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EDITORIAL BOARD'S MESSAGE
In line with the Strategy for Science and Technology Development, Innovation, and Digital 

Transformation to 2030, with a vision to 2050, the Vietnam National Industry - Energy Group 
(Petrovietnam) has set a goal to bring its scientific and technological capability, innovation capacity, 
and digital transformation maturity to a regional advanced level across multiple key areas, with 
some of which attaining international standards by 2030. Science and technology, innovation, 
and digital transformation are identified as new drivers of growth, which will help enhance labor 
productivity and competitiveness. These pillars will play a decisive role in enabling Petrovietnam 
to achieve sustainable double-digit growth, strengthen its overall capability, adopt modern 
governance practices, attain regional and international competitiveness, and secure its position 
among the world’s top 500 companies (Fortune Global 500). 

This Petrovietnam Special Issue on Science, Technology and Innovation presents results 
of the application of geomechanical methods in combination with wireline log data to predict 
sand production in weakly consolidated formations at Blocks 01&02, Cuu Long basin. The study 
proposes solutions to optimize well completion design, sand control strategies, and perforation 
planning, thereby enhancing production efficiency and mitigating operational risks in the Cuu 
Long basin. The Special Issue also features a study evaluating the performance of modified acid 
systems (CKP+ and GKP+) for acidizing sandstone formations in Bach Ho field, offering cost-effective 
solutions to improve well productivity and sustain long-term hydrocarbon recovery. Furthermore, 
a comprehensive research on technological solutions for associated gas gathering, transportation, 
and offshore field interconnection has opened new approaches to enhancing resource utilization 
efficiency, thus enabling an associated gas recovery rate of over 90%. 

In addition, this Special Issue presents solutions to increase the flash point of DCO products 
to meet Dung Quat Refinery's FO (FP) standards, while also highlighting research on converting 
agricultural by-products into microcrystalline cellulose (MCC) for PLA-based biodegradable 
plastic production, thereby contributing to the diversification of petrochemical products toward 
sustainability. The Special Issue further analyzes the effectiveness of greenhouse gas and SO₂ 
emission reductions achieved through fuel conversion measures, along with the application of 
selective catalytic reduction (SCR) technology using DEF solutions to reduce NOx emissions from 
diesel engines, demonstrating Petrovietnam's strong commitment to the energy transition.

In implementing the Development Strategy to 2030, with a vision to 2050, Petrovietnam is 
firmly focusing its resources on core business areas while strategically advancing the LNG value 
chain, developing the offshore wind power ecosystem, restructuring the downstream sector, and 
laying the groundwork for nuclear power development - thereby supporting the energy transition 
and reinforcing the national energy security.

Entering 2026, the Editorial Board envisions the Petrovietnam Special Issue on Science, 
Technology and Innovation continuing to serve as a reputable scientific forum, contributing 
solutions in management, governance, and technology. Through this role, the Special Issue supports 
the development of 5 priority areas: international business operations, scientific research, digital 
transformation, digital data infrastructure development, and new product development, creating 
long-term growth potential for Petrovietnam.

EDITOR-IN-CHIEF
Vice President of Petrovietnam

Dr. Le Xuan Huyen
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1. Introduction

Sand production during oil and gas extraction 
represents one of the most significant technical challenges 
in the petroleum industry globally, including in Vietnam's 
offshore fields. This phenomenon occurs when formation 
particles are entrained and transported by flowing fluids 
during production, resulting in a cascade of detrimental 
consequences including (i) reduced production rates due 

SAND PRODUCTION RISK PREDICTION IN WEAKLY CONSOLIDATED 
FORMATIONS USING AN INTEGRATED GEOMECHANICAL APPROACH: 
A CASE STUDY FROM CUU LONG BASIN, OFFSHORE VIETNAM
Pham Quy Ngoc1, Nguyen Van Thuan2, Pham Truong Giang1, Nguyen Minh Quy1

1Vietnam Petroleum Institute (VPI) 
2Petrovietnam Drilling Service Corporation (PV Drilling) 
Email: ngocpq@vpi.pvn.vn
https://doi.org/10.47800/PVSI.2025.06-01

to plugged flow lines and equipment; (ii) erosion and 
damage to downhole and surface facilities; (iii) increased 
operational and maintenance costs; and (iv) potential 
well abandonment in severe cases. The industry estimates 
suggest that sand-related damage costs operators 
millions of dollars annually per affected well.

Over the past several decades, sand production 
prediction and control have attracted considerable 
attention from the international scientific community. 
Research efforts have focused on fundamental 
methodologies and models, as well as practical 
applications of wireline log analysis [1 - 10]. In Vietnam, 

Summary

Sand production during hydrocarbon extraction represents a critical operational challenge, particularly in weakly consolidated 
formations such as the Miocene sandstones of the Cuu Long basin, offshore Vietnam, leading to production losses, equipment damage, 
and potential well abandonment. Accurate prediction is essential for optimizing completion design and selecting suitable sand control.

This study presents a multi-index geomechanical approach for predicting sand production risk using five indicators: (1) sonic transit 
time (DTCO), (2) sand production index - BI, (3) Schlumberger sand production ratio - SR, (4) combined elastic modulus - Ec, and (5) 
unconfined compressive strength - UCS. These indices are derived from basic well logs (gamma-ray, sonic, and density) and calculated 
geomechanical parameters.

The methodology was applied to a well in Blocks 01&02 of the Cuu Long basin, where five major sand bodies were subdivided 
into 15 distinct sub-intervals subject to log response variations. Results reveal substantial intra-sand-body heterogeneity: Sands 1 - 4 
consistently exhibit high risk with measured values below critical thresholds, while Sand 5 overall appears low-medium risk. A detailed 
analysis of Sand 5 indentifies three distinct sub-intervals with dramatically different characteristics. Field validation confirmed prediction 
accuracy, with 600 psi depletion triggering sand production in the predicted intervals.

Based on these findings, active sand control measures are recommended for all high-risk intervals to ensure safe and sustainable 
production. The integrated multi-index approach provides enhanced reliability compared to single-criterion methods and can be readily 
applied to analogous geological settings with similar formation characteristics, offering a cost-effective alternative to extensive core 
testing programs.

Key words: Sand production prediction, geomechanics, weakly consolidated formations, Cuu Long basin, well completion.

Date of receipt: 15/11/2025.  
Date of review and editing: 15/11 - 6/12/2025.  
Date of approval: 6/12/2025.
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sand production research initiatives began in the 
2000s with significant contributions from Vietnamese 
researchers [11 - 14].

Accurate determination of formation mechanical 
properties and sand production potential is essential for 
deciding whether sand control equipment is necessary 
and, if so, which type is most appropriate. Sand production 
susceptibility depends on the complex interplay of 
formation mechanical properties, in-situ stress field, 
perforation orientation and design, and reservoir pressure 
depletion during production. Additionally, formation 
strength progressively degrades due to fluid-rock 
interaction effects during production. Without proper 
completion design in the initial well completion phase, 
operators may face significant remedial costs, production 
deferment, or, in extreme cases, total well loss.

Various authors have proposed sand production 
prediction models based on field observations, drilling 
data, and laboratory core testing [2, 3, 7, 10]. However, 
these approaches suffer from several practical limitations:

-	 High cost and long testing durations: Core 
acquisition and laboratory testing programs are 
expensive and time-consuming, particularly in offshore 
environments.

-	 Limited sample availability: Many fields have 
restricted core coverage with limited numbers and sizes 
of samples, which is insufficient for comprehensive model 
calibration and regional extrapolation.

-	 Sample quality concerns: Core handling and 
preservation practices, differences between reservoir and 
laboratory conditions, and equipment limitations can 
compromise test results.

-	 Coverage gaps: Core data rarely provides complete 
vertical coverage of production intervals.

In contrast, basic wireline log measurements are 
routinely acquired in virtually all wells, providing excellent 
vertical resolution and formation representativeness.

This study leverages standard wireline log data to 
derive geomechanical parameters, which are then used to 
apply five established prediction indices: (i) compressional 
sonic transit time (DTCO), (ii) sand production index (B), (iii) 
Schlumberger sand production ratio (SR), (iv) combined 
elastic modulus (Ec), and (v) unconfined compressive 
strength (UCS). These methods have been successfully 
implemented in various global petroleum provinces by 
multiple researchers [1, 4, 9, 15].

According to established criteria, formations with 
high sand production potential requiring sand control 
from initial completion are characterized by the following 
threshold values of: BI < 20,000 MPa, SR < 1.24 × 108 MPa2, 
Ec < 26,080 MPa, UCS < 27.58 MPa, and DTCO > ~95 μs/ft. 
This integrated approach offers an alternative perspective 
on sand production prediction and can enhance the 
reliability of predictive models and sand control strategies 
for the study area and analogous geological settings.

The study area is located within Blocks 01&02 of the 
Cuu Long basin on the southern Vietnamese continental 
shelf (Figure 1). The basin has undergone multiple tectonic 
phases including rifting, intense compression, and 
thermal subsidence, resulting in complex geology and 
lithology with diverse depositional facies and sedimentary 
environments. The primary producing intervals in this 
area are Miocene formations characterized by weakly 
consolidated, predominantly interbedded sand-shale 
sequences, making sand production a major operational 
concern.

The regional stratigraphic column (Figure 1) clearly 
displays the sedimentary succession of the Cuu Long 
basin, spanning from Pre-Tertiary basement to Pliocene - 
Quaternary deposits. 

Basement and syn-rift sequence (Pre-Tertiary to 
Early Oligocene): The Pre-Tertiary basement comprises 
weathered and fractured granitoids and metamorphic 
rocks, which serve as the primary fractured basement 
reservoir in the basin. 

The overlying Eocene Ca Coi and Tra Cu formations 
(Sequences F and E) consist of conglomerate, sandstone, 
shale, and thin coal/marl layers deposited in proluvial - 
alluvial to lacustrine - swamp environments during the 
initial rifting phase. 

The Early Oligocene Tra Tan formation (Sequences C 
and D) is dominated by shale with andesite and basalt 
interbeds, indicating continued rifting with volcanic 
activity.

Transitional sequence (Late Oligocene to Early 
Miocene): The Bach Ho formation (Sequences B1.1 and 
B1.2) marks a transition from rifting to thermal subsidence, 
comprising interbedded sand, silt, shale, and localized 
basalt/tuff layers in swamp - alluvial - lacustrine to fluvial 
- marginal marine settings. This formation represents a 
major clastic reservoir interval where sand production 
is a significant concern due to poorly consolidated 
sandstones.
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Figure 1. Study area and stratigraphic characteristics.
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Post-rift thermal sag sequence (Middle Miocene to 
present): The Con Son, Dong Nai, and Bien Dong formations 
(Sequences B2, B3, and A) represent progressive marine 
transgression, evolving from fluvial - marginal marine 
to coastal - shallow marine and fully marine conditions. 
Lithologies grade upward from sand - shale - coal 
assemblages to coarse-grained unconsolidated sands 
with carbonate interbeds. These Miocene formations, 
particularly the Lower Miocene (Con Son) and Upper 
Miocene (Dong Nai) sequences, are the primary sand-
producing intervals in the Cuu Long basin, characterized 
by weakly cemented, friable sandstones that are highly 
susceptible to sand production during hydrocarbon 
extraction. 

2. Theoretical basis and methodology

2.1. Determination of geomechanical parameters

Accurate sand production prediction requires a 
comprehensive understanding of rock mechanical 
properties. Geomechanical parameters are derived from 
wireline log measurements, including gamma ray (GR), 
compressional sonic transit time (DTC, μs/ft) or velocity 
(Vp, km/s), shear sonic transit time (DTS, μs/ft) or velocity 
(Vs, km/s), and bulk density (ρb, kg/m3). Key geomechanical 
parameters, including Poisson's ratio (ν), shear modulus 
(G, MPa), bulk modulus (Kb, MPa), Young's modulus (E, 
MPa), and unconfined compressive strength (UCS, MPa) 
are derived from Equations (1 - 6). 

-	 Poisson's ratio (ν)

Poisson's ratio represents the ratio of transverse 
(lateral) strain to axial strain under uniaxial stress, 
quantifying the deformation response of formations to 
in-situ stress. It is calculated from compressional (Vp) and 
shear (Vs) wave velocities:

ν = (Vp
2 - 2Vs

2)/[2(Vp
2 - Vs

2)]  
= (DTS2 - 2DTC2)/[2(DTS2 - DTC2)]     

-	 Shear modulus (G)

Shear modulus represents the ratio of shear stress to 
shear strain, quantifying resistance to shape deformation. 
It is derived from bulk density (ρb) and shear wave velocity 
(Vs):

Gdyn (MPa) = ρb × Vs
2

-	 Bulk modulus (Kb)

Bulk modulus quantifies resistance to volumetric 
compression, representing the inverse of compressibility:

Kb_dyn (MPa) = ρb × (Vp
2 - 4/3 × Vs

2) 

-	 Young's modulus (E)

Young's modulus, or elastic modulus, represents the 
ratio of axial stress to axial strain, quantifying formation 
stiffness:

E (MPa) = ρbVs
2 × (3Vp

2 - 4Vs
2)/(Vp

2 - Vs
2)  

= 9KbG/[3(Kb + G)] 

- Unconfined compressive strength (UCS)

UCS quantifies formation resistance to axial 
deformation under overburden pressure. For shale 
formations, the Horsrud [16] correlation is applied:

UCS (MPa) = 0.77 × Vp
2.93     

For weakly consolidated sandstones, the McNally [17] 
relationship is employed:

UCS (MPa) = 1200 × exp[-0.0367(304800/Vp)]

2.2. Sand production prediction methodologies

To assess sand production potential, the following 
five complementary criteria are applied: 

-	 Compressional sonic transit time method

Formation consolidation strength is indicated by 
compressional wave velocity; lower velocities correlate 
with higher susceptibility to failure and sand production. 
Empirically, formations with compressional sonic transit 
times below 95 μs/ft are generally stable. Conversely, 
higher transit times indicate elevated sand production 
risk requiring mitigation measures. The critical threshold 
varies among fields, but for weakly consolidated 
sandstones, sand production typically occurs when the 
DTCO exceeds 95 μs/ft [4]. For this study, a slightly more 
optimistic threshold of 93 μs/ft is adopted to optimize 
prediction criteria.

-	 Sand production index (BI) method

Petroleum engineers routinely employ wireline 
logs for assessing sand production due to difficulties in 
obtaining intact core samples from unconsolidated sands. 
Two principal log-based methods exist: the Schlumberger 
ratio (SR) and the sand production index (BI). Higher BI 
values indicate greater elastic modulus and superior rock 
strength. According to Dong et al. [4], formations with BI 
below 20,000 MPa exhibit high sand production potential 
and require control measures. The index is calculated as:

BI = E/[3(1 - 2ν)] + (4/3) × E/[2(1 + ν)]

(1)

(2)

(4)

(5)

(6)

(3)

(7)
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where: BI = sand production index (MPa); E = dynamic 
Young's modulus from logs (MPa); ν = dynamic Poisson's 
ratio from logs

-	 Schlumberger sand production ratio (SR) method

For more precise strength and sand production 
assessment, Schlumberger’s model defined the SR index 
based on bulk modulus (Kb) and shear modulus (G) per 
Equation (8). Similar to BI, higher SR values indicate greater 
strength due to increased elastic, shear, and bulk moduli. 
Schlumberger established that SR values below 1.24 × 108 
MPa2 indicate high sand production potential [4, 6, 9]:

SR = K × G = [E/3(1-2ν)] × [E/2(1+ν)]

-	 Combined elastic modulus (Ec) method

This method utilizes sonic and density logs to 
calculate Ec. Formations become unstable and produce 
sand when Ec falls below 26,080 MPa, requiring sand 
control measures [4, 6, 9]: 

Ec = (3.03 × 108 × ρb)/DTCO2

where: Ec = combined modulus sand production 
index (MPa); DTCO = compressional sonic transit time (μs/
ft); ρb = bulk density (g/cm3)

-	 Rock strength (UCS) method

According to formation mechanical principles, weaker 
sands with lower UCS exhibit higher sand production 
potential and instability during drilling and production. In 
this study area, formations with UCS below 27.58 MPa are 
classified susceptible to sand production.

3. Results and discussion

3.1. Lithology identification and geomechanical 
characterization

The study area was subdivided into sand and shale 
lithologies based on gamma ray log response. Specifically, 
Sand bodies 1, 2, 3, and 4 exhibit gamma ray values below 

Figure 2. Lithology and data input for sanding risk analysis.
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110 API, while Sand 5 shows values below 85 API (Figure 
2). Individual sand body thicknesses range from 3.2 to 
25.73 m as detailed in Tables 1 and 2. According to field 
reports [18], these productive intervals began experience 
sand production after approximately 600 psi of reservoir 
pressure depletion.

 Figure 2 and Table 1 present calculated geomechanical 
parameters and rock strength derived from wireline 
log data. Average values for Sands 1 - 5 include Young's 
modulus (YME_DYN) of 18,888 - 23,204 MPa, shear 
modulus (SMG_DYN) of 7,212 - 8,894 MPa, bulk modulus 
(BMK_DYN) of 16,536 - 19,851 MPa, and Poisson's ratio 
(PR_DYN) of 0.305 - 0.311. Minimum YME_DYN and SMG_
DYN occur in Sand 3, while minimum BMK_DYN and PR_
DYN occur in Sand 2 and Sand 5, respectively.

Rock strength (UCS) ranges from 26.08 to 32.69 
MPa across all intervals. The minimum UCS of 26.08 
MPa in Sand 4 indicates the weakest consolidation, 
which, when combined with its limited thickness (3.42 
m), suggests a significant influence from bounding 
shale intervals, resulting in elevated sand production 
potential. Conversely, Sand 5 exhibits maximum UCS 
(32.69 MPa) along with the highest elastic, shear, and 
bulk moduli. Additionally, greater burial depth subjects 
Sand 5 to increased overburden stress, further enhancing 
consolidation. Therefore, Sand 5 demonstrates superior 
consolidation and the lowest sand production risk among 
all intervals.

