters, L, Pinj, and Pp are the engineering, which are adjustable, and
Soi and PMM are the reservoir properties that are measured or calculated indirectly. The variance
of these parameters will influence the final evaluation results, so a sensitivity analysis is needed
to observe the influence degree of the inputs to the outputs of RD, tD0 and SCO2 . A sensitivity
analysis was applied to the M10 reservoir of the HZ21-1 oilfield as a case study. The input
parameters were evaluated at five values, set at a 25% interval, according to the basic values
of M10, as shown in Table 4. The range is from 50% to 150% of the basic values. Considering
practical engineering, the reasonable range of injection pressure (Pinj) should be between the
original formation pressure and fracture pressure; thus, the interval value of Pinj was set to 11%
of the difference between the basic value and the original formation pressure. The highest
pressure is the formation fracture pressure, 44.76 MPa, which is 1.5 times the lowest pressure
of 29.84 MPa (original formation pressure), which is used to limit the value changes of the
outputs. The sensitivity analysis results are shown in Fig. 9. The RD3 values are negatively
related to PMM and L and positively to Soi, Pinj

Figure 5. Pie graph of reservoir frequency percentage (left) and histogram of number of reservoirs (right) for three
dimensionless recoveries, which show the frequencies and number in various scopes of dimensionless recovery classifications;
a and b are for RD1, c and d are for RD2, and e and f are for RD3.

and Pp, as shown in Fig. 9(a). With the exception of PMM, the rest other input groups show a
linear correlation with RD3. According to the slope of the corresponding line segments in Fig.
9(a), the most important groups for RD are Soi and Pinj, and the change in RD could be up to
45%. If the value of Soi is greater than 30% or Pinj is larger than 44 MPa, RD3 is likely to exceed
60%. The production pressure (Pp) group can affect the recovery factor by 14%. The well
distance (L) group is the least sensitive to RD, which changes less than 10%. Figure 9(b) shows
the sensitivity results of the dimensionless breakthrough time (tD0). tD0 is positively correlated
with the injection pressure (Pinj) and negatively correlated with the other parameters including
Soi, PMM and Pp. PMM and Pinj are the most sensitive to tD0, followed by Soi. The tD0 value could
be up to 0.4 PV when Soi changes from −50% to +50%. Pp has the lowest sensitivity to tD0,
which only varies by 0.1 PV. In modeling SCO2 , only the pressure groups including PMM, Pinj
and Pp affect the density of CO2 and amount of CO2 stored. SCO2 is positively correlated to Pinj
and negatively correlated to Pp and PMM, as shown in Fig. 9(c). Pinj is the most sensitive to SCO2 ,
followed by PMM, and Pp is the least sensitive. Although Pinj has the highest sensitivity on both

tD0 and SCO2, the degree of sensitivity is different. When Pinj increases 0.2 times, tD0 would
increase to 0.13 PV, and SCO2 would increase to 0.2 PV. The Pp influence is similar to that of
Pinj, indicating that the sensitivity of SCO2 to the pressure is higher than that of tD0. When Pinj
is > 41 MPa or PMM < 16 MPa, SCO2 can become greater than 1.0 PV. The resultant sensitivity
analysis diagrams show that the PMM parameter is the only parameter that is negatively
correlated with the result, and that has a concave curve type. If PMM changes less than the basic
value, the impact on RD and tD0 are the greatest, when the PMM value increases gradually, the
influence on the evaluation output groups would reduce gradually. In brief, the high Soi before
CO2 injection and low PMM are beneficial to enhance the recovery factor and reduce the
breakthrough time. A high injection pressure of CO2 (Pinj) is advantageous to oil recovery (RD)
but delays the breakthrough time (tD0). The evaluated ranges in production pressure (Pp)
andwell distance (L) have less of an effect on the recovery and breakthrough time. Obtaining
higher oil production therefore relies mainly on the increase in injection pressure.

Figure 6. Correlation curves of the average and maximum values of three dimensionless recoveries for 11 oilfields.

