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Updated screening criteria for
enhanced oil recovery methods and
their application to the T oilfield in
eastern Mongolia

Anuudari Arvis & Baehyun Min™*

Enhanced oil recovery (EOR) plays a vital role in maximizing oil production from depleting reservoirs.
As EOR technologies advance, updating screening criteria is essential to evaluate and recommend
suitable EOR methods for target reservoirs. This study aims to establish updated screening criteria

to identify the most effective EOR methods based on specific reservoir characteristics. A structured
selection approach facilitates the evaluation of advanced EOR technologies to ensure the suitability
for particular reservoirs while optimizing recovery processes and improving overall efficiency. To
demonstrate this approach in practice, we present a case study using field data collected from the T
oilfield in Mongolia. The estimated recovery factor based on primary and secondary recovery is in the
range of 10% to 17%. Therefore, the field development plan considers the application of EOR to the T
oilfield. An integrated methodology that combines EOR screening with score assignment is applied to
provide a comprehensive evaluation of potential EOR technologies. The results show that the miscible
carbon dioxide (CO,) injection, miscible hydrocarbon (HC) injection, and immiscible nitrogen (N,)
injection methods have the highest scores without any violation of criteria. This approach ensures a
thorough selection process by considering various technical factors relevant to reservoir characteristics
and aligning with the study’s objective. The case study demonstrates the effectiveness of the proposed
screening criteria in real-world scenarios and offers valuable insights for operators selecting EOR
methods under similar conditions.

Keywords Enhanced oil recovery (EOR), Screening criteria, Score assignment, T oilfield in mongolia,
Reservoir evaluation

Enhanced oil recovery (EOR) includes advanced techniques that were designed to extract additional oil
from reservoirs once conventional methods can no longer sustain production!. As technologies evolve
and sustainability becomes a priority, EOR remains a crucial focus in energy research and application?. The
advancement of EOR technologies has led to the widespread adoption of screening as a method for identifying
and ranking the most suitable EOR techniques based on specific reservoir characteristics®. A well-structured
screening process enhances the accurate evaluation of EOR potential, increasing reservoir value while reducing
development risks?.

EOR has been widely employed in oilfields with low production rates caused by high water cuts despite
significant remaining oil saturation®. EOR methods are categorized based on the type of displacing fluids into
gas flooding (miscible or immiscible), chemical flooding, thermal flooding, and microbial flooding'. Each
category includes different techniques that were designed to improve recovery efficiency based on specific
reservoir conditions. Gas flooding is further classified into miscible and immiscible methods. Miscible gas
flooding injects gas that fully mixes with oil, reducing its viscosity and improving flow"°, while immiscible gas
flooding uses gases that do not mix with oil but assist in displacement by maintaining pressure or driving oil
through gas expansion mechanisms*®. Chemical methods involve injecting surfactants, polymers, or alkaline
surfactant polymer (ASP) to modify the properties of oil or reservoir rock, improving oil recovery?’. Thermal
methods apply heat to reduce oil viscosity and facilitate extraction, with common techniques including hot water
injection, steam injection, and combustion®. Lastly, microbial methods use microorganisms or their byproducts
to enhance oil recovery through biochemical processes®!!.

Department of Climate and Energy Systems Engineering, Ewha Womans University, 52, Ewhayeodae-gil,
Seodaemun-gu, Seoul 03760, Republic of Korea. *“email: bhmin01@ewha.ac.kr

Scientific Reports|  (2025) 15:34670 | https://doi.org/10.1038/s41598-025-21696-x nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-21696-x&domain=pdf&date_stamp=2025-10-4

www.nature.com/scientificreports/

The selection of EOR processes depends on specific crude oil properties and reservoir conditions, with the
primary goal of maximizing recovery while taking into account both economic and environmental factors.
Miscible gas flooding is particularly effective for light crude oil, as it involves injecting gases such as carbon
dioxide (CO,) or hydrocarbon (HC) gases that mix with the oil, thereby reducing viscosity and improving
mobility!'2. Chemical processes have also been effective for light crude oil by improving both displacement
and sweep efficiency’. In contrast, thermal processes are primarily used for heavy crude oil because they
significantly reduce viscosity, utilizing mechanisms such as oils, which makes extraction easier!*~!°. Microbial
EOR applies fundamental chemical principles, utilizing mechanisms such as interfacial tension (IFT) reduction,
emulsification, wettability alteration, mobility ratio enhancement, selective plugging, viscosity reduction, oil
swelling, and increased reservoir pressure due to gas formation!'**. This comprehensive understanding of EOR
techniques underscores the need for tailored approaches that align with the specific reservoir characteristics and
crude oil types.

A structured table format for EOR screening is essential for maximizing oil extraction from reservoirs. It
enables efficient comparison of multiple reservoir properties against predefined criteria for various EOR methods.
This approach allows for the rapid identification of suitable techniques based on factors such as rock properties
(e.g., porosity and permeability) and fluid properties (e.g., gravity, viscosity, and saturation). Furthermore, a
structured table format facilitates the simultaneous evaluation of multiple reservoirs, which helps oil companies
prioritize their EOR efforts across their asset portfolios.