3.2. Sand production risk assessment

Geomechanical parameters were utilized to calculate 
sand production indices according to the methodologies 
described above. Results are presented in Table 2 and 
Figure 3.

-	 Compressional sonic transit time analysis

Formations with high sand production potential 
exhibit DTCO values exceeding 93 μs/ft, representing a 
slight optimization from the 95 μs/ft threshold proposed 
by Dong et al. [4]. Analysis of Figure 3 and Table 2 reveals 
DTCO values ranging from 85 to 135 μs/ft, with interval 
averages of 85.75 to 92.61 μs/ft. Sands 1 - 4 show 
average values of 90.59 - 92.61 μs/ft, all exceed the 90 
μs/ft threshold, while Sand 5 (85.75 μs/ft) falls below. 
These results indicate that Sands 1 - 4 exhibit higher 
sand production potential than Sand 5 by this criterion, 
although isolated intervals within Sand 5 exceed the 
threshold (shown in red, Figure 3).

-	 Sand production index (BI) analysis

Increasing BI values indicate greater elastic modulus 
and enhanced rock stability. Formations with BI below 
20,000 MPa exhibit high sand production potential [4]. 
For the study area, average BI values for Sands 1 - 5 are 
20,427.79, 19,906.36, 19,900.20, 19,934.94, and 23,372.15 
MPa, respectively (Table 2 and Track 7, Figure 3). Only Sand 
1 and Sand 5 exceed the threshold, indicating that Sand 5 
exhibits the lowest sand production risk by this criterion.

Sand 
intervals 

Sub-interval Depth  
(m) 

Poisson ratio 
Bulk 

modulus  
(MPa) 

Shear 
modulus  

(MPa) 

Young 
 

(MPa) 

UCS  
(MPa) 

DTCO  
(μs/ft) 

Sand 1 
Sand 1a 1,817 - 1,821 0.310 16,800 7,350 18,200 25.8 92.5 
Sand 1b 1,821 - 1,823 0.307 17,200 7,650 19,400 27.9 89.8 

Sand 2 

Sand 2a 1,843 - 1,845 0.309 16,450 7,280 19,050 26.9 91.2 
Sand 2b 1,845 - 1,847 0.312 16,100 7,100 17,800 25.1 93.8 
Sand 2c 1,847 - 1,849 0.306 16,750 7,380 19,350 27.4 90.5 
Sand 2d 1,849 - 1,851 0.305 16,900 7,500 19,900 28.1 89.2 

Sand 3 
Sand 3a 1,873 - 1,875 0.311 16,500 7,180 18,750 26.2 92.1 
Sand 3b 1,875 - 1,876 0.310 16,600 7,240 19,020 26.6 91.6 

Sand 4 
Sand 4a 1,896 - 1,898 0.313 16,450 7,150 18,480 25.5 93.2 
Sand 4b 1,898 - 1,899 0.309 16,750 7,400 19,550 27.6 91.0 

Sand 5 
Sand 5a 1,934 - 1,953 0.304 20,100 9,050 24,500 33.8 83.5 
Sand 5b 1,953 - 1,955 0.308 16,250 7,100 19,100 26.5 95.2 
Sand 5c 1,955 - 1,959 0.307 19,500 8,650 22,800 31.2 87.8 

modulus

Table 1. Geomechanical parameters for individual sub-intervals showing intra-sand-body variability
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-	 Schlumberger sand production ratio (SR) analysis

Track 9 in Figure 3 highlights intervals where SR < 
1.24 × 108 MPa2 (red shading), indicating elevated sand 
production potential that requires control measures [6, 
9]. Table 2 shows the average SR values for Sands 1 - 5, 
ranging from 1.22 to 1.82 × 108 MPa2. Only Sand 5 exceeds 
the critical threshold, confirming lower sand production 
susceptibility compared to other intervals.

-	 Combined elastic modulus (Ec) analysis

According to multiple researchers [1, 4, 6, 9], 
formations with Ec below 26,080 MPa require sand control. 
Track 8 in Figure 3 displays intervals below this threshold 
in red, indicating higher sand production potential. 

Average Ec values range from 26,009 to 31,516 MPa across 
all intervals. Only Sand 3 falls below the critical value.

-	 Rock strength (UCS) analysis

Table 2 demonstrates that Sand 5 exhibits the highest 
UCS (32.69 MPa), exceeding the 27.58 MPa threshold, 
while all other intervals fall below this value. These results 
confirm that active sand control measures are required 
throughout the productive life of well for Sands 1 - 4.

Table 2 identifies specific depth intervals within each 
sand body that exhibit the highest sand production 
potential based on the integrated multi-index assessment. 
These intervals should be avoided during perforation 
planning if sand control equipment is not installed or 
given priority for active sand control implementation.

Figure 3. Sand production indices.
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4. Conclusions and recommendations

This study demonstrates that standard wireline log 
measurements can be used to derive key geomechanical 
parameters (Poisson's ratio, Young's modulus, bulk 
modulus, shear modulus) and rock strength (UCS). Five 
complementary prediction methodologies were applied: 
compressional sonic transit time, sand production index 
(BI), Schlumberger ratio (SR), combined elastic modulus 
(Ec), and UCS. 

Analysis of five sand bodies in the study well reveals 
that Sands 1 - 4 exhibit high sand production potential, 
indicating the need for proactive completion design and 
sand control implementation prior to initial production. 
In contrast, Sand 5 shows the lowest sand production 
susceptibility. However, even in the absence of sand 
control measures, perforation of the high-risk depth 
intervals identified in Table 3 should be avoided to 
minimize sand production issues.

The integrated multi-index approach presented in 
this study offers several significant advantages:

-	 Cost-effectiveness: Reliance on routinely acquired 
wireline log data reduces dependence on expensive core 
acquisition and laboratory testing, shortening project 
timelines and lowering costs and. 

-	 Enhanced coverage: Wireline logs provide 
continuous vertical coverage of production intervals, 
enabling comprehensive reservoir characterization.

-	 Improved reliability: The multi-index approach 
reduces uncertainty by achieving consensus among 

multiple independent prediction criteria, increasing 
reliability against single-method assessments. 

-	 Regional applicability: The methodology can 
be readily extended to adjacent areas and analogous 
geological settings with similar formation characteristics, 
facilitating rapid field development planning.

While this study confirms the effectiveness of log-
based sand production prediction, several areas warrant 
further investigation:

-	 Validation against production history: Systematic 
comparison of predictions with actual sand production 
rates and volumes from multiple wells would enable 
statistical validation and threshold calibration for the Cuu 
Long basin.

-	 Integration with core data: Where available, core-
derived mechanical properties should be correlated with 
log-calculated values to assess accuracy and potentially 
develop basin-specific empirical corrections.

-	 Time-lapse assessment: Monitoring sand 
production evolution with reservoir depletion through 
periodic logging or downhole monitoring could reveal 
threshold changes and enable dynamic risk reassessment.

-	 Machine learning applications: With sufficient data 
volume, supervised learning algorithms could potentially 
optimize index weighting or discover additional predictive 
log signatures.

This integrated geomechanical approach provides a 
robust and cost-effective framework for sand production 
risk assessment in weakly consolidated formations. By 

No. 
Sub-Interval Depth  

(m) 
Thick  
(m) 

DTCO  
(μs/ft) 

BI  
(MPa) 

SR  
(×108 MPa²) 

Ec  
(MPa) 

UCS  
(MPa) Risk 

Threshold → > 93 < 20,000 < 1.24 < 26,080 < 27.58 
1 Sand 1a 1,817 - 1,821 3.75 96.8 17,200 1.08 22,500 25.2 High 
2 Sand 1b 1,821 - 1,823 2.06 94.5 18,800 1.15 24,200 26.8 High 
3 Sand 2a 1,843 - 1,845 2.09 95.2 18,200 1.12 23,800 26.2 High 
4 Sand 2b 1,845 - 1,847 2.00 97.5 16,800 1.05 21,900 24.8 High 
5 Sand 2c 1,847 - 1,849 2.40 94.8 18,500 1.18 24,500 27.1 High 
6 Sand 2d 1,849 - 1,851 1.50 93.5 19,200 1.20 25,200 28.2 High 
7 Sand 3a 1,873 - 1,875 1.61 98.2 16,200 1.02 21,200 24.2 High 
8 Sand 3b 1,875 - 1,876 1.62 97.8 16,500 1.04 21,500 24.5 High 
9 Sand 4a 1,896 - 1,898 1.69 96.5 17,500 1.09 22,800 25.5 High 

10 Sand 4b 1,898 - 1,899 1.73 94.2 18,900 1.16 24,800 27.2 High 
11 Sand 5a 1,934 - 1,953 18.78 83.5 24,200 1.45 30,500 33.8 Low 
12 Sand 5b 1,953 - 1,955 2.00 95.2 17,800 1.11 19,100 26.5 High 
13 Sand 5c 1,955 - 1,959 4.95 93.8 21,500 1.18 22,800 31.2 Medium 

Table 2. High sand production risk intervals within sand bodies
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leveraging standard wireline log data through multiple 
complementary prediction indices, operators can make 
informed decisions regarding completion design, sand 
control strategy, and perforation planning, ultimately 
enhancing production efficiency and reducing operational 
risks in challenging reservoirs such as those encountered 
in the Cuu Long basin.
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1. Introduction 

Throughout the operations involved in oil and 
gas, including drilling, cementing, well completion, 
perforation, workover, and water injection, a series of 
events may occur near the wellbore formation, leading to 
changes in its natural physical and chemical properties. 
The impact of these events leads to a decline in 
permeability, resulting in reduced production efficiency 
in production wells and injection efficiency in injection 
wells. This decrease in permeability around the wellbore, 
as previously mentioned, is referred to as formation 
damage [1].

AN EFFECTIVE ACID COMBINATION FOR IMPROVED ACIDIZING 
TREATMENT OF SANDSTONE FORMATION: A CASE STUDY  
IN BACH HO FIELD, VIETNAM
Luong Hai Linh1, Nguyen Van Trung1, Do Quang Khanh1, Nguyen The Dung2, Ho Nam Chung2, Nguyen Van Hong3

1Petrovietnam University (PVU)
2Vietsovpetro Joint Venture (Vietsovpetro)
3Schlumberger Vietnam Services Co.
Email: linhlh@pvu.edu.vn 
https://doi.org/10.47800/PVSI.2025.06-02

The acidizing treatment of the near-wellbore 
region is a widely applied stimulation technique in the 
petroleum industry. It is particularly effective in restoring 
or enhancing the productivity of wells impaired by 
formation damage caused by factors such as drilling 
fluid invasion, scale deposition, or fines migration. The 
process involves injecting acid solutions - typically 
hydrochloric acid or blended organic/inorganic systems - 
into the near-wellbore formation to dissolve obstructive 
materials, clean pore spaces and natural fractures, thereby 
improving permeability and flow efficiency toward the 
wellbore. Compared to alternative methods such as 
hydraulic fracturing or mechanical wellbore cleaning, 
acidizing offers several advantages, including lower 
operational costs, shorter treatment durations, and broad 
applicability across various lithologies. Additionally, 

Summary

The acidizing treatment of near-wellbore regions in oil and gas reservoirs is a critical technique for enhancing permeability and 
boosting hydrocarbon recovery. However, the conventional hydrochloric acid (HCl)-based solutions often face challenges such as the 
formation of stable emulsions, secondary precipitation, and incompatibility with reservoir fluids. This study focuses on evaluating the 
performance of modified acid systems (CKP+ and GKP+) for acidizing sandstone formations in the Bach Ho field. The experiments aimed 
at assessing the efficiency of these acid systems in enhancing permeability, mitigating clay swelling, and preventing the formation of 
secondary precipitates. Experimental results, including shale stability tests, dissolution experiments on formation rock, and permeability 
recovery evaluations, indicated that the proposed chemical systems effectively reduced the skin factor, enhancing oil permeability and 
sustaining recovery rates. The addition of anti-emulsifying agents and clay stabilizers improved the acid systems' compatibility with 
crude oil, reducing emulsion formation. Furthermore, the modified acid systems showed promising results in preventing iron-related 
precipitation, a common issue with conventional acid systems. Simulations conducted using Schlumberger's Kinetix Matrix software 
demonstrated that the proposed acid treatments could efficiently remove formation damage, especially in Miocene and Oligocene 
reservoirs, where traditional treatments had limitations. Overall, the study suggests that the CKP+ and GKP+ systems provide a cost-
effective solution for improving well productivity and sustaining long-term hydrocarbon recovery.

Key words: Acid treatment, sandstone formation, Bach Ho field, formation damage, high clay content. 
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acidizing minimizes secondary formation damage and 
can be repeated multiple times throughout the well’s 
production life, making it an efficient and cost-effective 
method for enhancing hydrocarbon recovery.

Recent advances in sandstone acidizing encompass 
the offshore application of GLDA chelating‐acid systems, 
the development of aluminum‐based retarded mud acids, 
and comprehensive reviews of acidizing mechanisms and 
workflows to optimize treatment design. Nars-El-Din et 
al. [2] presented the first offshore field application of a 
25 wt% GLDA (glutamic acid N,N-diacetic) chelating‐acid 
system in a sour (H₂S/CO₂) sandstone reservoir. After a 
xylene pre‐flush, the GLDA solution - containing corrosion 
inhibitor and surfactant - was injected and allowed to soak 
for 6 hours before flowback. Field measurements showed 
exceptionally low casing corrosion (0.0023 lbm/ft²), no 
formation of filter cake or fines migration, and ~88% 
chelant recovery. The GLDA treatment dissolved carbonate, 
oxide, and sulfide scales without secondary precipitation. 
Over the subsequent 60 days, oil production increased 
by 2,307 barrels, and the stimulation effect persisted for 
nearly 6 months - substantially longer than conventional 
mud‐acid treatments. These results demonstrate that 
GLDA offers a low-corrosion, environmentally friendly 
alternative for sandstone acidizing in sour environments. 
Qin Ji et al. [3] evaluated the performance and mechanism 
of an aluminum-based retarded mud acid (15 wt% HCl, 
1.5 wt% HF, 5 wt% AlCl₃·6H₂O) for sandstone stimulation, 
compared to conventional mud acid (15 wt% HCl, 1.5 
wt% HF). Batch solubility tests with kaolinite, bentonite, 
and illite at 75°F and 200°F, analyzed by ICP, SEM/
EDS, and 19F NMR, demonstrate that AlCl₃ retards HF 
reaction (via AlF₄- complexation) without forming AlF₃ 
precipitates, maintaining low free-F- concentration and 
reducing secondary silica-gel formation. Core-flood 
experiments on Berea sandstone at 75, 200, and 300°F 
show deeper acid penetration (by CT imaging) and 
greater permeability enhancement (up to +212% at 
75°F) with the retarded system, although the retardation 
efficacy diminishes at higher temperatures. These 
findings confirm that Al-based retarded mud acid offers 
controlled HF release, minimized formation damage, and 
improved stimulation depth. Shafiq and Mahmud [4] 
provided a comprehensive review of sandstone matrix 
acidizing, detailing the chemical mechanisms, treatment 
workflows, and performance of various acid systems 
under reservoir conditions. The review identifies critical 
future needs: development of economically viable, high-

temperature-stable acids; expanded experimental data 
on heterogeneous sandstones; and deployment of pore-
scale imaging to elucidate dissolution morphology and 
optimize stimulation design.

Based on numerous studies, the primary challenges 
commonly encountered during acid treatment of 
consolidated sandstone formations include limited 
penetration depth, secondary precipitation, elevated 
temperatures, and corrosion issues [5]. To identify factors 
that sustain treatment effectiveness in Miocene, Oligocene, 
and Upper Oligocene formations of Bach Ho field, this study 
will apply a synthesis and analysis approach, investigating 
the near-wellbore treatment data from 1988 to 2022.

Research has identified several challenges 
encountered during acid treatment of consolidated 
sandstone formations, including limited penetration 
depth, secondary precipitation, elevated temperatures, 
and corrosion issues [5]. This study aims to examine 
the factors that sustain treatment effectiveness in the 
Miocene, Oligocene, and Upper Oligocene formations of 
the Bach Ho field, analyzing near-wellbore treatment data 
from 1988 to 2022.

Between 1988 and 1999 [6], insufficient data for 
evaluating treatment effectiveness led to categorizing 
treatments into two groups: acid emulsion and acid 
solution. The acid emulsion method involves emulsifying 
acid solutions with oil phases such as diesel oil, crude oil, 
and acid microemulsions containing organic solvents 
and co-solvents [7]. The acid solution group includes 
hydrochloric acid, mud acid, polymer acid, and acid foam. 
Data from this period indicated that acidizing in clastic 
formations shows more significant challenges than in 
basement formations, emphasizing the need for further 
research to optimize acid systems [8].

From 2000 to 2022, the success of acid treatments was 
influenced by various factors, including reservoir geology, 
wellbore completion characteristics, acid composition, 
and the type of formation damage. Acid systems such 
as emulsified acid, hydrochloric acid (CKP), and mud 
acid (GKP) had notable impacts on clastic reservoirs in 
the Bach Ho field. Data analysis showed no significant 
difference in effectiveness between the conventional 
hydrochloric acid, mud acid, and acid emulsion systems 
between 2005 and 2007. However, after 2009, a decline in 
the efficiency of conventional hydrochloric acid and mud 
acid stimulation techniques was observed.
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From 2000 to 2010, the acid emulsion system 
yielded positive results for clastic formations in the 
Lower Miocene, Upper Oligocene, and Lower Oligocene. 
Success rates remained high, typically ranging from 60% 
to 100%, with the lowest recorded rate being around 59% 
in 2004. The success rate was notably stable, remaining 
at approximately 80% for 6 consecutive years (2005 - 
2010). However, after 2010, the use of acid emulsion was 
discontinued due to safety concerns [9 - 13].