CO2 storage capacity
According to the results in Table 2 and Table 5, the theoretical storage capacity of the
individual reservoirs varies from 1.4×104 t to 1178×104 t of CO2, and at the oilfield level, it
varies from 198×104 to 1923×104 t of CO2. If a value of 0.25 is taken as the effective storage
coefficient affected by all factors, the effective storage capacity ranges from 0.3×104 t to
294×104 t of CO2 at reservoir level and 49×104 t to 481×104 t of CO2 at the oilfield level. The
total effective storage capacity for all reservoirs is 2269×104 t of CO2, and it is 2633×104 t of
CO2 at the oilfield scale. According to the analogy method of Eqn (3), the storage capacity for
the minimum, middle and maximum grades varies from 0.3~326.5×104 t of CO2, 1.0
~979.4×104 t of CO2 and 1.7~1632.4×104 t of CO2, respectively, at the reservoir scale and
73~710×104 t of CO2, 218~2129×104 t of CO2 and 363~3549×104 t of CO2, respectively, at the
oilfield scale. The total minimum grade capacity for all the reservoirs is 2936×104 t of CO2,

and it is 3617×104 t of CO2 for all the oilfields. The CO2 storage capacity at the reservoir scale
is approximately equal to that at the oilfield scale. The capacity for the middle grade from the
analogy method is approximately equal to the theoretical storage capacity obtained in the above
calculation of Eqn (1), and the effective storage capacity is approximately equal to the
minimum grade capacity.

Figure 7. Results of EOR and CO2 storage potential for seven oil reservoirs in the HZ21-1 field (Q is the ratio of the proven
reserve of a reservoir over the total reserves of the field).

Figure 8. Pie graph of reservoir frequency percent (a) and histogram of number of reservoirs (b) for the dimensionless CO2
storage (SCO2, PV), which shows the frequencies and number of reservoirs in various scopes of the dimensionless recovery
classifications.
Table 4. Parameters for the sensitivity analysis of the M10 reservoir.

Table 5. Results of the calculation of the CO2 EOR potentials and CO2 storage capacities based on oilfield evaluation.

CO2 EOR potential
According to Eqn (2), the additional produced oil reserves (Np) due to CO2 EOR varies from 1
to 392 × 104 t, and the total additional produced oil is 2510 × 104 t for all reservoirs. There are
only five reservoirs with additional produced oil reserves greater than 100 × 104 t. At the
oilfields scale, Np varies from 116 to 634 × 104 t, and the total Np is 3227 × 104 t. There are
four oilfields with Np potential greater than 300 × 104 t. The total additional potential due to
CO2 EOR at the reservoir scale is approximately equal to that at the oilfield scale. The critical
value of the additional oil potential for the optimal CO2 EOR site is 100 × 104 t for the
individual reservoir and 300 × 104 t at the oilfield scale.

CO2 EOR and storage prospects
The objective of this study is to provide a quick way to identify CO2 EOR and storage
candidates in the PRMB and to provide quick screening and a preliminary reservoir-scale
assessment of additional oil recovery and CO2 sequestration capacity. The results of this
assessment indicate that important oil recovery and CO2 storage potential lies in the offshore
oilfields through application and co-optimization of enhanced oil recovery and CO2 storage.
Both an increase in oil production and decrease in CO2 (e.g., incidental storage) can be achieved
by the implementation of CO2 EOR projects. For these reasons, the CO2 EOR and storage
prospects in the oil reservoirs of the PRMB are promising.
The screening results indicate that the reservoir suitability for CO2 EOR can be divided into
five grades according to the reservoir characteristics as described by the dimensionless
parameters and potential scales, as shown in Table 6. There are 13 reservoirs with the highest
optimal grade, 16 reservoirs at the higher level and 18 reservoirs with a high grade for cooptimization of EOR and CO2 sequestration; high ultimate recoveries (RD3) and shorter
breakthrough times (tD) were predicted for all these scenarios. The third grade includes 18
reservoirs with high RD, high SCO2, and long tD values, respectively. More than 40 oil reservoirs

are predicted to have a large potential with a high RD (> 40%), SCO2 mostly between
approximately 0.8~0.9 PV and tD between 0.6 and 0.8 PV. These reservoirs mostly belong to
seven oilfields, namely, the HZ26-1, HZ32-3, LF13-1, HZ21-1, HZ32-2, HZ32-5, and XJ24-3
oilfields.