A notable example is the EOR screening criteria table developed by Taber et al. (1997a)'8, which incorporates
nine reservoir properties across twelve EOR methods. This tabular format provides a comprehensive framework
for evaluating and selecting suitable EOR technologies for a given oilfield. By structuring complex data in a clear
and accessible manner, these tables help engineers and geologists make well-informed decisions when assessing
EOR implementation for specific reservoirs. Building on this approach, Dickson et al. (2010)'3, Adasani et al.
(2011)°, and Hartono et al. (2017)!¢ derived average reservoir properties to enhance the robustness of screening
and reservoir evaluation frameworks for EOR methods. The use of average values not only improves the
standardization of input data but also simplifies the comparative analysis of different EOR techniques.

Furthermore, these studies introduced the concept of defining lower and upper limits for the reservoirs
property relevant to a given EOR method. This systematic approach saves time and minimizes the risk of
overlooking viable EOR candidates, which ultimately supports more informed decision-making and better
resource allocation in EOR projects.

This study updates EOR screening criteria by integrating insights from multiple researchers over the past
four decades™!>15-26, The revision process carefully evaluates rock and fluid properties, which broadens the
applicability and effectiveness of EOR methods. The updated criteria enable engineers to assess field feasibility
at an early stage, providing improved guidance for subsequent evaluation phases. A case study of the T oilfield
in Mongolia is presented to illustrate the practical application of the updated screening criteria. Exploration of
the T oilfield began in 1991 and reached the appraisal stage in 2011. According to the Mineral Resources and
Petroleum Authority of Mongolia (MRPAM), its proven reserves are approximately 150.13 million barrels or
about 21.018 million tons*”. The case study evaluates various EOR methods, including gas injection, chemical
flooding, thermal recovery, and microbial flooding, to identify the most suitable approach for this reservoir.
By applying these comprehensive screening criteria and assigning scores to EOR methods, this study aims to
establish a more robust framework for selecting effective techniques, ultimately enhancing oil recovery and
optimizing resource utilization.

Screening of EOR technologies

The screening of EOR processes is essential for identifying the most effective and economically viable techniques
suited to specific reservoir characteristics and project objectives. Various authors and institutions have developed
screening guidelines and criteria to support the successful implementation of EOR methods, including those
established by respected organizations such as the Society of Petroleum Engineers (SPE)!*!%16.18:21.24 Tpy addition
to academic research and documented case studies, these resources offer valuable insights and practical examples
drawn from real-world EOR projects"57.

Utilization of these guides and criteria enables operators to make well-informed decisions, thereby optimizing
the implementation of EOR strategies while improving project efficiency and profitability. When applying EOR
criteria to a specific reservoir, each factor must be individually evaluated to ensure alignment with reservoir
conditions and project objectives'?.

Effective application of EOR criteria requires assessing each factor based on its relevance to reservoir
and project conditions*®. This assessment should be supported by comprehensive technical analyses to fully
understand the implications and expected outcomes of different EOR methods. In addition, identifying any gaps
or inconsistencies in the criteria is crucial to selecting a practical and effective EOR approach that maximizes
recovery. Carefully evaluating each criterion and addressing potential problems individually leads to more
informed decision-making and improves the success of EOR projects. For a more comprehensive understanding
of the mechanisms and effectiveness of different EOR methods, refer to the studies by Terry et al. (2003)! and
Thomas et al. (2007)'.

Updated screening criteria for EOR methods

This study presents an updated version of the screening criteria for EOR originally established by Taber et al.
(1997a)'8, a foundational contribution to petroleum engineering that is widely cited in scholarly literature. Their
criteria cover twelve EOR methods evaluated using nine key reservoir properties, with statistical parameters
(i.e., lower, upper, and average values) derived from various EOR surveys conducted between 1974 and 1996,
including those published in the Oil and Gas Journal>'8, as shown in Table 1. For each EOR method, italic
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Oil Properties Reservoir Characteristics
0il
Gravity Viscosity Saturation Net Thickness | Permeability Temperature
EOR Method (°API) (cp.) Composition (% PV) Formation type (ft) (mD) Depth (ft) | (°F)
Gas Injection Methods (Miscible)
Misc-N, and . Sandstone or Thin unless
U | flue gas >35/48/ | <04\ 0.2\ | High% of C,to C, |>40/ 75/ | 20 " O dipping NC >6000 NC
. . Sandstone or Thin unless
— 0,
2 Misc-HC >23/41/7 | <3\ 0.5 High % of C,to C, | >30,/ 80/ carbonate dipping NC >4000 NC
3 | Misc-CO 2227 <10\ L5\, | High% of C,to C,, | 20,755, | Sandstoneor Wide range | NC >2500° | NC
2 36,/ 2 : 8 5 12 carbonate 6
NC if dipping
= | Immiscible gases | >12 <600 NC >35,/770/7 | NC and/or good | ;o >1800 NC
3 vertical
permeability
(Enhanced) Water-flooding
Micellar/ Light, intermediate,
Polymer, ASP, and some organic <9000\,
4 and Alkaline >20,/ 35/ | <35\, 13\, acids for alkaline >35 /' 53,/ | Sandstone preferred | NC >10,/ 450/ 3250 <200, 80
Flooding floods
Polymer b
5 Flooding >15 <150, >10 NC >50, 80,/ | Sandstone preferred | NC >10,/ 800,/7° | <9000 <200\,140
Thermal/Mechanical
<5000 Some asphaltic High-porosity sand/ <11,500N
6 Combustion >10/'16>? || >50/ 72/ d >10 >50¢ , >100,135
1200 components sandstone 3500
<200,000 . .
. High-porosity sand/ >200,/ <4500\
2
7 Steam >8,/'13.5>? i700 NC >40,/ 66,/ sandstone >20 2540 74 1500 NC
>3:1
- | Surface mining | 7to 11 Zero cold NC >8 wt% sand | Mineable tar sand >10¢ NC overburden NC
flow to sand
ratio