Comparing the success rates of acid emulsion 
systems with hydrochloric acid and mud acid systems 
from 2005 to 2010, the emulsion systems were found 
to have a positive impact on clastic formations in the 
Bach Ho field. This suggests that organic contaminations 
(e.g., asphaltene, resin, oil/water emulsion, and water/
oil emulsion) play a significant role, and addressing 
only inorganic contaminations is insufficient. Overall, 
the analysis indicates a decline in the effectiveness of 
hydrochloric and mud acid systems after 2011, primarily 
due to changes in the composition and concentration of 
acids and additives, which warrants further investigation 
to align with current field conditions. 

2. Methodology 

In this study, we initially conducted a series of 
experiments to evaluate the performance of the 
conventional acid solution used for acidizing treatment 
on sandstone formations, specifically focusing on the 
formation of emulsions, precipitation, and the potential for 
scaling. The results from these preliminary tests provided 
insights into the limitations and areas for improvement 
in the existing acid systems. The experiments focused 
on the acids that were currently being used at the Bach 
Ho field, including hydrochloric acid and mud acid, 
with the compositions provided in Table 1. This is the 
average composition of the acid systems as per the usage 
instructions for the Bach Ho field.

The crude oil used for the study was from Well 1 and 
Well 2. These two wells have experienced a decrease 
in production in recent years, following near-wellbore 
treatment, indicating poor treatment effectiveness. The 

incompatibility of reservoir oil with chemical systems is 
evident through two aspects and phenomena: (1) the 
formation of high-viscosity stable emulsions and (2) the 
formation of slugs, chemically composed of precipitates 
of asphaltene, resin, and high molecular weight paraffin 
[14 - 16].

Subsequently, based on the findings from the 
conventional acid experiments and widely accepted 
worldwide guidelines for acid selection in sandstone 
formations [1, 17], we developed a modified acid system. 
These guidelines are used by major companies such as 
Schlumberger, BJ, and Halliburton. The modified system 
was developed by adjusting the acid composition 
and the concentration of individual components. The 
authors analyzed the following criteria: permeability 
variation range, temperature range of the formation to 
be treated, mineral composition (quartz, feldspar, and 
clay mineral content), solubility of the formation rock in 
15% HCl solution, and siltstone content. Based on analysis 
results, the authors proposed the optimal composition 
of the pre-flush acid and the main acid solution for the 
Lower Miocene, Upper Oligocene and Lower Oligocene 
formations in the Bach Ho field, as shown in Tables 2 and 
3. This new formulation (CKP+ and GKP+) was designed 
to enhance compatibility with the formation fluids while 
minimizing undesired reactions such as precipitation or 
emulsion formation. The modified acid system underwent 
comprehensive testing, including shale stability 
evaluation, compatibility tests with formation fluids, 
thermal stability assessments, dissolution experiments 
on formation rock samples, permeability recovery tests, 
and corrosion evaluations. These tests aimed to ensure 
the stability and efficiency of the chemical system under 
the operational conditions of the Bach Ho field. The acid 
composition used in the corrosion test is shown in Table 4.

To improve compatibility, prevent secondary 
precipitation, and mitigate the formation of high-viscosity 
stable emulsions, the authors proposed using additional 
anti-sludge and anti-emulsion additives. In addition, the 
ability to inhibit swelling and stabilize clay was improved 
by using a clay stabilizer. 

No. Solution 
Composition (%) 

HCl  HF CH3COOH NTF PAV 
1 Hydrochloric acid 12 - 4 1.5 1.5 
2 Mud acid 12 1.5 4 1.5 1.5 

Table 1. Composition of acid systems used in the experiment
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The emulsifier-breaking additives and clay stabilizers 
in the modified acid systems (CKP+ and GKP+) play a 
crucial role in enhancing the compatibility of the acid 
solutions with crude oil and preventing the formation of 
persistent emulsions. Specifically, the non-emulsifying 
agents help to reduce the crude oil and acid to emulsify, 
thereby inhibiting the stable emulsion creation that 
could otherwise cause flow restrictions. Mechanistically, 
these additives alter the surface properties of the acid, 
oil, clay interactions and the interfacial tension, thereby 
preventing both emulsion formation and secondary 
precipitation. 

Finally, a Kinetix Matrix simulation was performed to 
model the acid injection process and its effect on skin factor 
changes throughout the acidizing treatment. Reservoir 
parameters used in simulation are shown in Table 5.

3. Result and discussion 

3.1. Performance of the current acids

3.1.1. Stable emulsion capability 

First, mixtures of Well 1 crude oil and acid solution 

were prepared to a total oil-acid volume of 25 ml and 
heated at 70°C for 2 hours to ensure homogenization. 
Each mixture was then blended with one of two acid 
formulations (hydrochloric “CKP” or mud-acid “GKP”) at 
acid-to-oil volume ratios of 25:75, 50:50, and 75:25. The 
blends were vigorously shaken to form uniform emulsions 
and subsequently placed to a thermostatted bath 
maintained at 80°C. At defined intervals, and again after 2 
hours or upon complete phase separation, the volumes of 
oil, water and emulsion layers were recorded. Thereafter, 
each sample was passed through a 100-mesh screen; any 
retentate was rinsed with 80°C water until completely 
passed. An acid system was deemed compatible if, after 
thermal treatment, it exhibited fully separated oil-water 
layers with a sharp interface and left no residue on the 
screen. In contrast, incomplete separation after 2 hours at 
80°C and persistent screen blockage (indicative of stable, 
large-droplet emulsions) signified acid-oil incompatibility, 
with attendant risks of pore plugging and permeability 
impairment. Tables 6 and 7 summarize the emulsification 
capacities observed for CKP and GKP, respectively. 

The results indicate that both the hydrochloric acid 

No. Chemical Concentration (%) Function 
1 HCl 6 - 10 Dissolves inorganic contamination 
2 CH3COOH 5 Creates a bu�ering e�ect to keep pH at low level 
3 Clay stabilizer 2 Inhibits clay swelling 
4 Anti-sludge agent 1 - 2 Prevents the sludge formation 
5 Interactive solvents 2 Improves quickly �ow back to the well after treatment. 
6 Anti-emulsifying agent 2 Prevents emulsion formation during treatment 
7 Surfactant 5 Increases the contact of chemicals with the formation rock 
8 Corrosion inhibitors 3 - 5 Inhibits, reduces corrosion 
9 Water Remaining Dispersion medium 

Table 2. Composition of the pre-flush acid solution

No. Chemical Concentration (%) Function 
1 HCl 6 - 10 Dissolves inorganic contamination  
2 HF 0.5 - 1 Dissolves inorganic contamination 
3 CH3COOH 5 Creates bu�ering e�ect to keep pH at low level 
4 Clay stabilizer 2 Inhibits clay swelling  
5 Anti-sludge agent 1 - 2 Prevents the sludge formation  
6 Interactive solvents 2 Improves quickly �ow back to the well after treatment. 
7 Anti-emulsifying agent 2 Prevents emulsion formation during treatment 
8 Surfactant 5 Increases the contact of chemicals with the formation rock 
9 Corrosion inhibitors 3 - 5 Inhibits, reduces corrosion 

10 Water Remaining Dispersion medium 

Table 3. Composition of GKP+
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and mud acid systems currently used at the Bach Ho field 
are incompatible with the crude oil from Well 1. Notably, 
with a water phase ratio of 50%, the formed emulsion 
remains stable without separation.

The crude oil from Well 2 was generally compatible 
with the hydrochloric acid system, except at an acid-to-oil 
ratio of 25:75. However, this oil was incompatible with the 
mud acid system, as it tended to form slugs.

3.1.2. Slug formation capability 

To evaluate the slug-formation tendencies of the 
acid system, 1000 ppm Fe³+ was added to the test acid 
solution and then mixed with the crude oil sample at a 
1:1 volumetric ratio. The mixture was shaken vigorously to 
form a uniform emulsion, then placed in a thermostated 
bath at 80°C for 2 hours. After equilibration, the emulsion 
was poured through a 100-mesh screen and inspected. If 

No. Acid Composition 

1 CKP+ HCl 8% + CH3COOH 5% + Non-emulsi�er 5% + Surfactant 2% + CS-1/CS-2 (2%) + Mutual solvent + CI-31 + 
Non-sludge 2% 

2 GKP+ HCl 8% + HF 0.5% + CH3COOH 5% + Non-emulsi�er 5% + Surfactant 2% + CS-1/CS-2 (2%) + Mutual solvent 
+ CI-31 + Non-sludge 2% 

Table 4. Composition of acid in corrosion test 

No. Parameter Value Unit 
1 Reservoir pressure 148.898 atm 
2 Productivity index 1.9 m3/d/atm 
3 Permeability 89.4 mD 

4 Skin factor +9.8  

5 Reservoir temperature 90 oC 
6 Water cut  2 - 5 % 
7 Oil rate 95 m3/d 
8 GOR 60 m3/m3 
9 Gas density 0.72  

10 Oil density 0.8519  

11 Water density 1.02  

12 Pipe diameter 73 mm 
13 Wellhead pressure 26 atm 
14 Gas lift pressure 88 atm 
15 Gas lift rate 25000 m3/d 

Table 5. Reservoir parameters

No. Acid/oil ratio Phase  
Emulsion state during sample storage time (%) 

Note 
0 min 5 min 15 min 120 min 

1 25/75 
Water  0 0 0 0 

Whole was emulsion  Emulsion  25 25 25 25 
Oil  0 0 0 0 

2 50/50 
Water  0 14.5 14.5 14.5 

Separation part  was 
water and emulsion  Emulsion  25 10.5 10.5 10.5 

Oil  0 0 0 0 

3 75/25 
Water  0 18,5 18,5 18.5 

Separated into 3 
layers 

Emulsion  25 2,5 2,5 2.5 
Oil  0 4 4 4 

Other observations: The CKP acid system was generally incompatible with crude oil from Well 1. When the acid contacted the oil, it formed a 
stable emulsion (25:75 ratio) or an incomplete emulsion, with a portion remaining as emulsion. The emulsion had high viscosity and could not 
pass through a 100-mesh screen (Figure 1). 

Table 6. Results of emulsion and slug formation of CKP acid system with Well 1 crude oil
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the oil phase did not fully pass through, the residue was 
rinsed with 80°C hot water. The acid system was deemed 
non-depositing if, after thermal treatment, complete 
phase separation occurred, and no solids remained on 
the sieve.

During the slug-formation test with the Fe-
containing acid and crude oils from Wells 1 and 2, phase 
separation occurred, but a significant precipitate formed. 
Consequently, the separated oil phase could not pass 

Figure 2. Images of samples (GKP acid and Well 1 crude oil mixture with different volume ratios) after passing through a 100-mesh screen.

 Figure. 1. Images of samples (CKP acid and Well 1 crude oil mixture with different volume ratios) after passing through a 100-mesh screen.

No. Acid/oil ratio Phase 
Emulsion state during sample storage time (%) 

Note 
0 min 5 min 15 min 120 min 

1 25/75 
Water  0 0 0 0 

Whole is emulsion  Emulsion  25 25 25 25 
Oil  0 0 0 0 

2 50/50 
Water  0 1.5 1.5 1.5 

Mainly in emulsion   Emulsion  25 23.5 23.5 23.5 
Oil  0 0 0 0 

3 75/25 
Water  0 18.5 18.5 18.5 

Partly water, oil in 
emulsion form 

Emulsion  25 3.5 3.5 3.5 
Oil  0 3.0 3.0 3.0 

Other observations: The GKP acid system was generally incompatible with crude oil from Well 1. At a water phase ratio of 50%, the formed 
emulsion was stable and did not separate. However, with a water phase ratio greater than 50%, phase separation occurred but was incomplete. 
The emulsion exhibited high viscosity and could not pass through a 100-mesh screen (Figure 2). 

Table 7. Results of emulsion and slug formation of GKP acid system with Well 1 crude oil
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through the 100-mesh screen (Figure 3), indicating 
deposit formation under these conditions.

Therefore, the acid systems currently used at the 
Bach Ho field pose a risk of forming stable emulsions with 
high viscosity when interacting with crude oil from the 
existing wells. The acid system itself, when contaminated 
with Fe (from pipeline and wellbore equipment corrosion 
products exposed to the acid solution), forms precipitates 
and slugs upon interaction with crude oil. These issues 
must be addressed during the optimization of the acid 
system composition.

3.1.3. Precipitation capability 

To evaluate the capability of hydrochloric acid (CKP) 
and mud acid (GKP) systems to prevent secondary iron 
gel precipitation, Fe3+ at concentrations of 50 - 5,000 
ppm was added to the acid solutions. Immediately 
following Fe3+ addition, both hydrochloric acid and mud 
acid solutions became cloudy and precipitated a white 
substance (Figure 4). This is a concerning signal, as in 
actual treatments, during pumping from the surface to 
the near-bottomhole zone, acid solutions dissolve and 
absorb steel corrosion products, creating Fe ions. These Fe 
ions can precipitate rapidly in the acid solution, leading to 
increased secondary precipitate formation, which could 
lead to near-bottomhole plugging.

Additional investigations of precipitation capability 
were carried out using a porous core model composed of 
reservoir rock and a reservoir model apparatus. Tests on 

Miocene rock samples from Well 3 and Well 4 showed that 
the post-treatment solution turned turbid and formed 
precipitates after being left undisturbed for a certain 
period.  

A similar experiment was conducted to examine the 
precipitation potential of hydrochloric and mud acid as 
they flowed through a core sample. A reservoir model 
apparatus was used to analyze the resultant solution, 
with a core sample from Well 5 chosen for evaluation. 
Hydrochloric acid and mud acid were injected into the 
sample, and the resulting solution was allowed to settle 
undisturbed to observe any precipitation. The results 
showed the formation of a white precipitate in the 
post-reaction solution. The permeability recovery factor 
outcomes are detailed in Table 8. 

To demonstrate the plugging ability of the precipitate, 
an experiment was conducted using the mud acid system 
with an additional 1,000 ppm Fe (specific composition: 
HCl 12% + CH3COOH 4% + HF 1.5% + NTF 2% + 1,000 ppm 
Fe). The solution and precipitate were poured through a 
100-mesh screen, and a large amount of precipitate was 
observed on the screen. This indicates that the precipitate 
size is >100 µm, capable of plugging sandstone pores.

Images of the precipitates obtained from the mud 
acid mixture with different Fe concentrations (500, 1,000, 
and 2,000 ppm) after drying are shown in Figure 5. These 
precipitates are NTF-iron complexes. Our findings align 
with the research in [18], which confirmed that NTF-iron 
complexes are poorly soluble. To improve the effect of NTF 

Figure. 3. Images of precipitation and slug formation when CKP and GKP acid mixed with crude oil.
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in the presence of iron, Shuchart and Gdanski 
[18] investigated adding the compound GLDA 
(L-glutamic acid diacetic acid) to NTF.

In conclusion, the studies presented in 
this section demonstrate that the hydrochloric 
acid and mud acid systems currently used 
at the Bach Ho field have limited secondary 
precipitation prevention capacity. These 
systems require further examination and 
improvement to meet new operational 
conditions.

3.2. Performance of the modified acids

3.2.1. Shale stability 

HCl-based acid systems lack the ability to 
prevent clay-swelling and may even induce clay-
gel formation, thereby reducing permeability 
in formations containing HCl-sensitive clays, 
especially at lower temperatures. To overcome 
this limitation, two organic quaternary-amine 
stabilizers, CS-1 and CS-2, were evaluated. Both 
are colorless to pale-yellow viscous liquids, 
stable and low-toxicity in acidic environments, 
and effective from acidic to near-neutral pH 
[19, 20]. At 0.02 - 0.05 wt%, they outperform 
conventional NH₄Cl/KCl brines in enhancing 
shale stability, minimizing particle migration, 
and preventing pore blockage by fine clay 
fragments. These products are analogous 
to industry standards such as Halliburton’s 
Cla-Sta FS, Schlumberger’s L055, and Baker 
Hughes’ Claytreat-3C and Claymaster-10.

CS-1 and CS-2 adsorb onto clay surfaces 
via electrostatic attraction: their positively 

charged functional groups bind to negatively charged clay platelets, 
forming a hydrophobic adsorption layer that impedes water ingress 
and suppresses clay swelling. Adsorption increases the clay’s surface 
potential; this was confirmed by zeta-potential measurements 
on clay suspensions treated with CS-1 at 0.02% and 0.05%, which 
showed a marked rise in surface charge. Moreover, the polymeric 
nature of CS-1 provides interparticle bridging, as its cationic repeat 

No. Sample information  
1 Sample Sample 1 
2 Reservoir Miocene 
3 Gas permeability, (mD) 40.9 
4 Temperature,( 0C ) 115 
5 Pressure, (atm) 100 
6 Initial oil permeability K1, (mD) 6.102 
7 Chemical solution CKP* 

8 Oil permeability after treatment K2, (mD) 5.956 
9 Permeability recovery factor Kre = K2/K1 × 100% 99% 

*CKP: HCl 6% + CH3COOH 5% + NTF 4% + HF 1.5% + WCI-1212 1.25% + WHT 8213 3.75% + 1% PАV 2% + OS-802 100 g/m3 

Table 8. Result of permeability recovery factor determination

Figure. 4. Images of precipitation when adding Fe3+ to CKP acid.

Figure 5. Images of the precipitates obtained from the mud acid mixture with different Fe contents.
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units link adjacent clay particles, preventing detachment 
and migration of fine grains that could otherwise plug 
pore throats.

The inhibitory effectiveness of CS-1 and CS-2 on 
shale from Formation X was quantified using laboratory 
swell-meter tests. Both stabilizers at 0.02 - 0.05% yielded 
superior suppression of shale expansion compared 
to brines containing 8% KCl or 5% NH₄Cl (Figure 6). In 
drilling practice, KCl is typically dosed at 80 - 120 kg/m³ 
in formulations such as KCl/PHPA/Glycol or Ultradril® (MI 
Swaco) to protect shale, but protection often wanes after 
one day. In contrast, CS-1 and CS-2 deliver prolonged 
inhibition, effectively preventing shale swelling over 
extended periods at low concentrations.