Figure 9. Results of sensitivity analysis regarding RD3 (a), tD0 (b) and SCO2 (c).

The reservoir characteristics of high porosity and high permeability and strong water-drive
energy17 indicate good connectivity and a stable formation pressure system, which is favorable
for reservoir stability and reduces the risk from faulting and fracturing affected by CO2
injection operations. The depressions in the PRMB have weaker seismic and fault activity, and
only a handful of earthquakes with a magnitude (M) less than five are documented in the

historical records,51,52 so these more stable characteristics provide favorable conditions for oil
and gas accumulation and storage. More than approximately 100 wells were drilled for oil
production in these oilfields.17 It is believed that some of these wells are in poor condition or
in need of repair after a long production time (>20 years). The potential risk of CO2 leakage
through wellbores would be a common problem in these fields, especially for the oilfields in
an earlier development stage, because of the complex well conditions, including more
sidetracking horizontal wells for offshore petroleum production. A more detailed study on the
risk of CO2 leakage along wellbores should therefore be carried out in these PRMB oil
reservoirs.
Table 6. The suitability classification of reservoirs for optimal CO2 EOR sites.

With respect to the economic factors, although the utilization efficiency of CO2 and the existing
infrastructure are the most critical factors, as the PRMB is still in the stage of active
hydrocarbon exploration and production, it is important not to hinder the primary hydrocarbon
development by EOR and CO2 storage activities. The XJ oilfield cluster is still in an earlier
stage of oil production and exploration. The LF and HZ oilfield clusters are in the first batch
of oilfield development projects; after nearly 30 years of development, they have entered a high
water-cut stage and required a new high-efficiency EOR technology. The application of CO2
EOR in these oilfields should therefore be more economical for improved oil production and
construction and operation costs of the offshore platform. Accordingly, the reservoirs from the
LF and HZ oilfield clusters should be proposed for potential CO2 EOR and storage candidate
sites. Briefly, it can be concluded that the reservoirs in the LF and HZ oilfields are the most
promising for CO2 EOR and storage due to their large potential, structural stability, and the
economic factors.

Discussion
Developing CO2 EOR as a mechanism for creating opportunities for CO2 storage has been
shown to be possible with field experience from worldwide projects over more than 40 years.
A challenging aspect is the lack of offshore CO2 EOR experience, causing development of
these opportunities to be slow. This paper represents an attempt to use a comprehensive
‘quick look’ and potential evaluation methodology to screen and assess offshore CO2 EOR
potential that can be proven by further data collection and more in-depth analysis. The
multiparameter ‘quick look’ and calculation method allows us quickly to reduce the number of
potential sites, to save time and allow more of the available resources to be used to optimize
and evaluate the potential of the candidates. The process proposed in this paper sequentially
and quantitatively considers (1) site optimization for CO2 EOR, (2) the amount of CO2 that can