Table 1. Summary of the screening criteria for EOR methods developed by Taber et al. (1997a)'% . Misc =
Miscible, HC = hydrocarbon, N, = Nitrogen, Alkaline-Surfactant-Polymer = ASP, NC = Not critical. Italic
values represent the approximate mean or average for current field projects. ®See Table 3 (CO, flooding)
of Ref.!?. ®>3 mD from some carbonate reservoirs if the intent is to sweep only the fracture system.
“Transmissibility >20 mD-ft/cp. ¢Transmissibility >50 mD-ft/cp. °See depth.

values indicate the average or mean of a given parameter. For example, in miscible nitrogen floods, an oil gravity
notation of “>35 /48 /7 signifies that this method is suitable for oils with a gravity exceeding 35° API (provided
other criteria are met), that higher-gravity oils are preferable (,”') and that the approximate mean or average of
existing miscible nitrogen projects is 48> API (Taber et al., 1997a)'8.

In this study, the updated EOR criteria incorporate comprehensive data from multiple EOR projects
conducted between 1997 and 2024. Table 2 presents a summary of these revised screening criteria, including a
range of reservoir values derived from field data and established oil displacement mechanisms relevant to each
EOR method. Building on the work of Taber et al. (1997a)'3, this study introduces several key enhancements:
porosity is now included as an evaluation criterion, four additional EOR methods (miscible WAG, microbial
EOR, hot water flooding, and a combined approach of immiscible HC with WAG) have been integrated, and
the statistical parameters of the evaluation criteria have been updated. As a result, the comprehensive list of ten
reservoir properties is as follows: oil gravity, oil viscosity (i), oil composition, oil saturation (S,), formation
type, net thickness (h), permeability (k), reservoir depth (d), temperature (T), and porosity (). Furthermore, we
categorized the sixteen EOR methods into six groups: miscible gas, immiscible gas, chemical, thermal, mechanical,
and microbial methods. More specifically, the miscible gas category includes four methods: CO,, HC, Water
Alternating Gas (WAG), and N, injection. The immiscible gas category also consists of four methods: N,, CO,,
HC, and HC combined with WAG. The chemical category includes three methods: polymer flooding, alkaline/
surfactant/polymer (ASP), and surfactant combined with polymer or alkaline. The thermal category comprises
three thermal techniques: combustion, steam injection, and hot water flooding. In addition, one mechanical
method (surface mining) and one microbial method are included. Furthermore, this study updated not only the
EOR criteria and EOR methods but also expanded statistical parameter ranges of lower and upper limits, as well
as average values of criteria based on field data collected from various EOR projects, as summarized in Table
21:3:569,12,13,16-18,21.23.24.26.29 The updates to reservoir properties and improved methodologies for EOR indicate
a considerable advancement in the field. The refinement of reservoir property assessments and advanced EOR
methodologies is expected to facilitate a more accurate selection of suitable EOR techniques that are tailored to
specific oilfield characteristics. For each EOR method, every reservoir property provides a range of favorable
EOR operating conditions, with an average representing the primary weighting value. For example, the criterion
for oil gravity (°API) in miscible N, floods can be expressed as “Min > 20 /', Avg 48 /. This notation means that
the EOR method is effective for oils with a gravity exceeding 20° API and that higher-gravity oils are preferable
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(/). In addition, the approximate average oil gravity for current miscible nitrogen projects is 48° API, as shown
in Table 2.

While Table 2 provides valuable insights, it is important to understand that the parameters are not intended
to establish definitive threshold limits but rather to provide indicative guidelines that should be interpreted
with nuanced consideration and contextual understanding. Specifically, the proposed limits should be subject
to continuous reassessment and refinement through rigorous scientific research. The presented parameters
serve primarily as examples and provide an approximate range of EOR criteria that have been associated with
successful project outcomes. These guidelines are intended to offer a starting point for reservoir evaluation
rather than definitive standards and should be adapted based on project-specific factors and emerging industry
insights.

Table 3 provides reference numbers that enable readers to access relevant information, including authors,
titles of works, publication years, and other important citations.

Scoring of EOR methods

A scoring mechanism is integrated into the reservoir evaluation and ranking process of EOR methodologies.
By using a stairwise scoring system, each of the ten reservoir properties listed in Table 2 is assessed against the
established screening criteria of the sixteen recovery methods.

Scores range from 0 to 1 and represent the degree to which a given reservoir property aligns with the EOR
criteria. If a property only partially falls within the defined EOR range, a proportional score is assigned based on
its level of compliance. In this study, the minimum (X™") and maximum (X™) values serve as threshold limits,
while the average value (X*'8) acts as the primary weighting factor. In addition, if any criterion receives a score of
zero, the corresponding EOR method is excluded from consideration, regardless of its overall score.