3.2.2. Chemical system compatibility with formation fluid

Compatibility was assessed at 80°C using CKP+ 
and GKP+ acid formulations - each containing a non-
emulsifier, clay stabilizer, surfactant and scale inhibitor 
- and formation fluids comprising crude oil from Wells 1 
and 2 of the Bach Ho field, seawater, and completion brine 
(25.7% CaCl₂, 1.23 g/cm³; 24% NaCl, 1.18 g/cm³). Systems 
were deemed compatible if they either fully dissolved 
to yield a homogeneous single phase (in miscible cases) 
or completely separated without secondary precipitate 
formation (in immiscible cases). Results for Well 1 (Table 9, 
Figure 7) and Well 2 were equivalent, confirming that CKP+ 

and GKP+ are fully compatible with the tested formation 
fluids, with no precipitates or emulsions observed.

3.2.3. Thermal stability 

Thermal stability was evaluated by heating CKP+ and 
GKP+ acid solutions in transparent, heat-resistant vials at 
2 - 3°C/min in an oven. At every 10°C increment, up to a 
final temperature of 120°C, the samples were held for 10 - 
15 min and visually inspected. After 120 min at 90°C, both 
formulations remained clear and homogeneous, with no 
phase separation or precipitation; identical behavior was 
observed at 125°C and 130°C. These results demonstrate 
that CKP+ and GKP+ retain thermal stability under the 
tested conditions.

3.2.4. Dissolution experiment on formation rock 

Consolidated sandstone from the Bach Ho field (18 
g each from the Lower Miocene and Lower Oligocene) 
was characterized for composition and mineralogy, then 
exposed to the CKP+/GKP+ acid systems. Pre-experimental 
analyses established baseline chemical and mineralogical 
profiles. Table 10 reports that the mass percentage 
dissolved after drying. Dissolution tests showed that the 
acid blend attacked less than 6% of the rock, confirming 
minimal degradation of the cementing matrix and 
preserving the integrity of loosely consolidated Lower 
Miocene sands.

Time (min) 
Emulsion separation 

CKP+ GKP+ 

5 Completely soluble, no precipitation Completely soluble, no precipitation 
10 Completely soluble, no precipitation Completely soluble, no precipitation 
30 Completely soluble, no precipitation Completely soluble, no precipitation 

Table 9. Results of evaluating the compatibility of the proposed acid with crude oil from Well 1

Figure 7. Images of samples after passing through a 100-mesh screen.

Figure 6. Effects of salt on clay swelling. 
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3.2.5. Permeability recovery experiments

Global service-provider guidelines correlate 
treatment efficacy with acid volume per meter of 
perforation. Optimal stimulation requires > 1.55 m³/m 
(125 gal/ft), while near-wellbore cleanup typically uses 
0.31 - 0.93 m³/m (25 - 75 gal/ft). 

Core-flood experiments to evaluate permeability 
recovery were conducted on Lower Miocene and Lower 
Oligocene cores using the following protocol. First, each 
core was oil-saturated by injecting five pore volumes 
(PV) of crude oil in the forward direction, and the initial 
permeability (K₁) was measured. Inorganic damage was 
then induced by sequentially injecting one PV of Solution 
A (5 g/l CaCl₂ + 5 g/l FeCl₃·6H₂O) followed by one PV of 
Solution B (5 g/l Na₂CO₃ + 2.5 g/l Na₂SO₄ + 2.5 g/l NaOH) 
or until effluent precipitation occurred. After aging under 
reservoir conditions for 1 - 2 hours, three PV of viscous 
oil were forward-flooded to determine post-damage 
permeability (K₂). Acid treatment was performed in 
reverse flow by injecting one PV of NH₄Cl brine, one PV of 
pre-flush acid, and one PV of the main acid formulation. 
Finally, three PV of viscous oil were injected forward to 
measure the treated permeability (K₃). The permeability-

recovery factor (K₃/K₁) was calculated to assess the 
effectiveness of the proposed chemical system (Table 11).

Based on the results obtained, it is evident that:

-	 All simulations of formation damage yielded 
reduced permeability, sometimes markedly, confirming 
that the experimental protocol successfully reproduced 
damage mechanisms such as Fe(OH)₃, CaCO₃, and CaSO₃ 
precipitation.

-	 Treatment efficacy was evaluated by comparing 
permeability before damage (K₁) and after acid 
remediation (K₃). A K₃/K₁ ratio ≥ 0.9 denotes effective 
removal of both primary and secondary damage.

Core-flood results demonstrate that the proposed 
acid systems not only restore permeability but also 
inhibit clay swelling, yielding high recovery factors and 
confirming their suitability for damage remediation.

3.2.6. Corrosion test 

The authors investigated the corrosion performance 
of the chemical system, comparing it to the corrosion 
inhibitor CI-31 currently used in the acid treatment 
process at Field X, provided by Baker Hughes. To assess 

No. Chemical system 
Initial sample mass Sample mass after reaction Percent of sample dissolved 

g g 90oC 120oC 
1 GKP+ = 10:1 9.003 8.892 1.2   
2 GKP+ = 10:1 9.001 8.516 5.4   
3 GKP+ = 10:1 9.002 8.900  1.1 
4 GKP+ = 10:1 9.003 8.937  0.7 

No. Sample information 
1 Sample Sample 1 Sample 2 
2 Reservoir  Oligocene Miocene 
3 Gas permeability (mD) 21.78 218.64 
4 Temperature (oC) 100 100 
5 Pressure, atm 100 100 
6 Initial oil permeability, K1 (mD) 3.22 40.22 
7 Oil permeability after simulating contamination K2 (mD) 2.19 29.14 

8 Pump order 

NH4Cl 5%:  1V0 NH4Cl 5%:  1V0 
Acid CKP+: 1V0 Acid CKP+: 1V0 
Acid GKP+: 2V0 Acid GKP+: 2V0 
NH4Cl 5% - 1V0 NH4Cl 5% - 1V0 

9 Oil permeability after treatment K3 (mD) 4.2 65.56 
10 Permeability recovery factor Kre 155.27 191.94 

Table 10. Results of sample dissolution experiments

Table 11. Results of evaluating the permeability recovery 
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corrosion characteristics under conditions resembling 
those of the formation, the "HP-HT Corrosion Cell" was 
used, maintaining conditions at 120°C and 100 atm for 4 
hours, in accordance with ASTM standards (ASTM G1-03; 
ASTM G3-72) using the mass loss method. The evaluation 
results are displayed in Table 12.

The corrosion evaluation results demonstrate that the 
proposed chemical systems featuring corrosion inhibitor 
CI-31 show diminished corrosion rates compared to the 
present acid system utilized in Bach Ho field. Furthermore, 
these outcomes satisfy the criteria of maintaining a 
corrosion rate below 10 mm/year.

3.2.7. Simulation 

Well X-1ST began production via gas lift in the Miocene 
reservoir on September 1, 2021, with an initial output of 89 
tons per day from zones at depths ranging between 2,760 - 
2,803 m and 2,848 - 2,920 m within the Bach Ho field.

The authors used Schlumberger - Techlog Kinetix 
Matrix software to formulate the treatment pumping 
schedule, simulate the treatment procedure for individual 
layers (Figure 8), evaluate each solution during treatment, 
and monitor real-time variation in the skin factor 
throughout the treatment (Figure 9).

Sample Mass - before (g)  Mass - after (g) Mass loss (g) 
Corrosion rate 

(mm/year) 
CKP+ 

1 353.005 352.695 0.3100 3.2738 
2 343.923 343.611 0.3120 3.2918 
3 347.543 347.031 0.5120 5.4044 

Average 3.9900 
GKP+ 

1 349.215 348.803 0.4120 4.3504 
2 350.147 349.529 0.6180 6.5253 
3 361.123 360.522 0.6012 6.3434 

Average 5.7397 
Acid being used for Bach Ho �eld 

1 GKP 7.60 
2 CKP 6.02 

Table 12. Corrosion test results 

Figure 8. Treatment process simulation for each layer.

Stage # 6 
NH4CI 5 

3 h 16 min/65.2 m3

Stage Fluids eq. Invasion (m)
Permeability Ratio K/K0, and K0/K 

above selected cutoff (=1.1)
Total Skin 

(Damage + Completion + Stimulation) 
Particulate Skin, Stim./Damage Skin
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The simulation results indicate that the acid system effectively 
dissolves inorganic scale and infiltrates fine particles from the 
formation into the near-wellbore area. Specifically, for Well X-1ST, 
the CKP+ and GKP+ acid systems proposed in this study, consisting 
of 8% HCl, 0.5% HF, and additional additives, show effective fouling 
dissolution within the well. As a result, the skin factor gradually 
decreased during the simulation, from 9.8 to 0, after treatment with 
the proposed acid system.

4. Conclusion

In conclusion, the modified acid systems, CKP+ and GKP+, exhibit 
significant advantages over conventional acidizing methods in 
the Bach Ho field. The results from the laboratory experiments and 
simulations confirm that these systems address common issues such 
as emulsion formation, clay swelling, and secondary precipitation. 
The introduction of clay stabilizers and anti-emulsifiers in the 
acid formulations has enhanced compatibility with crude oil and 
mitigated the formation of undesirable emulsions. Moreover, the 
dissolution experiments and permeability recovery tests have proven 
that these systems can effectively remove formation damage and 
restore permeability, especially in formations with high clay content. 
The simulation results highlight the promising potential of these acid 
systems in reducing the skin factor, improving hydrocarbon recovery, 
and ensuring stability under high-temperature and high-pressure 
conditions. These findings provide valuable insights into the design 
of more effective acid treatments for challenging reservoirs, offering 
both economic and operational benefits. Further optimization 
and field trials will be essential to fully understand the long-term 
performance of these systems in different geological settings.
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1. Introduction

In the 1940s, countries such as the United States, 
Norway, and Canada utilized up to 70% of the associated 
gas separated from crude oil production for processing, 
power generation, and other applications. Over the 
subsequent decades, these countries have significantly 
improved their gas recovery efficiency and currently 
utilize more than 95% of their associated gas. Major 
international oil companies, including Chevron (USA), 
TotalEnergies (France), and Shell (UK and the Netherlands), 
have achieved nearly 100% associated gas utilization in 
their field developments [1]. 

In contrast, the former Soviet Union (now the Russian 
Federation) historically prioritized crude oil production, 
and associated gas often was flared at the field site. 
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However, since the early 2000s, driven by economic 
development and global environmental commitments, 
the Russian government has implemented stricter 
regulations, mandating associated gas utilization levels of 
up to 95% for new field developments.

Maximizing associated gas recovery is a crucial 
component of sustainable hydrocarbon development. 
Many governments now require oil and gas operators to 
submit a detailed plan for gathering and utilizing associated 
gas in investing and developing oil fields. Compliance 
with these regulations has become a key criterion for 
governments to grant or suspend oil and gas exploration 
and production licenses in regions and territories.

The Bach Ho oil field, located in Block 09-1 of the 
Cuu Long basin, was initially designed, constructed, and 
developed primarily for oil extraction, with the associated 
gas being flared directly on offshore platforms [2]. As 
a result, between 1986 and the first quarter of 1995, 

Summary

In 1986, after nearly 5 years of exploration, Vietsovpetro successfully produced its first crude oil from the Bach Ho field, located in Block 
09-1 of the Cuu Long basin on the Vietnamese continental shelf. This milestone marked a historic breakthrough for Vietnam’s petroleum 
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of associated gas through innovative technological solutions and engineering improvements, despite limited offshore infrastructure at 
the time. This initiative marked the second major leap in Vietnam’s petroleum industry and served as the technological and operational 
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This article presents the key technical highlights of a cluster of projects on associated gas gathering and utilization implemented by 
Vietsovpetro at offshore fields in Block 09-1 and adjacent offshore fields. 
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Vietsovpetro flared more than 6 billion cubic meters of 
associated gas, equivalent to approximately 6 million 
tons of oil. During this period, Vietnam was experiencing 
a severe energy crisis. Each year, Vietnam imports diesel 
oil (DO), fuel oil (FO), and liquefied petroleum gas (LPG) 
to meet domestic energy demands. The Ba Ria thermal 
power plant, located only 120 kilometers from the Bach 
Ho field, depended entirely on imported DO and FO for 
electricity generation. Moreover, the country was still 
under international embargo, facing acute shortages of 
foreign currency and undergoing profound economic 
and social hardship.

The continuous flaring of associated gas not only 
resulted in the loss of a valuable non-renewable national 
resource but also had adverse environmental impacts, 
contributing to air pollution and ecological degradation 
in oil-producing regions. Addressing the technical and 
economic challenges of gathering and utilizing associated 
gas thus became an urgent and strategic objective for the 
Petrovietnam, and particularly for Vietsovpetro.

In 1995, Vietsovpetro initiated the gathering of 
associated gas for utilization at offshore facilities, with the 
remaining volume transported ashore. By September 30, 
2025, Vietsovpetro had gathered, treated, and delivered 
approximately 40.3 billion cubic meters of associated 
gas to onshore facilities, of which more than 23.5 billion 
cubic meters of gas had been used to meet the industrial 
development of Vietnam’s gas, electricity, fertilizer, 
petrochemical value chain, and serving residential 
and industrial needs. The success of this initiative has 
established a reliable foundation for the long-term growth 
of the Vietnamese gas industry.

2. Technological solutions for associated gas gather-
ing, treatment, and transportation at Vietsovpetro’s 
and adjacent fields

In 1991, with the approval of the Government, 
Vietsovpetro developed a technical and economic 
feasibility study titled "Gathering and transportation of 
associated gas from the Bach Ho field to shore", with the 
following key points:

-	 Efficient utilization of fuel resources was identified 
as one of the urgent tasks for Vietnam’s economic and 
social development;

-	 Associated gas from offshore facilities in Block 
09-1 needed to be gathered and utilized to the maximum 
extent;

-	 The main content of the feasibility study was to 
develop a program for transporting gas to shore for use as 
fuel in thermal power plants in southern Vietnam.

The implementation of the project for gathering 
and transporting associated gas from the Bach Ho field 
to Thu Duc, Ho Chi Minh City, was estimated to take 
approximately 8 to 10 years.

Based on an assessment of existing infrastructure and 
field conditions at the offshore Bach Ho Field, Vietsovpetro 
initiated research into technological solutions for the 
early gathering and transportation of associated gas to 
shore, despite the absence of gas compression facilities 
at that time.

2.1. Solution for the early associated gas gathering and 
transportation of 1 million stm³/day from the Bach Ho 
field to shore without using compressors

To implement the associated gas gathering 
and transportation project from the Bach Ho Field, 
Vietsovpetro proposed to construct the Bach Ho - Dinh Co 
- Ba Ria gas pipeline, with a total length of 120 km and a 
diameter of 406 mm.

Vietsovpetro conducted research on technological 
solutions and carried out offshore trials to assess the 
feasibility of gathering and transporting 1.0 million stm³/
day of associated gas from the Bach Ho field to the Ba Ria 
thermal power plant, utilizing the natural energy of oil 
wells in conditions where gas compressors were not yet 
available:

-	 Hydraulic calculation for the transportation of 1.0 
million stm³/day of associated gas through the 120 km 
pipeline (406 mm diameter), from the Bach Ho Field to 
the Ba Ria thermal power plant, showed a pressure loss of 
approximately 17 - 18 atm.

-	 Given that the required gas pressure at the onshore 
receiving point was 20 atm, the necessary inlet pressure 
at the offshore end had to be 38 - 40 atm. Vietsovpetro 
conducted experiments to separate gas from high-
pressure, high-flow oil wells. The results indicated that 
gas separated from the oil-gas mixture produced from 
the basement formation at the wellhead platform BK-2 
yielded approximately 1.0 million stm³/day of associated 
gas at 38 - 40 atm.

-	 With an inlet gas pressure of around 40 atm and a 
flow rate of 1.0 million stm³/day, Vietsovpetro successfully 
transported the gas through the Bach Ho - Dinh Co - Ba 
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Ria pipeline, via Gas Distribution Station (GDS) at Ba Ria, 
and delivered it to the Ba Ria thermal power plant starting 
from the second quarter of 1995.

2.2. Solution for drying associated gas from the Bach 
Ho field without using a heat exchanger for onshore 
transportation 

The implementation of the above solution showed 
that the gas separated at the wellhead platform BK-2 
had a temperature of 90 - 100°C and a pressure of 38 - 40 
atm, which was transported to shore through a subsea 
pipeline, where the temperature averaged around 25 - 
28°C. Upon reaching the shore, the gas had been cooled, 
and liquids that had condensed along the pipeline caused 
the gas stream to arrive at shore in a two-phase (liquid-
gas) form, which did not meet the fuel requirement for the 
Ba Ria thermal power plant. While the Central Processing 
Platform No.2 (CPP-2) did not have a heat exchange 
system, Vietsovpetro developed a gas dehydration 
solution offshore by passing the gas stream through a 
subsea pipeline loop from BK-2 to BK-3 and then back 
to BK-2. As the gas circulated through the subsea loop, 
it was naturally cooled by the seawater, causing it to 
become a two-phase form which was then sent to a 
slug catcher, a liquid separator already installed on the 
CPP-2 platform (nearby BK-2), to separate the liquids. 
The gas exiting the slug catcher was in single-phase (dry 
gas) form and was routed into the Bach Ho - Dinh Co 
pipeline for transportation to the Ba Ria thermal power 
plant. As a result, the gas reaching the power plant had 
a temperature of at least 25 - 28°C and was in dry form, 
thus meeting the fuel specifications required by the Ba Ria 
thermal power plant.