potentially be stored, (3) the recovery growth potential, and (4) the additional oil potential at
the reservoir scale. In fact, it is very difficult to determine these values quantitatively. Although
using more reservoir property allows more in-depth screening and assessing, incomplete data
and uncertain parameter values of both the reservoir properties and engineering parameters
would be critical in influencing the accuracy of these results.
First, the limitations of the reservoir property parameters used in this method, including PMM,
Soi and relative permeability (k), were generally estimated by simple calculation or experiential
values, which are generally tested by experiments and simulations. Second, the engineering
parameters, including injection well location, injection pressure, and well distance were set
following the observed values. The sensitivity analysis shows that a reasonable injection
pressure is important for CO2 flooding and that the well spacing is not a very sensitive
parameter; this information is important for offshore settings because of the high costs of wells
and space limitations of offshore platforms. These engineering parameters therefore need to be
further optimized through simulations and test analyses. Third, the critical output parameters,
including MCO2e, MCO2R, Np, tD, SCO2 and RD, which should actually be solved by numerical
simulations, were simplified by using a polynomial fitting method in order to realize a quick
evaluation and screening; the calculation and screening model therefore itself has some
uncertainty. In addition, the base model of quick screening is based on the sandstone oilfields
in Gulf of Mexico; although the oilfields of the PRMB are similarly marine sandstone oilfield,
there are still some differences between both fields in terms of their reservoir properties and
fluid properties, which can also create errors or uncertainties. The estimation of EOR potential
and CO2 storage capacity in each oil reservoir was calculated on the basis of reservoir
properties such as original oil in place, recovery factor, and CO2 utilization coefficient, whose
values should be determined through numerical simulations and field tests.
Due to the limitations above, we would like to consider the methodologies proposed in this
study as a preliminary attempt or test to screen candidate sites and quantify the potential of
CO2 EOR, and CO2 storage in oil reservoirs of the PRMB. Ideally, this method indicates the
suitability of CO2 EOR and storage at the reservoir scale and calculates the additional oil
production and CO2 storage. The results can provide a basis for site screening for Guangdong
offshore CCUS development. The most practical and matched EOR additional reserve, CO2
utilization and storage capacity values should be determined through the application of various
cutoffs, and reservoir simulations will be explored for potential sites in future work, case by
case.

Conclusion
This paper represents an attempt to introduce methodologies for the quick assessment and
screening of offshore CO2 EOR potential and storage capacity at the reservoir scale. The
quantitative approach can quickly reduce the numbers of potential EOR and sequestration sites,
saving the time, and allowing more of the available resources to be used to evaluate the
potential and optimize the candidates. The process proposed to use multiple (as many as
possible) parameters of reservoir properties and engineering design to carry out dimensionless

screening and capacity evaluations for quick site assessment and optimization, which can allow
for more in-depth screenings and assessments.
The results show that considerable oil recovery potential and CO2 storage capacity lies in the
offshore oilfields of Guangdong province through application of CO2 EOR and storage in
sandstone oilfields of the PRMB. The suitability of the reservoirs for CO2 EOR can categorized
into four grades, and more than 30 reservoirs in the upper two grades can be considered optimal
candidate sites for CO2 EOR. The results also indicate that there is a potential for
approximately 3227 × 104 t of additional oil production and 3617 × 104 t of CO2 storage
capacity for all the oilfields. These large offshore resources will likely be exploited when a
large amount of CO2 has finally been captured and made available in onshore Guangdong
province. The reservoirs such as HZ21-1, HZ32-3, LF13-1, and HZ26-1 from the LF and HZ
oilfield clusters are the most promising candidate sites for CO2 EOR and storage projects.
The sensitivity analysis shows that high Soi and low PMM values are beneficial to CO2 EOR.
The injection pressure (Pinj) would have a more sensitive effect than production pressure (Pp)
and well distance (L) on the CO2 EOR and storage efficiency, so a proper higher injection
pressure (Pinj) may enhance the potential of EOR while the initial oil and minimum miscible
pressure are constant. Although the scale of the reserve for individual reservoirs or oilfields is
relatively small, therefore, the considerable potential can improve by adjusting CO2 EOR
operations such as injection and production pressure managements.
There are several advantages to conducting offshore CO2 EOR and storage projects in the
Guangdong province offshore PRMB; these advantages include the availability of traps by
demonstrated oil accumulations, abundance of exploration and development data, complete
offshore development infrastructures, potentially plentiful CO2 sources matched the oil
reservoirs, and regional geological and structural stability. Furthermore, the combination of the
drive to reduce CO2 emissions due to Guangdong’s low-carbon strategy and the selection of
enhanced oil recovery technologies of high-water-cut oil production fields would make the
PRMB a good location for CO2 EOR projects.
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