The scoring approach using the range between X™ and X*'8 applies to reservoir properties such as oil gravity,
oil saturation, permeability, reservoir depth, temperature, and porosity. This method is governed by (Eq. 1)
through (Eq. 3):

For the i-th screening parameter

X; — Xmin

If X" < Xy < XJ)V®, then S; = m; (1)
Elseif X; > X8, thenS;=1; ()
Elseif X; < X™®, thenS; = 0; (3)

« where X; denotes a reservoir property value for the i-th screening parameter.
o where X;™'" is a minimum reservoir property value for the i-th screening parameter.
« where X signifies an average reservoir property value for the i-th screening parameter.

A score of 1 is assigned when the given property value is equal to or greater than the X*'8, as defined in (Eq. 2).
Conversely, a score of 0 is assigned when the given property value falls below the X™" threshold, as shown in
(Eq. 3). Figure 1 outlines the score assignment procedure.

For the composition criterion, a score of 1 is awarded when a property meets the specified conditions outlined
in Table 2. Unless it meets these conditions, it receives a score of 0. Specifically, for miscible gases such as CO,,
HC, and N,, a “high % of carbon components” refers to the predominance of carbon number, specifically defined
by its weight%. This definition is presented in the composition criterion of Table 2. For example, in the case of
miscible CO,, it is recommended to use a high percentage of hydrocarbons ranging from C; to C,,, according
to Taber et al. (1997a)'8. This indicates that the majority ( X; > 50%) of the carbon weight should consist of
hydrocarbons within the C, - C,, range, which is considered acceptable and should be assigned a score of 1.

If a property only partially meets the condition, a proportional score is granted based on its level of
compliance. For instance, if the inclusion of C; - C,, hydrocarbons only constitutes 30% ( X;) of the total,
while the remaining 70% ( X,) consists of other carbon numbers, (Eq. 4) will be applied to calculate the score
accordingly.

X
IfX; < Xy, then §,=="; (4)
? X,
« where X; denotes a carbon percentage value for the i-th screening parameter.
o where X, is a remaining carbon percentage value for the y-th screening parameter.
As an example, the given data can be calculated as shown below, using (Eq. 4):
30
Si = = =0.429 5
i =5 (5)

In addition, “NA” is utilized to signify “Not Available” in instances where no specific value is provided. It is
important to note that any criteria corresponding to “NA” should be excluded from the overall calculation. For
further clarification, please refer to Fig. 1 below. Also, it is crucial to clarify that “NC” denotes Not Critical. Given
the absence of a specific ideal value in the study by Taber et al. (1997a)!%, so a score of 1 is assigned to those
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Formation Table 2. Updated EOR screening
iteria (Misc-CO
Reservoir and fluid properties ———— criterta (Misc 2)
X; (reservoir xmin X9 xmax
property value) ! i t

1 Gravity °API 37.4 >21/ 36/ -
2 Viscosity (u,) cp 3.96 - 1.65™ <35\
3 Composition - NA High percent of Cs to Cy,
4 | Oil saturation (S,) % 54.7 =157 52.8/ -
5| Formationtype [*S,**C *S *S s *S
6 | Net thickness (h) ft. 54.7 Wide range
7 | Permeability (k) md 11.8 NC NC -
8 |Reservoir depth (d) ft. 3456 >1500 . 171 -
9 | Temperature (7) °F 130 NC NC -
10 Porosity (o) % 15.4 >3 ./ 14.8 7 -
Misc = Miscible, NA =Not available, NC = Not critical. *S = Sandstone, **C = Carbonate

v —» Score assignment

Reservoir and fluid properties Formation
1 Gravity °API 1 N
2 Viscosity (u,) cp 0.93
3 Composition - NA
4 Oil saturation (S,) % 1
5 Formation type 'S, ¥*C 1 Score for
each
6 Net thickness (h) ft. 1 property
7 Permeability (k) md 1
8 Reservoir depth (d) ft. 0.419
9 Temperature (7) °F 1
10 Porosity (o) % 1 p Final
Average score (§9V9) of Misc-CO:z method 0.928 —» averaged
score

Fig. 1. Criteria of the score assignment procedure (favorable case).

categorized as NC. The scoring methodology and its implications have been thoroughly examined in the prior
research conducted by Trujillo et al. (2010)".

For net thickness, a score of 1 is assigned if the property meets the conditions presented in Table 2, while a
score of 0 is given if it does not.

In the context of formation types, EOR techniques are applicable to both sandstone and carbonate reservoirs.
However, the methodologies employed and the associated challenges differ significantly due to the inherent
characteristics of each formation type.

A scoring system is utilized to evaluate these reservoirs based on their classification: sandstone reservoirs
are assigned a score of 1, whereas carbonate reservoirs are assigned a score of 0.5. For instance, the score of
1 depicted in Fig. 1 corresponds to the classification of the reservoir as sandstone, as outlined in Table 2. This
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scoring methodology and its implications were comprehensively examined in the research conducted by
Hartono et al. (2017)'°.

The scoring method using the range between X*'8 to X™** applies only to oil viscosity, as lower viscosity is
generally preferred. This method is governed by (Eq. 6) through (Eq. 8):

For the i-th screening parameter:

X; — X2

IfXYe < X, < X7 h =
i > = 7 ) then S Ximax — Xiavg (6)
Elseif X; < X[V®, then Score = 1; (7)
Elseif X; > X;™*, then Score = 0; (8)

o where X denotes a reservoir property value for the i-th screening parameter.
« where X"® is an average reservoir property value for the i-th screening parameter.
o where X;"** signifies a maximum reservoir property value for the i-th screening parameter.