2.3. Solution to increase gas flow to 2 million stm³/day 
for onshore transportation

The complete gas compression station (CGCS) at the 
Bach Ho field was constructed adjacent to the MSP-4 
platform and officially commenced operation in February 
1997. With a capacity of 1 million stm³/day and an output 
pressure of 105 atm, it was primarily designed to supply 
gas for internal consumption within the Bach Ho field. At 
that time, the Phu My 1 thermal power plant had been 
built and came into operation, and the onshore gas 
demand increased to 2 million stm³/day. According to 
the calculation for pipeline pressure to transport 2 million 
stm³/day from the offshore to Phu My Plant, the minimum 
required gas pressure at Bach Ho offshore must be around 

58 - 60 atm. To meet this requirement, Vietsovpetro 
researched and implemented a technological solution 
utilizing an ejector (gas mixing device) to blend two 
streams of gas: high-pressure gas steam (105 atm) from 
the CGCS and a low-pressure gas stream (28 atm) after 
preliminary separation (UPOG) on the BK-2 platform. As a 
result, a medium-pressure gas stream was obtained.

By mixing 1 million stm³/day of high-pressure gas from 
CGCS with 1 million stm³/day of low-pressure gas after 
UPOG using the ejector, a combined stream of 2 million 
stm³/day was obtained at a pressure of approximately 60 
atm, which was sufficient to transport to shore, supplying 
both the Phu My 1 and Ba Ria thermal power plants.

At that time, the ejector installed by Vietsovpetro 
was the largest offshore gas mixing device ever 
deployed on offshore facilities worldwide, a specifically 
designed technological solution for long-distance gas 
transportation.

2.4. Solution for low-pressure gas gathering at Bach Ho 
field

The low-pressure gas separated on platforms at the 
Bach Ho field typically had pressures ranging from 0.5 to 
1.5 atm, and was flared at the individual platform flare 
stacks because it could not be gathered economically 
due to the high cost of installing compression systems. 
To recover and utilize this low-pressure gas, Vietsovpetro 
studied and implemented a solution for transporting gas-
saturated oil (oil containing dissolved gas) between the 
platforms. Specifically, oil at each platform was separated 
at a high-pressure separator (on the separator in the first 
stage), then the saturated oil was transferred to another 
nearby platform without passing through a low-pressure 
separator or pump. Finally, the oil was routed to a 
designated gathering platform, as detailed below [3]: 

-	 Low-pressure gas gathering at platform MSP-4: 
Production fluids from MSP-7, MSP-5, and MSP-3, after 
passing through high-pressure separators (first stage), were 
transferred as gas-saturated oil to MSP-4 via the pipeline 
sequence MSP-7 → MSP-5 → MSP-3 → MSP-4. At MSP-4, 
second-stage separation was carried out, recovering low-
pressure gas (0.5 - 1.0 atm) from those platforms and from 
portions of MSP-6 and MSP-4 itself. A booster compressor 
with a capacity of 18 thousand stm³/day was installed 
on MSP-4 to compress this low-pressure gas to 6 - 7 atm, 
which was then sent to the CGCP compression platform 
and further compressed to 105 atm.
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-	 Gathering low-pressure gas at platform MSP-9: 
Similarly to MSP-4, on MSP-10, production fluids from 
BK-15 and MSP-10 were separated at the first stage, and 
the gas-saturated oil was then transferred to MSP-9, 
where low-pressure gas (0.5 - 1.5 atm) was separated in 
a second-stage separator. A booster compressor with a 
capacity of 18 thousand stm³/day was installed on MSP-9 
to compress the low-pressure gas to 13 - 14 atm, and it 
was then transferred to the Central Compression Platform 
(CCP).

-	 Gathering low-pressure gas at CPP-2 and CPP-
3: At the central processing platforms CPP-2 and CPP-3, 
low-pressure gas was separated from production fluids of 
all BK platforms at the Bach Ho field. Significant volumes 
of low-pressure gas were separated at these platforms. 
To gather all the low-pressure gas separated from CPP-2 
and CPP-3, Vietsovpetro proposed and implemented the 
installation of gas compression stations with a capacity 
of 150 thousand stm³/day per platform. The gas was 
compressed to 12 - 13 atm and then transferred to the 
CCP next to CPP-2 for further compression up to 125 atm.

By using this method of transferring saturated oil 
without pumps and installing booster compressors on 
fixed platforms such as MSP-4, MSP-9, CPP-2, and CPP-
3, Vietsovpetro successfully gathered 90 - 95% of the 
associated gas separated from the oil production facilities 
at Bach Ho field, Block 09-1.

2.5. Solution for gathering remaining associated gas 
from the Rong field after DGCP went into operation

In 2010, the Rong gas compression platform (DGCP), 
with a capacity of 1 million m³/day, went into operation. As 
crude oil production volume in the Rong field increased 
significantly with the commissioning of new production 
platforms (e.g., RC-5, RC-9), the volume of associated gas 
separated exceeded the gathering capacity of DGCP.

The associated gas that could not be gathered at 
DGCP was typically flared on platforms at Rong field. 
Vietsovpetro studied and implemented the following 
solutions for gathering associated gas [4]:

-	 High-pressure gas gathering and transportation 
to Bach Ho: High-pressure gas from the Rong field was 
gathered and transported to the Bach Ho compression 
platform using an existing pipeline (formerly used for oil 
transportation), along the route RP-2 → RC-1/3 → BK-2 → 
CPP-2 without gas compressors. From October 2011 to 
December 2012, Vietsovpetro successfully gathered and 

transported 64.6 million stm³ of associated gas from Rong 
field to Bach Ho field.

-	 Installation of booster compressors for remaining 
gas: To gather additional the remaining gas after DGCP 
began operation, Vietsovpetro proposed and installed two 
booster compressors - one on DGCP and another on RP-3 
platform - each with a capacity of 500 thousand stm³/day. 
From November 2013, the booster compressor on DGCP 
started operating, followed by the booster compressor on 
RP-3, enabling the gathering of an additional 1.0 million 
stm³/day of Rong field gas for transfer to the Bach Ho field. 
This gas would have been otherwise flared in Rong field. 
The solution not only helped optimize resource use but 
also reducing the environmental impact associated with 
gas flaring. 

3. Application of research in production practice at 
Vietsovpetro

3.1. Technological solutions utilizing associated gas at 
Vietsovpetro's oil fields

3.1.1 Utilizing associated gas for oil and gas production via 
gas-lift without using compressors

Based on experience and mechanical lifting methods 
currently applied worldwide, Vietsovpetro has gradually 
researched and tested various lifting methods in crude oil 
production at the Bach Ho field, Block 09-1 [4]:

-	 A pilot study was conducted using submersible 
hydraulic piston pumps and screw pumps at wells 21 
and 28 on the fixed platform MSP-1, Bach Ho field. Due to 
high-temperature wells, long operational times, and high 
levels of mechanical impurities in the produced fluids, 
the equipment frequently shuts down. The pilot test was 
unsuccessful, and the method proved ineffective.

-	 A pilot study of electric submersible pumps (ESP) 
was conducted in 10 wells at the Bach Ho field, the results 
showed that presence of mechanical impurities and 
sand in the produced fluids frequently caused pumps to 
fail and burn out, leading to low efficiency and frequent 
repair and replacement.

-	 Testing of combined ESP and gas-lift systems was 
carried out at 3 wells in the Bach Ho field and 6 wells on 
the RP1 platform at the Rong field. None of the tests was 
effective.

-	 A pilot study was conducted on the gas-lift method 
without a compressor on platform MSP-1 by using high-
pressure gas separated from high-rate and high-pressure 
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wells (such as wells 401 and 403/MSP-1) to inject into low-
rate wells with poor natural flow. The results showed that 
gas-lift method operated stably, extended production 
time, and were independent of sand and contaminants, 
equipment limitations, and power on platforms. The 
total amount of crude oil produced using this gas-lift 
method without a compressor reached 81,660 tons, with 
approximately 24,702,150 m³ of compressed gas utilized.

Since 1997, Vietsovpetro has implemented the gas-
lift technology on a wide scale. Consequently, the central 
compression platform (CCP) at the Bach Ho field was put 
into operation in August 1997, supplying high-pressure 
gas (125 atm), and enabling extended gas-lift applications 
across Vietsovpetro’s fields. This success significantly 
improved well productivity and oil recovery factors for 
fields in Block 09-1. It also served as a valuable reference 
for oil operators to apply not only on the Vietnamese 
continental shelf but also across Southeast Asia.

3.1.2. Utilizing associated gas as fuel for power generation 
and centralizied power supply on offshore facilities

Initially, under the 16716 “Korall” design model for 
developing the Bach Ho field, the offshore power supply 
system relied on independent diesel-powered generator 
stations, including DGRA 500/500 and AMAN (800 kW) 
diesel generators, as well as 6ЧН-25/34/8ЧН-25/34 electric 
engines installed on platforms.

Vietsovpetro researched and gradually implemented 
the use of associated gas as a fuel source for offshore 
power systems, through the following key initiatives [5]:

-	 Vietsovpetro transitioned from diesel to associated 
gas in power generation systems on offshore facilities in 
Block 09-1, including both the Bach Ho and Rong fields. 
This transition was successfully implemented.

-	 Vietsovpetro also researched the application of 
associated gas for gas turbines and mechanical drives on 
gas compression platforms.

Since 2012, all power generation on Vietsovpetro’s 
offshore installations in Block 09-1 has been fully fueled 
by associated gas.

To optimize the supply of offshore power resources 
at Block 09-1, Vietsovpetro conducted studies and 
developed a centralized power system, utilizing subsea 
power cables to distribute electricity across the entire 
field. This solution has brought significant savings for 
Vietsovpetro in the field operation and production in 

Block 09-1 on the Vietnamese continental shelf. From 
commissioning to December 31, 2019, the centralized 
power system had generated and supplied a total output 
of 772,454,100 kWh.

3.1.3. Using associated gas to replace FO/DO fuel for oil 
heating on processing platforms and FSOs

On the CPP-3, the boiler system providing heat for 
crude oil (T-1-A/B/C/D) used DO/FO oil. Vietsovpetro 
conducted research on using associated gas as a substitute 
for diesel oil (DO) for the boilers on CPP-3. Currently, the 
amount of associated gas used to maintain and stabilize 
the boiler system is about 18 - 25 thousand stm³/day, 
replacing DO/FO fuel.

On FSOs, the high-capacity boiler systems for heating 
oil are used to heat crude oil before it is transferred to 
the processing tanks. In these tanks, water is separated 
to meet the specifications for commercial crude oil. 
Since 2014, on the VSP-02 FSO, Vietsovpetro conducted a 
study on recovering flash gas from breathing valves and 
proposed the installation of a gas compression station for 
utilizing this gas. The gas compression station gathers all 
flash gas released from the processing and cargo tanks, 
then compresses it to 5 atm, dries it, and supplies it for 
the boiler system as a fuel source, replacing DO/FO for oil 
heating on the FSO. The gas compression system on the 
VSP-02 FSO was commissioned in 2016, and by December 
31, 2019, it had saved 7,358 tons of FO. 

The aforementioned facilities have demonstrated 
high economic efficiency and made significant and 
sustainable contributions to the national economy, 
society, and environmental protection.

3.2. Effectiveness of applying research to production 
practice at Vietsovpetro

-	 From April 1995 to February 1997, Vietsovpetro 
supplied 579 million stm³ of associated gas from the Bach 
Ho field to the Ba Ria thermal power plant.

-	 In 1997, Vietsovpetro supplied 2 million stm³/day 
of gas to both the Ba Ria and Phu My 2.1 thermal power 
plants. The total additional volume of gas delivered 
onshore during this period was 233.2 million m³.

-	 In 2008, the use of gas-saturated oil transport at 
the Bach Ho field to collect low-pressure gas, along with 
the installation of booster compressors marked a further 
milestone in associated gas recovery at oil and gas fields 
in Block 09-1.
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-	 After 2010, when the DGCP was commissioned 
but could not gather all separated associated gas, 
Vietsovpetro’s technological solutions achieved significant 
recovery of high-pressure associated gas from the Rong 
field. From October 2011 to December 2012, a total of 
64.6 million stm³ of associated gas was delivered to Bach 
Ho field then ashore. From November 2013 onward, an 
additional 1.0 million stm³/day of gas was successfully 
gathered and utilized.

3.3. Economic efficiency of the project cluster

A cluster of projects on the research and application 
of technological solutions for the gathering, processing, 
and utilization of associated gas at Vietsovpetro’s 
offshore fields and adjacent fields has brought significant 
economic benefits. The total economic efficiency of the 
project cluster is evaluated based on the effectiveness of 
the associated gas gathering and utilization solutions, as 
presented above:

-	 The effectiveness of the early gas gathering 
solution, delivering 1 million stm³/day to shore without 
compressors and used as a substitute fuel for DO/FO 
at the Ba Ria thermal power plant (fast-track phase), is 
VND 1,471.69 billion (equivalent to USD 132.05 million) 
(Table 1).

-	 Effectiveness of the solution using an ejector to 
increase the gas transport capacity to shore to 2.0 million 
stm³/day: It boosted the volume of gas transported 
ashore during the 1995 - 1997 period by 233.2 million 
m³. The entire volume of gas was used as fuel for the Ba 
Ria and Phu My 2.1 thermal power plants, replacing 545.2 
thousand tons of FO, with a cost saving of VND 654.60 
billion, equivalent to USD 56.32 million.

-	 Effectiveness of associated gas gathering 
solutions from the Rong field, transporting it to Bach 
Ho CCP and then to shore (Rong field fast-track phase): 
Shown in Table 2.

-	 Comparison of efficiency of oil production by using 
gas-lift solution (in first phase) without gas compression 
platform versus the option of using gas compression 
platform: From March to June 1990, pilot tests were 
conducted using annulus gas of well 401/MSP-1 as gas-
lift supply for wells 24, 27, 28, 36, 37, 38, and 46. After 
successful trials, from February 1993 to January 1997, the 
gas-lift oil production method without using compressors 
was expanded to wells 21, 24, 27, 28, 36, 37, 38, and 46 
(using high-pressure gas separated from the products 
of wells 401 and 403/MSP-1). The total amount of oil 
extracted using the gas-lift method without compressors 
was 81,660 tons. The total amount of gas used was 
approximately 24,702,150 stm³. The unit price for gas-lift 
compression in 1997 was USD 24.86 per thousand m³. 
Therefore, the total cost savings achieved by using gas-
lift for oil production without compressors were USD 0.61 
million, equivalent to VND 6.91 billion (Table 3).

-	 Effectiveness of using associated gas as fuel for gas 
turbine engines to replace DO/FO for power generation 
on Vietsovpetro’s offshore facilities: since the centralized 
power system was put into operation until December 31, 
2019, the total electricity output of the system reached 
772,454,100 kWh. Details of the electricity output from 
gas turbines are presented in Table 4.

The economic efficiency of the centralized power 
system is reflected in the cost savings gained by replacing 
individual diesel power stations. These savings are 
calculated based on the difference between the unit 
cost of generating electricity by individual diesel power 
stations and by centralized power supply, multiplied by 
the total power consumption of offshore facilities from the 
time the centralized power system was put into operation 
until December 31, 2019 (Table 5).

The total cost savings of Vietsovpetro for the period 
2013 - 2019 is: 772,454,100 kWh × (USD 0.352 /kWh - USD 
0.091 /kWh) = USD 201.86 million.

Year 

Fuel gas volume FO price 
Cost if FO is 
used as fuel 

Cost of gas 
purchase 

Cost savings for power plants 
using gas instead of FO 

Million 
m3 

FO equivalent, 
thousand tons 

USD/ton Billion VND Billion VND Billion VND Conversion, 
million USD 

1995 202.9 474.3 100 527.09 86.40 440.69 39.66 
1996 287.8 672.8 133 988.37 206.10 782.27 70.99 
1997 88.6 207.2 138 331.25 82.53 248.72 21.40 
Total 579.3 1,354.3 - 1,846.72 375.03 1,471.69 132.05 

Table 1. Cost savings calculation table from using gas to replace FO
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-	 Economic efficiency of gathering gas on the VSP-
02 FSO to replace DO/FO as fuel for crude oil heating in 
boilers.

Previously, FO as fuel was used for boilers on the 
FSO to heat crude oil, resulting in significant expenses 
for Vietsovpetro in the procurement and transportation 
of FO to the FSO. Meanwhile, flash gas released from 
the processing and cargo tanks on the FSOs was vented 
directly into the environment. Vietsovpetro conducted 
studies and invested in a gas recovery system on the VSP-
02 FSO to collect flash gas, recover condensate for mixing 
with crude oil and utilize the recovered gas as boiler fuel. 
This solution has been then expanded to the VSP-01 FSO. 
By utilizing the gathered flash gas on the VSP-02 FSO 
during 2016 - 2019, Vietsovpetro saved approximately 
USD 4.86 million in FO costs (Table 6).

In addition, the economic efficiency of the solution 
to lower the dew point through subsea heat exchange, 
as well as the economic efficiency derived from the 
scientific content of Vietsovpetro’s research and proposals 
for the construction projects of the CGCS, CCP, DGCP gas 
compression platforms and the two boosters at the Rong 
field, is considerable. However, due to insufficient data 
collection, it is not yet possible to quantitatively evaluate 
the economic efficiency of these solutions.

3.4. Social benefits and other sectoral benefits

In the 1990s, fuel for power generation was extremely 
scarce, while associated gas was being flared offshore 
(due to inadequate facilities). By using a fast-track design 
and construction solution, associated gas was gathered, 
processed, and transported to shore to supply the Ba Ria 

Year 
 

Total volume of gas 
transported onshore FO price 

Cost if FO is  
used as fuel 

Cost of gas 
purchase 

Cost savings for power plants 
using gas instead of FO 

Million 
m3 

FO Equivalent, 
thousand tons 

USD/ton Billion VND Billion VND Billion VND Conversion, 
million USD 

2011 5.4 12.7 675 175.63 37.84 137.79 6.70 
2012 59.2 138.4 830 2,395.38 583.74 1,811.64 86.85 
Total 64.6 151.0 - 2,571.01 621.58 1,949.43 93.55 

Table 2. Cost savings from the early transportation of associated gas from the Rong field ashore

Well Oil (tons) Fluid (tons) Gas lift (m3) 
Total cost savings from gas lift without using 

compressors (million USD) 
21 4,474 9,585 1,437,750 0.036 
24 18,489 45,796 6,869,400 0.171 
27 19,845 19,882 2,982,300 0.074 
28 9,557 17,284 2,592,600 0.064 
36 1,633 2,429 364,350 0.009 
37 1,194 7,130 1,069,500 0.027 
38 11,060 35,425 5,313,750 0.132 
46 15,408 27,150 4,072,500 0.101 

Total 81,660 164,681 24,702,150 0.614 

Table 3. Economic efficiency of the oil production solution using gas lift without compressors

Platform 
Operating time Average power generation 

capacity (kW) 
Total electricity output from the start of 

operation to 31/12/2019 (kWh) Days Hours 
PPD 2,266 54,384 5,500 294,479,800 

CPP-3 2,043 49,032 7,950 380,133,400 
GTG KPD 1,886 45,264 1,800 81,475,200 
Typhoon 1,886 45,264 - 16,365,700 

Total 772,454,100 

Table 4. Total electricity output from gas turbines as of December 31, 2019
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thermal power plant. This brought a major transformation 
to Vietnam’s industrial landscape and laid the groundwork 
for the establishment of the Phu My thermal power plants. 
Subsequently, it helped alleviate the energy crisis and 
reduce rotating power outages in the 1990s.