For oil viscosity, a score of 1 is assigned if the viscosity value falls below the X*'8, as lower viscosity is preferred -
see (Eq. 7). If the viscosity exceeds the X™** threshold, a score of 0 is given, as outlined in (Eq. 8).

For net thickness, a score of 1 is assigned if it meets the conditions specified in Fig. 1. Similarly, a score of 1 is
assigned for the formation type if it is classified as sandstone, as summarized in Table 2.

To assess the average score (.S*'8) of the formation, the following steps are followed: First, all assigned
criteria scores are summed, and the total is divided by the number of evaluated criteria, as described in (Eq. 9):

gvE= LS s, ©)

n

« where S*'® denotes the average score.
« where 7 is the number of evaluated criteria.
« where S; signifies individual scores for the i-th assigned criteria.

As an example, the data in Fig. 1 can be calculated as shown below, using (Eq. 9):

gave _ (14093+1+1+1+14+0419+1+1)
o 9

=0.928 (10)

To complete the overall performance, we need to use the final average scores to rank the list of EOR methods.
After calculating the average score for each candidate, the ranking is determined by ordering the EOR methods
in descending order based on their overall average scores.

If Fig. 1 illustrates a favorable scenario for Misc-CO,, where no criteria were violated. Conversely, Fig. 2 below
presents an unfavorable case for “Hot water” injection, which failed to satisfy the 2/10 criterion, as indicated in
Fig. 2.

In Fig. 2, illustrating the “Hot Water” injection case, the criteria for permeability and porosity are assessed
as “0” and are highlighted in red. The given values ( X;) can be found in Table 5 below. When we compare the
given values ( X;) with “Table 2. Updated EOR screening criteria (Hot water)” as shown in Fig. 2, we can observe
the following results. The following analysis pertains to the application of “hot water” injection concerning
permeability characteristics. The specified permeability ranges are “ X" = > 35 ~ | X8 = 2943 *”.
This implies that this injection method is appropriate for oils with a permeability exceeding 35, if provided
other criteria are met. Furthermore, it is suggested that oils with higher gravities are preferable, as denoted by
the upward trend (/). The approximate average permeability for existing hot water projects is 2943. As a result,
the permeability values presented in Fig. 2 for hot water are recorded equal to 11.8, which fails to meet the
lower limit of the criteria. Consequently, this has been marked as a violation, resulting in a value of “0” which is
indicated in red as illustrated in Fig. 2.

In the context of the previously discussed permeability case, the criteria of “hot water” injection concerning
porosity characteristics are established within the range of “ X" =>25 /| XV =31.2 /" The
value indicated in Fig. 2 for hot water porosity is “15.4” which does not meet the lower limit of the criterion.
Consequently, this value is recorded as “0” and is marked in red, as shown in Fig. 2.

Mongolia’s oil industry and the T oilfield

Historical phases of mongolia’s oil industry development

The development of Mongolia’s oil industry can be divided into two phases. The first phase began in 1931 with
the discovery of the Zuunbayan and Tsagaan-els oilfields in Dornogobi province, supported by technical and
logistical assistance from the former Soviet Union. This stage established the foundation for subsequent regional
exploration and extraction efforts.

The second phase started in 1991 with the enactment of the Mongolian Petroleum Law, which Congress
ratified. This legislative milestone led to the establishment of the national petroleum company, Mongol Gazariin
Tos, in the same year. Mongol Gazariin Tos partnered with Texas-based joint exploration companies, which
enabled extensive hydrocarbon research in Mongolia and facilitated two successful rounds of exploration bidding.
Currently, Mongolia’s sedimentary oil basins have been delineated into 33 distinct petroleum exploration blocks,
with the T oilfield prominently illustrated in Fig. 3*’. These blocks have been compared to major production

Scientific Reports |

(2025) 15:34670 | https://doi.org/10.1038/s41598-025-21696-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Table 2. Updated EOR screening
criteria (Hot water)

lei" X:’”Q Xl(nax
>8 / 16 -
- 3351\ [<200000
NC
=15/ 623/ -
*S *S *S
>20
=35/ 2943 /7 -
>500 1721 -
>60 98.5 -
>25 /7 3127 -

Formation
Reservoir and fluid properties X, (reservoir
property value)

1 Gravity °API 37.4

2 Viscosity (u,) cp 3.96

3 Composition - NA

4 | Oil saturation (S,) % 54.7

5 | Formationtype [*S,**C *S

6 | Net thickness () ft. 54.7

7 | Permeability (k) md 11.8

8 |Reservoir depth (d)| ft. 3456

9 | Temperature (7) °F 130

10 Porosity (o) % 15.4

Misc = Miscible, NA = Not available, NC = Not critical, *S = Sandstone, **C = Carbonate

v —» Score assignment

Reservoir and fluid properties Formation
1 Gravity °API 1 )
2 Viscosity (u,) cp 1
3 Composition - NA
4 Oil saturation (S,) % 0.839
5 Formation type ¥S, ¥ C 1 Score for
each
6 Net thickness () ft. 1 property
7 Permeability (k) md _
8 Reservoir depth (d) ft. 1
9 Temperature (7) °F 1
10 Porosity (o) % - p Final
Average score (S“79) of Hot water method —> averaged
score

Fig. 2. Criteria of the score assignment procedure (unfavorable case).

fields in China because the two countries share a border®. In addition, the T oilfield is located adjacent to
China’s Hailar oilfield, with both fields situated within similar Mesozoic and Cenozoic sedimentation layers. The
Hailar Basin, located in the northern part of the Inner Mongolia Autonomous Region, has been identified as a
significant oil-producing area with the potential for large-scale production.

Since 2010, Mongolia has been recognized as an oil-producing country, with reserves registered in
blocks XIX, XXI, and PSC-97 under the Mongolian Minerals Fund*. These reserves are estimated to contain
approximately 2.45 billion barrels (332.64 million tons) of “proved plus probable” reserves, while 318.6 million
barrels (43.258 million tons) are classified as “proved” reserves?’. The evaluation of these reserves was conducted
by Petro China Daqing Tamsag LLC, a subsidiary of the Chinese National Petroleum Corporation (CNPC), the
largest integrated petroleum company in China, along with Dongsheng Petroleum (Mongol) LLC, a subsidiary
of Sinopec, the country’s second-largest petroleum company. Since 1993, these two companies have conducted
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Fig. 3. Map of petroleum blocks in Mongolia. (modified from Reference?).

extensive drilling operations, with a total of 1,728 wells dedicated to exploration, appraisal, and development.
Specifically, 988 wells were drilled in the XIX block, 609 in the XXI block, and 131 in the PSC-97 blocks?’.
Presently, the government of Mongolia has formalized production-sharing contracts (PSCs) for 28 out of the 33
blocks, collaborating with 31 companies in the sector?’.

Overview of the T oilfield in eastern Mongolia

This study validates the updated EOR screening method by applying it to the T oilfield in eastern Mongolia. This
oilfield has an average elevation ranging from 587 m to 702 m. Flat grasslands characterize the region, which falls
within the arid climate of the medium extratropical zone and exhibits significant diurnal temperature variations
- see Fig. 4. The exploration at this oilfield commenced in 1991. In 2005, Petro China Daqing Tamsag LLC
entered a production-sharing contract and advanced to the appraisal stage in 2011. According to MRPAM?, as
of 2011, proved reserves amount to 150.13 million barrels (21.018 million tons). Petro China Daqing Tamsag
LLC has evaluated these reserves. Based on exploration and appraisal tests, oil displacement is expected to occur
primarily through solution gas and water drive. The estimated recovery factor under primary and secondary
recovery schemes ranges from 10 to 17%, which highlights the need for EOR applications in this field.

The T oilfield and Hailar oilfield share similar Mesozoic and Cenozoic environments, with comparable
formation, alluviation, and structural characteristics. The stratigraphic sequence of the T oilfield, from bottom
to top, consists of the basement (pre-Cretaceous formations with an unclear era division), the Tsagaantsav
(TSA) Formation of the Lower Cretaceous system, Lower-Lower Zuunbayan Formation (LLZ), Lower-Upper
Zuunbayan Formation (LUZ), Sainshand Formation, the Bayanshiree Formation, and formations from the
Tertiary and Quaternary systems.

Notable hiatuses and unconformities exist between various formations, particularly between the basement
and the TSA Formation, the TSA and LLZ Formations, and the Sainshand and Bayanshiree Formations. Detailed
characteristics of these formations, from the basement to the uppermost layers, are summarized in Table 4. The
LUZ, LLZ, and TSA formations serve as the primary oil-bearing layers essential for development and production,
which makes them the focus of this study.
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Reservoir characteristics of the T oilfield

Each formation was evaluated and scored individually, accounting for the diverse reservoir properties
across different formations®. Table 5 presents the average reservoir properties for the LUZ, LLZ, and TSA
formations**>27?8, Given the presence of numerous thin layers within these formations, averaging the
reservoir properties has been adopted as a practical approach for screening and evaluating EOR methods. Fluid
composition data were unavailable, which necessitated the exclusion of this criterion from the calculation. As
shown in Table 6, this absence of data prevents its inclusion in the score assignment process.

Results and discussion

The developed EOR screening method was applied to the LUZ, LLZ, and TSA formations in the T oilfield, with
each formation evaluated separately to account for its distinct reservoir properties. Table 6 presents the scores
for fifteen EOR recovery methods using a color-coded system for clarity:

- Deep green (0.75 < score for the i-th screening criteria (.S;) <1): most favorable case, strong applicability.

- Light green (0.5 < S; < 0.75): favorable case.

- Yellow (0.25 < S; < 0.5): moderate case.

- Orange (0 < \S; < 0.25): barely applicable case.

- Red (S; = 0): exclusion due to violation of lower or upper limits.

Note that the red color indicates an exclusion from the criteria. Methods marked red must be removed from
the EOR ranking list, even if they have a high overall score. Additionally, a score of zero (also represented in
red) signifies a violation of either the lower or upper limits. Hence, any method identified and marked red is
automatically excluded from the EOR options.