The application of technological solutions facilitated 
the gathering of associated gas from production fields 
in the Cuu Long basin, located on the continental shelf 
offshore southern Vietnam. Vietsovpetro’s facilities have 
effectively become a hub for connecting and transporting 
gas from fields such as Rong, Rang Dong, Su Tu Den, Su Tu 
Vang, Su Tu Trang, Hai Su Den, Hai Su Trang, Te Giac Trang, 
Ca Ngu Vang, Thien Ung, and Dai Hung, contributing to 
enhance the efficiency of oil field development on the 
Vietnam continental shelf.

The gathering, processing and transporting of 
associated gas to shore by Vietsovpetro has delivered 
significant benefits to the Vietnamese economy. This 
initiative replaced traditional DO as a fuel source in 
thermal power plants and laid the groundwork for 
the development of new products such as urea, LPG, 
and raw materials for petrochemical plants, forming a 
solid foundation for the growth of the Vietnamese gas 
industry. Specifically, the production of urea fertilizer 
from domestically natural gas has contributed to 
ensuring national food security; LPG has contributed 
to urbanization, replacing traditional fuel sources in 
various industries. These developments have also created 
employment opportunities and increased household 
incomes. Gathering associated gas reduced offshore 
flaring, thereby lessening air pollution, maximizing of the 

No. Index Unit Value 
A. Unit cost of producing 1 kWh using a diesel power station in 2013 

1 Total o�shore electricity service cost in 2013 of the electrical engineering 
Enterprise (excluding diesel fuel) 

USD 31,296,403 
 

2 Total o�shore electricity output in 2013 kWh 229,786,000 
3 Diesel consumption per 1 kWh liter/kWh 0.346 
4 Average diesel price USD/mz 495 
5 Average transportation cost for 1 ton of goods from shore to o�shore USD/ton 152 
6 Diesel fuel cost to produce 1 kWh USD/kWh 0.216 
7 Unit cost of producing 1 kWh using a diesel generator on o�shore facilities USD/kWh 0.352 

B. Unit cost of producing 1 kWh of electricity using gas turbines and the centralized power 
supply system USD/kWh 0.091 

Table 5. Unit cost of diesel-generated electricity and gas turbine-generated electricity

No. Index Unit 
Year 

Total 
2016 2017 2018 2019 

1 
 

Volume of gas collected for use as boiler 
fuel on VSP-02 FSO Ton 1,689.0 651.0 807.0 3,301.0 6,448.0 

Calori�c value of gas MJ/kg 47.59 

Calori�c value of FO oil MJ/kg 41.7 

2 
Equivalent FO volume (if gas had not 
been used) Ton 1,927.38 742.88 920.90 3,766.89 7,358.1 

3 

Unit price calculation       
FO oil price USD/m3 396 429 495 594  
FO oil density Ton/m3 0,95 
Converted FO oil price USD/ton 416.84 451.58 521.05 625.26  
O�shore cargo transportation cost USD/ton 148.5 120.5 98 111.5  
FO oil price at o�shore facilities USD/ton 565.3 572.1 619.1 736.8  

4 FO saved by using gas as boiler fuel Million USD 1.09 0.42 0.57 2.78 4.86 

Table 6. Economic efficiency of gas recovery for heating use on Vietsovpetro’s FSOs as of December 31, 2019
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national resource recovery, and supporting sustainable 
socio-economic development.

4. Conclusion

The results of research, development, and 
implementation of associated gas gathering, processing, 
transportation, and utilization at fields in Block 09-1 and 
adjacent fields lead to the following conclusions:

Scientific and technological achievements: 
Successfully established and developed an integrated 
system of solutions for associated gas gathering, 
processing, transportation, and utilization. The developed 
technologies are grounded in solid scientific foundations, 
well-suited to actual field conditions, and have been 
implemented at Vietsovpetro and replicated nationwide.

Resource recovery efficiency: The application of 
solutions developed through this project cluster has 
increased the associated gas recovery and utilization rate 
from nearly 0% (previously almost entirely flared offshore) 
to over 90%, thereby enhancing the value of national oil 
and gas resources.

Hub connectivity role: Vietsovpetro's facility 
system has become a central hub for the gathering and 
transportation of gas, as well as the interconnection of 
offshore oil and gas fields in southern Vietnam, creating 
significant opportunities for investment and development 
in associated gas gathering from adjacent fields operated 
by Vietnam National Industrial - Energy Group and its 
partners.

Socio-economic contributions: Established a critical 
foundation for attracting domestic and international 
investments and for developing products that serve 
national economic growth, such as electricity, fertilizers, 
and chemicals. The successful implementation of these 
solutions has delivered substantial economic benefits to 
Vietsovpetro and Vietnam's petroleum industry.

 Future prospects: The economic efficiency of 
this research cluster is expected to continue growing 
throughout the remaining life cycle of Vietsovpetro's field 
and will further expand as the facility system is connected 
to additional small and marginal fields in the future.
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1. Introduction

Field development plant (FDP) is a strategy outlining 
the characteristics of an oil and gas field obtained 
through the exploration phase, and recommending the 
optimal procedure to extract the hydrocarbon safely, 
economically, while complying with all regulations and 
operational constraints. A central cornerstone of any FDP is 
reserve estimation, which is carried out through reservoir 
characterization [1]. One popular estimation method 
during the early stage of development is volumetric [2], 
where the reservoir is simplified as a porous box. The 
original oil and gas in place (OOGIP) is then calculated by 
multiplying the volume of the box (area times thickness) 

IMPROVING FDP DECISIONS UNDER SPARSE DATA:  
AN ADAPTIVE METROPOLIS APPROACH FOR NET-PAY QUANTILES
Pham Xuan Phuc, Le Tran Minh Tri, Tran Vu Tung, Nguyen Hong Kien, Nguyen Ngoc Tuan Anh, Pham Tien Trung
Phu Quoc Petroleum Operating Company (Phu Quoc POC)
Email: tungtv@phuquocpoc.vn
https://doi.org/10.47800/PVSI.2025.06-04

with porosity, hydrocarbon saturation, and dividing by 
formation volume factor [3]:

Therefore, quantifying the uncertainty in formation 
parameters such as porosity, water saturation, and net 
pay is pivotal for effective employment of volumetric 
methods [4, 5]. However, the complex nature of field 
exploration makes direct sampling difficult. To overcome 
limited sample data, reservoir engineers and geoscientists 
often rely on geostatistical methods, ranging from simple 
Kriging to sequential Gaussian simulation [6]. Research 
on these reservoir properties has been significant, with 
several papers proposing variations of methods and 
discussing the importance of these properties [7, 8].  

Summary

Early field-development decisions often rely on very small samples of reservoir property measurements, where common spreadsheet 
workflows (typically lognormal fits) become fragile and analyst-dependent. This paper presents the Metropolis-Adaptive Distribution 
Range-Constrained (M-ADRC) method, a practical Metropolis-Hastings (MH) approach with adaptive constraints for generating 
representative synthetic populations from low number of observations. The workflow combines (i) domain-informed parameter bounds, 
(ii) adaptive proposal tuning, (iii) automatic switching between Pearson Type III and lognormal distribution families, and (iv) adaptive 
iteration policy for samples with extreme bias. 

Using a Southeast Asia gas field netpay dataset, the representative population generated by M-ADRC is benchmarked against the 
traditional lognormal spreadsheet approach across diverse net pay samples. Results show that M-ADRC achieves significantly lower 
Wasserstein Distance and smaller Swanson’s mean error, reaching the “excellent” Wasserstein threshold with roughly eight samples, only 
half the sample requirement of the spreadsheet approach. 

The workflow is lightweight, fully open-source, and requires no specialized hardware. It includes default settings, diagnostic checks, 
and sensitivity results, enabling reservoir engineers to apply M-ADRC without specialized tuning expertise. M-ADRC yields more reliable 
small-sample quantiles, reducing the risk of biased inputs in FDP scenarios and enhancing decision confidence. Workflow limitations such 
as restricted distribution types, resilience to extreme sampling bias, and the lack of geospatial properties will be addressed in future work.
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Regarding the challenge of modeling the 
true distribution of geophysical properties 
from a small number of samples, a wide variety 
of statistical methods have been proposed 
[9]. GhojehBeyglou [10] compared Kriging, 
Sequential Gaussian Simulation (SGS), and 
Gaussian Random Function Simulation (GRFS) 
in determining porosity distribution and 
concluded that Kriging excels at giving single-
point prediction, while SGS and GRFS are more 
compatible in capturing the variability. For 1D 
distribution, Aleardi [11] investigated the best 
statistical models for predicting the multi-
dimensional distribution of porosity and litho-
fluid facies based on a histogram. 

In addition to the aforementioned 
statistical methods, a popular approach that 
has demonstrated considerable effectiveness 
is the application of Monte Carlo simulation 
[7], a repeated sampling method that has 
seen extensive use in the oil and gas industry 
and significantly refined over time through 
advances in computer engineering. However, 
traditional Monte Carlo implementations, 
such as those in Crystal Ball, require large 
datasets to produce reliable results, posing 
challenges in data-scarce environments like 
offshore fields. Therefore, the Metropolis-
Hastings (MH) algorithm [12] is introduced as a 
Markov Chain Monte Carlo (MCMC) technique 
used to sample from complex probability 
distributions, applicable for low to very low 
numbers of samples. This method generates a 
sequence of correlated samples by proposing 
candidate points and accepting them with a 
probability that ensures convergence to the 
target distribution. MH has been researched 
thoroughly in petroleum engineering and 
geoscience, including reservoir modeling [13], 
well parameters estimation [14], and, most 
notably, history matching [15 - 17].

This study introduces a practical Metropolis-
Hastings-based algorithm called Metropolis-
Adaptive Distribution Range-Constrained 
(M-ADRC) to sample reservoir parameters by 
incorporating statistical data of the population 
to create an accurate representative synthetic 
population. The algorithm is packaged and 

deployed in a web environment for internal use. A case study using 
net pay data from Southeast Asian gas fields further validates 
the M-ADRC approach and demonstrates its superiority over the 
traditional approach.

2. Methodology

2.1. Distribution

The proposed algorithm currently deals with lognormal and 
Pearson III distributions.

Lognormal distribution

The lognormal distribution is a continuous probability 
distribution in which the logarithm of the variable is normally 
distributed. It is characterized by a positive skew (right-tailed). There 
are two parameters controlling a lognormal distribution (Figure 1):

-	 μ: The mean of the natural logarithm of the distribution.

-	 σ: The standard deviation of the natural logarithm of the 
distribution.

In petroleum engineering, this distribution type is frequently 
applied to model reservoir properties such as net pay, permeability, 
reserves, as these parameters often arise from multiplicative 
geological processes and exhibit right-skewed distributions [18, 19].

Pearson III distribution

The Pearson Type III distribution is a three-parameter probability 
distribution that represents a shifted and scaled form of the gamma 
distribution [20]. It is defined by:

-	 Skew (α) - controls the skewness. Negative means left-skewed 
and positive means right-skewed. Zero means normal distribution.

Figure 1. Effect of parameters on lognormal distribution.
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-	 Location (μ) - shifts the curve left or right.

-	 Scale (β) - stretches or compresses the distribution.

Due to its flexibility in representing both positively and negatively 
skewed data (Figure 2), it has been widely applied in hydrology, 
sedimentology, and petroleum reservoir characterization. However, 
its complexity also poses challenges in modeling compared to 
simpler distribution types such as lognormal.

Metropolis-Hastings algorithm

The Metropolis-Hastings algorithm is a robust MCMC method 
designed to sample complex probability distributions where direct 
sampling is infeasible. It constructs a Markov chain that converges 
to the target distribution (P(x)), enabling the generation of 
representative samples. Assuming a sample set of x0, x1,… xn from 
a presumably lognormal distribution of shape μ and scale σ, the 
algorithm’s steps are as follows:

Initialization: Start at iteration i = 0, select 
an initial value (μ0 and l0 with l = log (σ)) from 
the parameter space, typically based on domain 
knowledge or the mean/median value of the 
samples.

Proposal: Generate new candidate values 
μi and li from values in the previous iteration by 
adding a proposal term Є randomly selected 
from a symmetric, usually normal, distribution:

Acceptance probability: The acceptance 
probability is calculated as:

Acceptance/rejection: Draw a random 
number u from a uniform distribution. If α is 
larger than or equal to u then accept μi and li 
into the Markov chain. If not, then reject them 
and add the old values μ(i-1) and l(i-1) instead.

Iteration: Repeat steps 2 - 4 for N number of 
iterations to generate Markov chains of μ and l. 
After a burn-in period, typically 10% of N, the 
chains converge and samples are collected.

Optimal parameters selection: From the 
chains, multiple methods can be employed to 
select the best set of parameters. For this study, 
simple median selection is sufficient.

For other types of distributions with a 
different number of parameters, the same 
concept is applicable. Figure 3 represents the 
graphical illustration of Metropolis-Hastings: 
generate a posterior distribution from a prior 
uniform distribution.

M-ADRC modified algorithm:

From the Metropolis-Hasting fundamentals, 
many functionalities are incorporated into 
M-ADRC algorithm:

Range restrictionsFigure 3. Graphical representation of Metropolis-Hasting algorithm [21].

Figure 2. Effect of parameters on Pearson III distribution.
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One of the key requirements for the algorithm to perform 
efficiently is a range limit of parameters (skewness, location, scale, 
mean of population), which can be obtained from domain experts’ 
analysis and analogy data from nearby fields. The range should be 
wide to avoid accidentally excluding the true parameter values, also 
not so broad that the search space becomes inefficient and defeats 
the purpose of parameters range restriction. When the algorithm 
proposes an out-of-bound sample, it will be rejected. This improves 
the stability and efficiency of the search process.

Adaptive proposal

Acceptance rate is a key attribute in evaluating the reliability 
of Metropolis-Hasting process. Too low (< 1%) or too high (> 60%) 
rate implies poor sampling procedure. Acceptance rate can be 
adjusted through the proposal width of each parameter. To avoid 
manually tuning the width, a piecewise function is integrated into 
the algorithm. During burn-in period, the function divides this phase 
into 10 subsections and monitors the acceptance rate in each. If the 
acceptance rate is out of bound (1 - 60%), the function will multiply 
the rate by an adjustment factor depending on the magnitude of the 

acceptance rate. The adjustment factors are 
user-inputs. Future work may explore auto-
adaptive algorithms for proposal width, such 
as works proposed by Rosenthal [22].

Distribution switch

If the original Pearson III fit fails to 
produce a correct final solution (out-of-
bounds), which can happen in extreme cases 
of sampling bias, the algorithm will switch to 
a lognormal distribution and restart the entire 
process. Lognormal distributions are much 
more robust than Pearson III [23] and almost 
guarantee to produce a “reasonable” solution. 
A “risk factor” to quantify the risks involved in 
using these samples for modeling distribution 
will be introduced in future work.

Adaptive iterations

In worst-case scenario where both the 
Pearson III and lognormal distributions fail, the 
algorithm pulls a last-ditch effort by restarting 
the entire process from the beginning, with 
double the number of iterations. Our analysis 
shows that the main reason for failure is due 
to zero acceptance rate. This, however, can be 
remedied by increasing number of iterations 
so that the algorithm has time to stabilize 
during burn-in. This is, nevertheless, a quick 
fix that does not address the underlying 
sampling bias problem. This issue will be 
revisited in our future work.

Workflow

The M-ADRC workflow is visualized in 
Figure 4. Detailed procedures are as follows:

First, the algorithm will attempt to fit a 
Pearson III distribution on the sample and 
collect skew, location, scale values as initial 
guess. 

The modified Metropolis algorithm is 
then executed to obtain distribution of these 
parameters, ensuring that all parameters must 
be within bounds. The best-guess value for 
each parameter is chosen as the median.

If the best-guess values do not meet 
requirements, the algorithm will switch to 
lognormal distribution and rerun the process.Figure 4. M-ARDC workflow incorporated into reserve calculation.
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If lognormal distribution also fails, the 
algorithm will restart from the beginning with 
double number of iterations.

The reserve estimation is incorporated into 
the M-ADRC workflow. For each property such as 
net pay, porosity, saturation, the algorithm will 
generate a synthetic population accordingly. 
Once all results have been acquired, it is then 
the decision of the petroleum engineers on 
how to proceed with reserve calculation: 
take the P10/P50/P90 or Swanson’s mean of 
each property and multiply them in classical 
volumetric formula, or perform Monte Carlo on 
the joint synthetic population to get a synthetic 
distribution of the reserves.