Furthermore, it is essential to highlight that surface mining method have been excluded from this analysis
due to the low viscosity of the oil present in the “T” oilfield. In general, mining is used only when the oil is so
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Thick-
Code of ness
System Series | Formation | Formation | (ft.) Description of Lithology and Lithofacies
100
Quaternary | - - Q ~ Loose gravel layer and varicolored sand and mud layer, with quartz and feldspar as the primary components
200
Tertiar _ B R 300 The upper section consists of gray sandstone and varicolored conglomerate; the middle section is red mudstone;
Y 360 the lower section is varicolored sandstone.
500
Upper | Bayanshiree | K bs ~ Hoary-brown sandstone interbedded varicolored mudstone
720
3940 Mainly fluvial facies sedimentation: the upper section is gray mudstone interbedded with hoary and gray siltstone
Sainshand | Kss ~ and sandstone; the middle section is gray mudstone, hoary and gray siltstone, sandstone and argillaceous
5580 conglomerate with irregular interbedding; the lower section is gray siltstone, sandstone, and conglomerate
Upper 660 Shallow lake-limnetic facies sedimentation: the middle and lower sections contain thick dark gray mudstone
Zuunbayan | K zb, ~ interbedded with thin dark gray argillaceous sandstone and siltstone; the upper section is dark gray mudstone
(LUZ) 1640 interbedded with hoary and gray siltstone, sandstone, and conglomerate
Cretaceous Lower 660 Predominantly fan delta, nearshore underwater fan, far shore underwater fan, deep lake-semi-deep lake facies
Zuunbavan | K.zb - sedimentation: the bottom section is thick dark gray and gray-black mudstone and oil shale interbedded with
Lower (LLZ) 4 1771 2630 calcareous sandstone and siltstone; the middle section is dark gray mudstone interbedded with thin gray siltstone;
the upper section comprises light gray siltstone, sandstone and dark gray mudstone with irregular interbedding
The upper section represents shallow lake facies sedimentation, with lithology consisting of hoary and gray
bulk glutenite and tuffaceous sandstone and siltstone interbedded with gray and dark gray mudstone and shale.
Tsagaantsay 980 The middle section represents relatively deep lake facies sedimentation, with lithology consisting of brown to
8 K,cc ~ dark gray mudstone and shale interbedded with hoary and gray siltstone. The lower section is diluvial (alluvial)
3940 and fan delta facies sedimentation, featuring gray tuffaceous sandstone and glutenite, glauconitic tuffaceous
conglomeratic mudstone, gray tuffaceous mudstone, varicolored bulk breccia, conglomerate and volcanic rock
with irregular interbedding.
_ _ _ B Varicolored tuffaceous glutenite, altered volcanic rock, altered and lightly metamorphosed sand and mud rock,
and sandy pyroclastic rock, with localized distributions of magmatic and metamorphic rock.

Table 4. Regional formation sequence division table of the T oilfield in Mongolia. (modified from
Reference?®).

Formation
Property Unit | LUZ | LLZ | TSA
1 | Gravity °API | 374 |374 |374
2 | Viscosity (¢o) cp. 396 |555 |64
3 | Composition - NA |NA |[NA
4 | Oil saturation (So) | % 547 |57.4 |52.5
5 | Formation type - *S *S *S
6 | Net thickness (h) ft. 54.7 |74 37.6
7 | Permeability (k) md 11.8 |14.7 | 6.1
8 | Reservoir depth (d) | ft. 3456 | 4277 | 4780
9 | Temperature (T) °F 130 | 162 | 189.5
10 | Porosity (o) % 154 | 156 | 115

Table 5. Average reservoir and fluid properties of the T oilfield. (modified from Reference®). NA = Not
available, *S = Sandstone.

viscous that it cannot be recovered by any other technique because the mining and upgrading of bitumen are
more costly than in-situ recovery methods'®.

The updated final EOR scoring results, presented in Table 7, indicate that miscible CO,, miscible HC, and
immiscible N, achieved the highest scores without violating any criteria. Following these methods, miscible N,
ranked fourth, steam injection ranked fifth, polymer flooding ranked sixth, and miscible WAG ranked seventh.
These results suggest that the top three methods have the highest likelihood of success in the T oilfield. Methods
highlighted in red should be excluded due to incompatibility with reservoir properties.

Each formation presented a distinct, most compatible EOR methodology. However, considering the cost of
EOR, these may not be optimal options. Therefore, an average score for each formation was suggested. Based on
the screening results, the three highest-ranked candidates—miscible co,, miscible HC, and immiscible N,—
were selected for further evaluation.