2.2. Lognormal spreadsheet-based approach 
(LSA)

Many petroleum operating companies 
assume lognormal distribution for majority 
of reservoir properties like net pay, porosity, 
reserve. In order to generate distribution, they 
fit a lognormal curve to the samples, get μ and 
σ, generate the Percentage Point Function 
(PPF) and use it for Monte Carlo simulation. 
This process, while simple and reliable in many 
cases, can be highly misleading under some 
circumstances. The number of samples must 
be sufficient to generate a representative 
distribution. Commercial software may require 
a minimum of twelve (12) samples to work. In 
many field development projects, the number 
of core samples can be as low as four (4), which 
significantly decreases the reliability of the 
synthetic distribution. In addition, sometimes 
the sample can be of poor quality: too far 
apart or too clustered, left-skewed. A practice 
employed by our engineers is to duplicate 
the samples so that the number of samples 
exceeds the threshold of commercial software. 
This is, however, an unproven practice with no 
scientific justification.

3. Case study setup

The case study focuses on net pay data 
from nearly 2,000 wells in gas fields across 
Southeast Asia, characterized by a lognormal 

distribution. A smaller subset of 500 wells with similar geological and 
operational attributes to our operating fields has been selected and 
will be used for this case study. The net pay data for this population 
can be characterized by either lognormal, Johnson’s SU, or Pearson 
III distribution, as shown in Figure 6. Currently the algorithm focuses 
on Pearson III and lognormal distributions. Future work may extend 
further to include more comprehensive distribution types.

All simulations are implemented in Python and executed on 
standard office machine, with no specialized software or hardware.

For the parameters range as input for M-ADRC (Table 1), this 
case study uses very wide range, much wider than the actual values 
as boundaries:

The simulation parameters are listed in Table 2. 

The flowchart for validation process is presented in Figure 7. 
Detailed explanation is as follows:

Sample selection: A number of random samples were drawn 
from the 500-well dataset. 

Simulation: The M-ADRC algorithm and traditional lognormal-
based spreadsheet approach (LSA) were executed to generate the 
percentage point function (PPF).

Validation: The PPF generated from the proposed algorithm and 
spreadsheet method were validated against actual population using 
two metrics:

Wasserstein distance (WD): Also known as Earth Mover’s 
distance, measures distance between two probability distributions. 
It is widely used in uncertainty quantification (Scheidt and Caers, 
2009). The common form is the 1-Wasserstein distance:

Figure 5. Lognormal fitted curve.
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Where q is the quantile and F-1 (q) is the 
quantile function. Two identical distributions 
will have a distance that equals zero. The 
unit of Wasserstein distance is the same as 
the unit of the distribution. For this study, 
Wasserstein distance between the PPF of 
the synthetic and actual population will be 
compared. A “decent” WD score depends on 
the magnitude of the distributions. Figure 8 
shows that for this dataset, a WD score of 25 
or less can be considered excellent, as the 
synthetic population accurately represents 
actual population.

Swanson’s mean (SM): Is an empirical 
approximation of mean for lognormal or 
moderately right-skewed distribution based 
on P10, P50, and P90. The most common 
formula in oil and gas [24] is:

Swanson's Mean = 0.3P10 + 0.4P50 + 0.3P90

For this study, the relative difference 
between SM of synthetic and actual 
population will be recorded. It is calculated as:

Iteration: The process was repeated 
1,000 times to assess robustness, with results 
recorded for statistical analysis.

Repeat: Repeat the entire process but 
with a higher number of samples. This study 
will demonstrate an analysis for number of 
samples from 4 to 12. 

4. Results and discussion

4.1. Wasserstein distance

Figure 9 shows the median Wasserstein 
distance between actual PPF of the true 

Figure 6. Compare distribution types to data.

Distribution parameters Range Actual population value 
� (Pearson III) 0 - 40 1.2 
� (Pearson III) 0 - 2,000 138 
� (Pearson III) 0 - 2,000 89 
Population mean 20 - 300 (95th percentile) 138 
� (Lognormal) 3 - 6.4 4.9 
� (Lognormal) 0-2 0.7 

Table 1. Distribution parameters used by M-ADRC

Simulation parameters Value 
Proposal � 0.1 

Proposal � (Pearson III) 0.5 
Proposal � 0.5 

Proposal � (Lognormal) 0.4 
Proposal � 0.4 
n_iteration 10,000 

Burn-in 1,000 

Table 2. Simulation parameters

Figure 7. Workflow for the case study.
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population and synthetic PPF generated from M-ADRC and LSA 
with increasing number of samples. Each data point represents the 
median WD value for 1,000 simulation cases with different samples. 
M-ADRC demonstrates superiority over conventional LSA method. If 
we consider a Wasserstein distance of 25 as the threshold for excellent 
representation, then M-ADRC reaches this threshold at around 8 
samples, while LSA needs 16 - 18 samples.

Figure 10 further demonstrates the percentage of cases in each run 
where M-ADRC outputs lower Wasserstein distance value than LSA. To 
prove its effectiveness, M-ADRC needs to demonstrate improvement 
in comparison to LSA for more than 50% of cases. The results show that 
M-ADRC exceeds this threshold by a wide margin, starting at nearly 
70% and increasing further as the number of samples grows.

Figure 8. Example of Wasserstein distance between synthetic and actual population. 

4.2. Swanson’s mean

Similar to Wasserstein distance, 
M-ADRC also shows significantly improved 
performance in terms of Swanson’s mean 
difference compared to LSA. Figure 11 
plots the median relative difference of 
Swanson’s mean between the actual 
population and synthetic distribution 
generated from M-ADRC and LSA. Each 
data point is the median relative difference 
for 1,000 simulation cases. Although 
M‑ADRC continues to outperform LSA, 
the performance gap narrows as sample 
size increases. This is expected because 
estimating a distribution’s mean via 
Swanson’s mean is far less demanding than 
modeling the full distribution using the 
Wasserstein distance.

Figure 12 plots the percentage of 
cases where M-ADRC outperforms LSA in 
Swanson’s mean relative difference metric 
for different number of samples. The gap 
between two methods remains relatively 
constant rather than widening as seen in 
Figure 10. Nevertheless, M-ADRC maintains 
at least 60% ratio across all runs.

Results of the case study clearly 
demonstrate the vast improvement 
of M-ADRC compared to conventional 
lognormal spreadsheet approach (LSA) in 
representing the true population based on a 
small number of samples. By integrating an 
advanced MCMC algorithm with adaptive 
tuning, range restrictions, and distribution 
switch, M-ADRC is established as a state-
of-the-art algorithm, capable of providing 
reliable synthetic distribution. 

4.3. Limitations

The approach requires domain 
knowledge to limit the range of distribution 
parameters, especially the mean value. 
At current stage of development, the 
algorithm still lacks capability to effectively 
handle extreme sampling bias. Poor 
sample selections significantly reduce the 

True Population 
M-ADRC

Wasserstein Distance: 24.047

True Population 
M-ADRC

Wasserstein Distance: 35.031
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Figure 9. Median Wasserstein distance between synthetic and actual population: M-ADRC vs LSA.

Figure 10. Percentage of cases where M-ADRC yields improved results to LSA - Wasserstein distance.

Figure 11. Median % relative difference of Swanson's mean between synthetic and actual  
population: M-ADRC vs LSA.
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performance of the algorithm. Figure 13 
illustrates that when input samples differ 
substantially from the true population 
distribution, the resulting synthetic 
population will poorly represent the 
actual population. Furthermore, the 
workflow does not take into account 
geospatial properties.

-	 Web applications

The algorithm is packaged into a 
web-based solution consisting of two 
applications (Figure 14): Metropolis 
sampling to create a synthetic 
population, and best fit to fit distribution 
parameters to the synthetic or actual 
population.

The web application offers several 
advantages:

	+ Accuracy: Robust sampling 
with only six samples, reducing data 
requirements.

	+ Scalability: Applicable to other 
parameters (e.g., porosity, water 
saturation) with similar distributions.

	+ Usability: Intuitive interface 
accessible to non-expert users, with 
automated parameter estimation.

-	 Metropolis sampling

The web application is designed 
to streamline the application of the 
Metropolis algorithm for reservoir 
engineers and geophysicists, even 
those without extensive computational 
expertise. The workflow includes:

Data Input: Users upload a .csv file 
containing formation parameter data 
(e.g., net pay, porosity, water saturation). 
The file must include a header row and 
numeric columns, with missing values 
handled via imputation or exclusion.

Parameter Selection: Users select a 
numeric column (e.g., “Net_Pay”) and a 
distribution function (e.g., lognormal, 
Gaussian) from a dropdown menu. 
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Figure 12. Percentage of cases where M-ADRC yields improved results to LSA - Swanson’s mean.

Figure 13. Effect of poor sampling on synthetic population generation.

Figure 14. The solution consists of two applications: Metropolis Sampling and Best Fit. 
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The application estimates distribution 
parameters (e.g., μ, σ for log-normal) using 
maximum likelihood estimation.

Sampling Process: A “Run Sampling” 
button triggers the metropolis algorithm. 
The application runs N iterations with a 
burn-in of 10% of N, generating a synthetic 
population of 90%N samples.

Output and Validation: Results are 
displayed as a histogram of the synthetic 
population alongside the input data 
distribution. Users can download the 
synthetic data as a .csv file for further 
analysis (e.g., in reservoir simulation 
software).

The application is built using Streamlit 
framework with a Python backend, ensuring 
scalability and ease of deployment (Figure 
15).

-	 Best fit application

The best fit application is designed to 
take a population as input, fit a distribution 
type (normal, lognormal, triangular) to the 
population, generate fitted parameters, 
and compare the fitted distribution to the 
actual distribution. Figure 16 demonstrates 
the workflow of the application:

Data Input: Users upload a .csv file 
containing the population.

Best Fit ApplicationMetropolis Sampling
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Parameter Selection: Users select a numeric column 
(e.g., “Net_Pay”) and a distribution function (e.g., log-
normal, normal, triangular) from a dropdown menu. The 
application displays descriptive statistical information and 
estimates distribution parameters.

Fit Process: A “Find best fit” button triggers the curve 
fitting process. The application finds the best fit parameters 
for the input population and the chosen distribution type.

Output and Validation: Results are displayed as a 

histogram of the input population alongside the fitted 
distribution. Cumulative density function (CDF) plot of the 
population and the fitted distribution is also presented. 
Users can download the output as a .csv file for further 
analysis.

5. Conclusions and recommendations

This study presents M-ADRC, an adaptive 
Metropolis-Hastings workflow with range constraints, 
adaptive tuning, and automatic distribution selection 

Figure 15. Metropolis Sampling output.

Figure 16. Best Fit Application workflow.

Metropolis Sampling
Percentiles from Fitted Distribution

Fitted Distribution: PO to P100

Best Fit Application
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designed to deliver representative synthetic population 
from datasets with few samples. The workflow is tailored 
for lognormal and Pearson III distribution, which are 
commonly used to model reservoir properties such 
as porosity, net pay, saturation. Range restriction of 
the population relies on opinion of domain experts or 
analogy from similar areas. There are multiple failsafe 
mechanism designed to prevent infeasible results 
within the workflow.

Applied to net pay dataset from Southeast Asian gas 
fields, the M-ADRC consistently outperforms traditional 
lognormal spreadsheet-based approach in term of 
Wasserstein distance and Swanson’s mean for all sample 
size. The workflow is lightweight, reproducible, and 
runs on standard desktop hardware. Key limitations 
include its reliance on reasonable parameter bounds, 
resilience to extreme bias in sampling, and restriction 
to two distribution families, in addition to negligence 
of geospatial properties. Future extensions could 
incorporate broader distribution families (e.g., Johnson 
SU), censored/error models, hierarchical pooling across 
fields, spatial correlation, and advanced samplers.
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1. Introduction

Short-chain alkylphenols (C0 - C3) are commonly found 
in organic sedimentary compounds, including crude oil. 
In the 1990s, the initial presence of alkylphenols in crude 
oil was believed to originate from alkylation reactions and 
isomerization of precursor compounds in source rocks 
during the petroleum formation process. However, this 
approach did not explain the origin of all the observed 
alkylphenols in crude oil [1 - 3]. Recently, a wealth of 
experimental evidence suggests that the formation 
of alkylphenols may be linked to the hydroxylation of 
alkylbenzenes catalyzed by Lewis acids in sedimentary 
environments [4 - 6]. Accordingly, depending on the source 
of organic matter, the concentration of alkylphenols in 
crude oil varies significantly [7, 8]. After formation, the 
concentration and relative proportions of alkylphenol 
isomers are primarily controlled by partitioning between 
phases [9, 10]. The presence of the hydroxyl group in the 
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molecule makes alkylphenols readily distribute from the 
oil phase to the water phase and mineral matrix both at 
the surface and subsurface conditions. The concentration 
of phenol (C0) and cresols (C1) in water tends to dominate 
over C2 - C3 alkylphenols, while higher isomers are typically 
more abundant in oil. Laboratory studies on the oil - water 
partition properties of alkylphenols had been conducted 
by Taylor, Bennett, and Larter [11, 12]. 

The impact of partitioning on the concentration of 
alkylphenols during the interaction of oil with injected 
water in the exploitation process, more specifically, results 
in alkylphenols being washed away from the oil phase 
into the water phase at the oil - water interface, leading 
to a gradual decrease over time in their concentration in 
both phases [13]. The rate of decrease in concentration 
(or wash-out rate) of alkylphenols in the produced 
water provides information about fluid velocity, oil - 
water interaction process, and oil saturation. The efforts 
to harness the potential use of alkylphenols as natural 
tracers in assessing oil saturation and determining the 
contribution of injection wells to production wells have 
been carried out by the Tracer Laboratory at the Center 

Summary

The contact of injection water and crude oil during the water injection process leads to the leaching of water-soluble phenolic 
compounds available in oil composition. The rate of decline in alkylphenol concentration in the injection water due to leaching depends 
on many factors related to the oil - water partition coefficient, oil saturation, interstitial velocity of phases, and dispersion coefficient.

This paper presents an experimental study combined with an analytical model to evaluate the relationship between washed-out 
rate and partition coefficients of some short-chain alkylphenols during oil - water interaction. The water - oil displacement experiment 
was carried out on a column packing glass beads, in which the packed column was initially saturated with Su Tu Nau crude oil at a 
temperature of 40oC. Our research results show that in a given flow regime the washed-out rate of alkylphenols differentiates from each 
other mainly due to the partition coefficient, thereby suggesting the possibility of using alkylphenols as a tracer to determine residual oil 
saturation in the sweeping area of the injection water.
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for Applications of Nuclear Technique in Industry (CANTI) 
for several years [14, 15]. Recently, an analytical model 
describing the transport of alkylphenols as they leach 
from oil phase into water phase during waterflooding has 
been proposed by Huong et al [16]. Currently, this study 
investigates the correlation between the wash-out rate 
and the partition coefficient of alkylphenols regarding 
their concentration history using both analytical and 
experimental models. Validating the above correlation will 
form the basis for proposing a methodology to determine 
residual oil saturation by matching the production profiles 
of alkylphenols with a mathematical model.

2. Materials and methods

2.1. Laboratory column experiment

A laboratory experiment to simulate the leaching 
process of alkylphenols was conducted through a water 
- oil displacement regime on a column packing glass 
beads. The experimental setup is presented in Figure 1, 
under experimental conditions at a temperature of 40°C 
and atmospheric pressure.

The physical model used in this study is a stainless 
steel column (SS316L) with a length of 30.5 cm and an 
inner diameter of 1.57 cm. The column is packed with 
laboratory-grade glass beads with an average diameter of 
100 - 150 µm and a bulk density of 2.7 g/cm3. The porosity 
of the packed column is 41.2%, corresponding to a pore 
volume (PV) of 24.3 cm3. 

At the initial conditions, the packed column is 
saturated with Su Tu Nau crude oil (oAPI = 39.8). The 

density of the crude oil under experimental conditions 
is 0.82 g/cm3. The crude oil contains six alkylphenol 
compounds, including phenol (P), 4-methylphenol (4MP), 
2-methylphenol (2MP), 3,4-dimethylphenol (34DMP), 
2,4-dimethylphenol (24DMP), and 4-ethylphenol (4EP), 
with initial concentrations ranging from 100 to 500 mg/L. 
Laboratory-grade deionized water is used as the injection 
fluid in this experiment. The density of the water under 
experimental conditions is 0.992 g/cm3. The partition 
coefficients (Kd) of the alkylphenol compounds (APs) are 
measured under static contact between the oil - water 
phases at the experimental conditions. 

 The deionized water is pumped into the saturated 
oil column at a flow rate of 0.3 mL/min, and the water 
sample is collected separately over time until it almost 
reaches the state of residual oil saturation (66.8%) at a 
cumulative injection volume of 11 PV (pore volume). 
The concentration of alkylphenols in water samples 
is analyzed using a Dionex UltiMate 3000 high-
performance liquid chromatography (HPLC) system 
with a DAD detector and a C18 column at the Laboratory 
of Physical Chemistry (VILAS-609) of the Center for 
Applications of Nuclear Technique in Industry (CANTI). 
The detection limit is approximately 10-7, with a 95% 
confidence level and a measurement error of 3 - 5%. The 
analysis procedure for these alkylphenols was researched 
and completed by CANTI as part of the project funded 
by Vietnam’s Ministry of Science and Technology [17]. 
Under the analytical conditions, the chromatogram on 
HPLC/DAD shows good separation for the six alkylphenol 
compounds, including phenol (P), 4-methylphenol (4MP), 

Figure 1. Experimental setup diagram (a) and the experimental system at the Tracer Laboratory (CANTI) (b). 
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2-methylphenol (2MP), 3,4-dimethylphenol (34DMP), 
2,4-dimethylphenol (24DMP), and 4-ethylphenol (4EP), 
as illustrated in Figure 2.

2.2. Analytical model

Analytical model is used to analyze the leaching 
process of alkylphenols obtained from the experiment. 