A comparative study was also conducted using the criteria (Table 1) established by Taber et al. (1997a)'%.
The results are presented in Table 7. This analysis showed that both miscible CO, and immiscible gas methods
(CO, N,, and HC) achieved the highest scores without violating any criteria. Notably, the miscible CO, process
scored highly in both assessments (Table 7) without violating any criteria. It ranked first in this updated
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Gravity Viscosity oil . Formati Thickn Permeability Depth Temperature Porosity
saturation on type €ss
N EOR °API cp % yp ft. mD ft. °F %
o' | Method ~ N < NN/ < |N| N <« NN<NN< N N|< N N < |N| N < | N N <
3 3|#|8|9)&|8 3235|8882/ 8| 3|3 |32 33|83 |3 ¢
1| Mise-CO: 00t | 0594 | 0702 0.742
2 | Misc-HC Pl I o 035 | 046 | 0.666
Misc- 0.6 0.5 0.4 0.6 0.6 0.5 0.0 0.10 0.04 0.27 0.1 0.4 0.65 0.60 0.63
3 wao 80 | 45 | 74 [ 31 | s0 | o1 80 | o | o 5| 0380 oM e o |7 | 3 O %
4 | Mise-N: | o621 | 02| 09 A I I I 90 | o104 | 0.160
5 | ImmNs 03196 04 028 | oa1s | 0496 0311054 1 0050
6 Imm-CO:
7 | Imm-HC P 035 | 0527 | 0634
Tmm-HC 05 | 06 | 05 0.17 0.4
8 +WAG 63 40 00 6 0.356 0.466 58
9 | Polymer o o 00| 001 | 0901 046 1 g 605 | 0690 | O 041 | 043
ASP 0.6 0.6 00 | 0.01 050 | 051
10 Flood 94 16 04 0 4 3 0.332
Surfactan
1 t+ 0.1 0.17 0.00 0.7
Polymer/ 18 8 2 07
Alkaline
Combusti 0.2 0.3 0.1 0.0 0.00 0.00 0.59 0.7 0.15 0.17
12 on;nus ' 41 79 28 06 8 01 1 0780 35 1 2
06 [ 07 | 06 0.0 | 0.00 | 0.00 0.7 024 | 025
13 | Steam 68 | 47 | 03 04 | 5 | 2 27 3 > IR
Hot
14 Water
15 | Microbial R o 048 1 031
Table 6. Score-assigning of the “T” oilfield based on reservoir and fluid properties. Imm = Immiscible,
Misc =Miscible, HC = Hydrocarbon, N, = Nitrogen, Alkaline-Surfactant-Polymer = ASP, NC=Not
critical, $* = Sandstone, C** = Carbonate. Color identification: Deeper green=0.75 <score < 1; Lighter
green=0.5 <score<0.75; Yellow=0.25 < score < 0.5; Orange =0 < score <0.25; Red =0.
Overall score calculated using Table 1 Overall score calculated using the proposed method
(Taber et al., 1997a'%) (Table 2)
No* EOR Method T T " T T "
arget rormations arget rormations
Overall score | EOR rank Overall EOR
LUz LLZ TSA LUZ LLZ TSA score rank
1 Misc—CO2 0.944 0.918 0.9 0.921 2 0.928 0.942 0.922 _
2 Misc-HC 0.699 0.829 0.821 0.865 0.893 0.870 0.876 2
3 Misc-WAG NA NA NA 0.578 0.616 0.563 0.586 7
4 Misc—N2 0.689 0.693 0.685 0.786 0.790 0.780 0.785 4
5 Imm-—N> 0.973 0.978 0.969 0.801 0.827 0.767 0.798 3
6 Imm-CO2 0.973 0.978 | 0.969 0.870 0.876 0.865
7 Imm-HC 0.973 0.978 | 0.969 0.868 0.784 0.756
8 Imm-HC + WAG NA NA NA 0.527 0.606 0.648
9 Polymer 0.712 0.7 0.674 0.702 0.757 0.719
10 ASP Flood 0.802 0.754 | 0.725 0.800 0.812 0.772
1 Surfactant + Polymer/ 0802 | 0754 | 0.725 0758 | 0.798 | 0.778
Alkaline
12 Combustion 0.845 0.806 | 0.772 0.636 0.701 0.664
13 Steam 0.783 0.778 0.724 0.738 0.770 0.741
14 Hot Water NA NA NA 0.760 0.766 0.755
15 Microbial NA NA NA 0.790 0.833 0.755

Table 7. Comparison of overall scores for the “T” oilfield. Imm =Immiscible, Misc = Miscible,
HC=Hydrocarbon, N, = Nitrogen, Alkaline-Surfactant-Polymer = ASP, NA = Not available.
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study and second in the Taber et al.!® study (Table 7). However, the results of Taber et al.'® did not include
miscible HC, miscible N,, and polymer flooding processes due to differences in reservoir value ranges (Table
7). This comparison underscores the importance of continually updating EOR screening criteria as scientific
understanding improves.

Conclusions

The proposed EOR screening and scoring methodology is an efficient tool for engineers to assess reservoirs
more quickly and streamline the evaluation process, which results in faster decision-making. Additionally, it
reduces costs associated with detailed analyses and testing while offering a straightforward and user—friendly
approach to EOR method selection. The introduced methodology is applicable to various reservoir types and
allows for a more accurate selection of EOR methods, even with limited reservoir data. Each EOR method is
scored against the defined criteria, providing a quantitative measure of its suitability. Scores are assigned based
on how well each method aligns with the criteria, using the average reservoir property value in the calculations.
These averages represent a central tendency that simplifies analysis and aids in making initial assessments.

This study updates the EOR selection criteria originally published by Taber et al. (1997a) and includes a
comprehensive comparative analysis, which enhances the understanding of EOR techniques in the context
of recent technological advancements and industry practices. By applying the proposed EOR screening
methodology, engineers can streamline the EOR selection process, making it more efficient and practical while
ensuring that the chosen EOR methods align well with the reservoir conditions.

The T oilfield was introduced as a case study to demonstrate the practical application of the proposed
methodology. The results identified miscible CO,, miscible HC, and immiscible N, as the highest-scoring EOR
methods, all meeting the screening criteria without violations. While analysis of the three main formations in the
T oilfield revealed distinct optimal EOR methods for each, implementing separate methods for each formation
may not be economically viable due to cost considerations. To support future investment decisions, the three
top-ranked candidates have been selected for further detailed studies, including reservoir simulation. This next
phase will provide deeper insights into the feasibility and effectiveness of each method, ensuring a well-informed
strategy for optimizing oil recovery in the T oilfield.

Data availability

The field data underpinning this study are held by the Mineral Resources and Petroleum Authority of Mongolia
(MRPAM) and are not publicly accessible due to confidentiality agreements. The data may be obtained from the
authors upon request and with the explicit permission of MRPAM.
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