The transport of alkylphenols in porous media can 
be modeled using the advection-dispersion equation 
with a term of partitioning instantaneously between oil 
and water phases [18]. Suppose that the porous media is 
infinite homogeneous, the saturation of the two phases is 
constant, and the interstitial velocity of phases is constant 
in the pore, a one-dimensional (1D) analytical solution 
describing the concentration of alkylphenols in water 
phase Cw(x, t) is expressed as equation (1) [16]:

In which, C0 is the initial concentration of alkylphenol 
in water phase [M/L3]; A, B and C* are parameters 
depending on alkylphenol partition coefficient, oil 
saturation, dispersion coefficient in phases, and pore 
velocity of water and oil:

Cw is the alkylphenol concentration in water phase 
[M/L3]; So is the saturation of oil phase (Sw = 1 - So is 
the saturation of water phase); Kd is the alkylphenol 

Figure 2. Chromatographic analysis of standard samples of six alkylphenol compounds, including phenol (P), 4-methylphenol (4MP), 2-methylphenol (2MP), 3,4-dimethylphenol 
(34DMP), 2,4-dimethylphenol (24DMP), and 4-ethylphenol (4EP), on HPLC/DAD.
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partition coefficient defined as the ratio of alkylphenol 
concentration in oil phase and water phase at equilibrium 
conditions;  vw and vo are the interstitial velocity of water 
phase and oil phase, respectively [L/T]; DLw and DLO are 
the dispersion coefficient of alkylphenol in water phase 
and oil phase, respectively [L2/T]; t is time [T]. When 
the injected volume is sufficiently large, LnCw becomes 

nearly linear over time, with the slope of 
2

4
C
A B

�

× ×
 [T-1]   

representing the wash-out rate (a) of alkylphenols during 
water sweeping.

The analytical solution above shows a good 
agreement with the results of the numerical simulation 
of ¼ 5-spot model using the UTCHEM simulator [16]. The 
wash-out rate is inversely proportional to the partition 
coefficient of alkylphenols and the oil amount within the 
sweep zone of the injection water (as shown in Figure 
3a, 3b). The increase in interstitial velocity of the water 
phase enhances the bulk movement of alkylphenols 
and mechanical dispersion related to local velocity 
variations in pore space. As a result, alkylphenols can be 
washed away more rapidly, as illustrated in Figure 3c. 
The typical interstitial velocity of the water phase during 
waterflooding in an oil field is approximately 10-5 m/s; 
under these circumstances, molecular diffusion does not 
significantly influence the transport of solutes within the 
reservoir [19, 20].

3. Results and discussion

 Initial concentrations of six alkylphenol compounds 
in the oil phase and their partition coefficients (Kd) at the 
experimental conditions are detailed in Table 1.

The process of displacing oil by water occurs over 
more than 14 hours, corresponding to an injection volume 
of 11 PV (pore volume). The water cut and oil saturation 
are plotted as functions of time in Figure 4a. The state of 
residual oil saturation is considered the condition where 
the remaining oil is trapped in the pore space and cannot 
be further recovered under the same injection conditions. 
In this experiment, the residual oil saturation is considered 
to reach 66.8% when there is a 1% difference between 
two consecutive oil saturation values.

The relative concentration (C/C0) of six alkylphenols 
in water phase at the column outlet over injection time 
are shown in Figure 4b; C is the alkylphenol concentration 
and C0 is the alkylphenol concentration at the beginning 
of water injection. The data show that the concentration 
of alkylphenols in the water phase gradually decreases 
during the injection, as depicted in Figure 4b. In a such 
clear representation, the decrease in the concentration of 
alkylphenols differentiates from each other. This washed-
out rate characterizes the interaction between oil and 
water and can be analyzed using analytical model.

The relative concentrations C/C0 obtained from both 
the experiment and the analytical model in equation (1) 
are compared and contrasted, as expressed in Figure 5a. In 
equation (1), interstitial velocity and dispersion coefficient 
are defined as follow:

Figure 3. Influence of the partition coefficient (a), oil saturation (b) and water interstitial 
velocity (c) on the decrease of LnCw according to the injected pore volume.
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-	 Interstitial velocity of water phase 
(i = w) and oil phase (i = o) are determined 
as a function of flow rate (Q), phase fraction 
(fi), cross-sectional area (As), porosity (ф) and 
phase saturation (Si): 

-	 Hydrodynamic dispersion of 
alkylphenols in water phase (i = w) and water 
phase (i = o) are expressed as equation (3):

   

In which,   F = ф-m is the formation 
factor (m = 1.3 for glass-bead [21]); α is the 
dispersivity; vi

* is the interstitial velocity 
of phase. This study utilizes the molecular 
diffusion coefficients of alkylphenol in water 
phase of Dm,w = 7.8 × 10-10  (m2/s) and in oil 
phase of Dm,o = 3.8 × 10-10 (m2/s) which are 
referenced from O. Huseby [18]. 

The root mean square error (RMSE) 
between the relative concentrations (C/
C0) obtained from the experiment and the 
analytical model falls within the range of 
0.02 to 0.2 when the water cut,  fw, is close 
to unit (2 - 11 PV, corresponding to 162 - 864 
minutes). Detailed results are presented in 
Table 2. The matching result also indicates 
the dispersivity of the porous media as α = 
10 cm.

In the late stage of waterflooding (fw is 
close to 1), the wash-out rate of alkylphenols 
(a) is quantified through the slope coefficient 
representing the linear relationship of Ln(Cw) 
over time, with a maximum value of 0.009 

APs 
Partition coe�cient

wod CCK =  
Initial concentration  

in oil phase (mg/L) 
Detection limit of APs  
in water phase (mg/L) 

Phenol 1.0 134 0.03 

4-methylphenol (4MP) 1.3 128 0.06 

2-methylphenol (2MP) 1.5 137 0.03 

3,4-dimethylphenol (34DMP) 2.1 194 0.10 

2,4-dimethylphenol (24DMP) 3.1 291 0.04 

4-ethylphenol (4EP) 7.5 491 0.05 

Table 1. The concentration of alkylphenols in the oil phase and their corresponding partition coefficients under experimental conditions

Figure 4. Experimental results: Water-cut and oil saturation in fraction (a), and alkylphenol relative concen-
tration in water phase at the column outlet over injection time (b).
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(1/s) for phenol (Kd = 1.0) and a minimum value of 0.002 (1/s) for 4EP 
(Kd = 7.5). Thus, when examining the transport process of alkylphenols 
under identical conditions, a higher partition coefficient corresponds 
to a lower wash-out rate. The experimental results demonstrate a 
relationship of a = 0.009 × Kd

-0.807 with a correlation coefficient R2 > 0.999 
(Figure 5b).

According to the above results, the analytical solution proposed by 
Huong et al. (2021) [16] provides a good description of the leaching 
process of alkylphenols from the oil phase to the water phase. The 
transport of alkylphenol compounds was experimentally studied by 

O. Huseby et al. (2003) [18], focusing on 
the diffusion process of these compounds 
from immobile bypassed oil during 
waterflooding. However, they demonstrated 
a collapse of the relative concentration 
data (C/C0) for the various compounds 
onto a single curve. Although the authors 
proposed semi-empirical equations 
describing the concentration decline of 
alkylphenol compounds over time during 
water injection using exponential functions, 
they did not clarify the contribution of 
dynamic parameters affecting this decline. 
Different from the above approach, the 
present experiment focuses on the leaching 
process of alkylphenols from residual oil in 
the sweeping area of the injection water. 
Based on the excellent agreement between 
the experimental data and the mentioned 
analytical solution [16], this study provides 
a clearer understanding of the factors 
influencing the decline in alkylphenol 
compared to the previous semi-empirical 
formula. This suggests that the residual oil 
saturation can be completely determined 
by matching the trendline of the wash-
out rate of alkylphenols and their partition 
coefficients measured in the laboratory 
under reservoir conditions.

4. Conclusions

The leaching process of six alkylphenols 
naturally existing in crude oil into water has 
been studied experimentally in integration 
with analytical modeling. Initially, the 
packed glass-bead column was saturated 
with crude oil. During experimental water 
- oil displacement, the reduction rate of Figure 5.  The analytical solution (dashed line) describing the leaching process of alkylphenols in comparison 

to the experimental data points (a) and the wash-out rate of alkylphenols under experimental conditions (b).

Table 2. The root mean square error (RMSE) between the relative concentrations (C/C0) obtained from the experiment and the analytical solution during the injection stage (PV) 
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2MP  

(Kd = 1.5) 
34DMP  

(Kd = 2.1) 
24DMP  

(Kd = 3.1) 
4EP  

(Kd = 7.5) 

0-2 0.46 0.48 0.47 0.43 0.33 0.22 

2-4 0.06 0.06 0.06 0.20 0.10 0.20 

4-6 0.06 0.07 0.05 0.09 0.06 0.13 

6-8 0.05 0.05 0.04 0.06 0.05 0.05 
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 (a)

 (b)



53PETROVIETNAM - VOLUME 6/2025

PETROVIETNAM

alkylphenols concentration in water phase, acting as the 
wash-out rate, depends on the effect of partitioning the 
oil - water phases.

The experimental results are well-explained by a 
simple 1D analytical model when taking into account 
the partitioning process, especially at the late stage of 
waterflooding. The analytical model shows a clear relation 
between the wash-out rate of alkylphenols, partition 
coefficients, oil saturation, dispersion coefficients, and 
interstitial velocities. With the help of analytical model, 
the wash-out rate of alkylphenols under the experimental 
conditions shows an excellent agreement with partition 
coefficient in the form of a negative power function. 

This shows that in cases where the wash-out 
rate of alkylphenols and their partition coefficients 
under reservoir conditions are known, the residual oil 
saturation in the sweeping area of the injection water 
can be estimated using the analytical model. The results 
here represent a first step toward a practical approach 
in using alkylphenols as natural tracers for estimating 
phase saturations in oil reservoirs. One of the key issues 
in the application is the analysis of the concentration of 
alkylphenols in the water phase under reservoir conditions 
at production wells. However, in reality, the water sample 
collected at the wellhead is under surface conditions, 
causing the concentration of alkylphenols in the collected 
sample to not reflect their actual value under reservoir 
conditions. Therefore, developing a method to convert 
the alkylphenol concentration in the wellhead sample 
to the concentration under reservoir conditions will be 
conducted and presented in future research, aiming to 
apply this method at a field-scale. 

References

[1]	 P.N. Taylor, “Thesis: the petroleum geochemistry of 
phenols”, University Newcastle upon Tyne, 1994.

[2]	 Marisa Ioppolo-Armanios, Robert Alexander, and 
Robert I. Kagi, “Geosynthesis of organic compounds: I. 
Alkylphenols”, Geochimica et Cosmochimica Acta, Volume 
59, Issue 14, pp. 3017 - 3027, 1995. DOI: 10.1016/0016-
7037(95)80001-8.

[3]	 Marisa Ioppolo - Armanios, The occurrence and 
origins of some alkylphenols in crude oils. Curtin University 
of Technology, 1996.

[4]	 Trevor P. Bastow, Ben G.K. van Aarssen, Geoff E. 
Chidlow, Robert Alexander, and Robert I. Kagi, “Small-

scale and rapid quantitative analysis of phenols and 
carbazoles in sedimentary matter”, Organic Geochemistry, 
Volume 34, Issue 8,  pp. 1113 - 1127, 2003. DOI: 10.1016/
S0146-6380(03)00066-4.

[5]	 Michael J. Borda, Alicia R. Elsetinow, Daniel R. 
Strongin, and Martin A. Schoonen, “A mechanism for 
the production of hydroxyl radical at surface defect sites 
on pyrite”, Geochimica et Cosmochimica Acta, Volume 
67, Issue 5, pp. 935 - 939, 2003. DOI: 10.1016/S0016-
7037(02)01222-X.

[6]	 Trevor P. Bastow, Ben G.K. van Aarssen, Rober 
Alexander, and Rober I. Kagi, “Origins of alkylphenols 
in crude oils: Hydroxylation of alkylbenzenes”, Organic 
Geochemistry, Volume 36, Issue 7, pp. 991 - 1001, 2005. 
DOI: 10.1016/j.orggeochem.2005.03.007.

[7]	 S. Zhou, H. Huang, “Controls on alkylphenol 
occurrence and distribution in oils from lacustrine rift 
basins in East China”, Science in China Series D: Earth 
Science, Volume 51, Issue 7, pp. 976 - 983, 2008. DOI: 
10.1007/s11430-008-0066-8.

[8]	 Li Su-mei et al., “Oxygenic compounds in crude 
oils-phenols”, Acta Petrol Sin (in Chinese), Volume 21, Issue 
1, pp. 44 - 48, 2000. DOI: 10.7623/syxb200001008.

[9]	 Sandra O.Lucach, Bernard F.J.Bowler, Neil Frewin, 
and Steve R.Larter, “Variation in alkylphenol distributions 
in a homogeneous oil suite form the Dhahaban petroleum 
system of Oman”, Organic Geochemistry, Volume 33, Issue 5, 
pp. 581 - 594, 2002. DOI: 10.1016/S0146-6380(02)00014-1.

[10]	 Trevor P. Bastow, Ben G.K. van Aarssen, Robert 
Herman, Robert Alexander, and Robert I. Kagi, “The effect 
of oxidation on the distribution of alkylphenols in crude 
oils”, Organic Geochemistry, Volume 34, pp. 1103 -1111, 
2003. DOI: 10.1016/S0146-6380(03)00067-6.

[11]	 Dennis Taylor, A. E. Kotorovich, A.I. Larichev, and 
M. Glikson, “Petroleum source rocks in the Roper Group of 
the McArthur Basin: Source characterization and maturity 
determinations using physical and chemical method”, 
APEA, Volume 34, pp. 279 - 296, 1994. DOI: 10.1071/
AJ93026.

[12]	 B. Bennett and S.R. Larter, “Partition behaviour of 
alkylphenols in crude oil/brine systems under subsurface 
conditions”, Geochimica et Cosmochimica Acta, Volume 
61, Issue 20, pp. 4393 - 4402, 1997. DOI: 10.1016/S0016-
7037(97)88537-7.



54 PETROVIETNAM - VOLUME 6/2025    

SCIENCE, TECHNOLOGY & INNOVATION

[13]	 R. Sinha, K.Asakawa, G.A.Pope, and K.Sepehmoori, 
“Simulation of natural and partitioning interwell tracers to 
calculate saturation and swept volumes in oil reservoirs”, 
SPE/DOE Symposium on Improved Oil Recovery, Tulsa, 
Oklahoma, 17 - 21 April, 2004. DOI: 10.2118/89458-MS.

[14]	 To Ba Cuong, Nguyen Hong Phan, and 
Nguyen Huu Quang, “Interwell tracer method using 
partitioning compounds naturally existing in crude oil 
for determination of residual oil saturation”, Petrovietnam 
Journal, Volume 10, pp. 38 - 43, 2016. 

[15]	 Huynh Thi Thu Huong, Le Thanh Tai, Nguyen Huu 
Quang, and Le Van Son, “Determination of contribution 
proportion of injection wells in oil production by interwell 
tracer method using partitioning organic compounds 
from crude oil”, Petrovietnam Journal, Volume 6, pp. 24 - 
29, 2019.

[16]	 Huynh Thi Thu Huong, Nguyen Huu Quang, 
Le Van Son and Tran Trong Hieu, “Transport of oil/
water partitioning components during water injection”, 
Petrovietnam Journal, Vol. 6, pp. 37 - 42, 2021. DOI: 
10.47800/PVJ.2021.06-03.

[17]	 Nguyễn Hồng Phan, Nguyễn Hữu Quang, Tô Bá 
Cường, Huỳnh Thị Thu Hương, và nnk, “Phát triển mô hình 

mô phỏng quá trình vận động của các chất chỉ thị tự nhiên 
(NPIT) để đánh giá trữ lượng dầu trong khai thác”, Viện 
Năng lượng Nguyên tử Việt Nam, 2015.

[18]	 O. Huseby, A. Haugan, J. Sagen, J. Muller, B. 
Bennett, S.R. Larter, E.S. Kikkinides, A.K.Stubos, and 
F. Yousefian, Jean-Francois Thovert, and P.M. Adler, 
“Transport of organic components from immobile 
and bypassed oil in porous media”, Applied Chemical 
Engineering, Volume 49, Issue 5, pp. 1085 - 1094, 2003. 
DOI: 10.1002/aic.690490504.

[19]	 Ann Muggeridge, Andrew Cockin, Kevin Webb, 
Harry Frampton, Ian Collins, Tim Moulds and Peter Salino, 
“Recovery rates, enhanced oil recovery and technological 
limits”, Philosophical Transactions of the Royal Society A, 
Volume 372, Issue 2006, 2014. DOI: 10.1098/rsta.2012.0320.

[20]	 L. Lake, R.T. Johns, W.R. Rossen, and G.A. Pope, 
Fundamentals of enhanced oil recovery. Texas: Society of 
Petroleum Engineers, 2014.

[21]	 P. Martínez-Pagán, A. Jardani, A. Revil, and A. Hass, 
“Self-potential monitoring of a salt plume”, Geophysics, 
Volume 75, Issue 4, 2010. DOI: 10.1190/1.3475533.



55PETROVIETNAM - VOLUME 6/2025

PETROVIETNAM

1. Introduction 

The RFCC unit at the Dung Quat refinery, operated by 
Binh Son Refining and Petrochemical Joint Stock Company, 
is a key unit that converts residue fractions from the crude 
distillation unit (CDU) or the atmospheric distillation 
unit into lower-boiling point and higher-economic value 
products through catalytic cracking process.

The products of the RFCC unit include:

Primary products:

-	 LPG;

-	 Naphtha;

-	 Light cycle oil (LCO).

Secondary products:

-	 Fuel gas;

-	 Clarified oil (CLO) (or decanted oil (DCO));

-	 Coke.

INCREASING THE FLASH POINT TEMPERATURE OF DCO OIL 
PRODUCTS TO MEET THE FO (FP) BASELINE STANDARD OF 
DUNG QUAT REFINERY
Nguyen Hoang Tri, Nguyen Chanh Quoc, Huynh Cong Vinh, Bui Anh Khanh, Ho Quang Xuan Nhan  
Nguyen Huu Trung, Bui Van Vuot, Nguyen Thanh Bong
Binh Son Refining and Petrochemical Joint Stock Company
Email: Trinh@bsr.com.vn
https://doi.org/10.47800/PVSI.2025.06-06

The reactor effluent from the disengager in the 
reaction section is sent to the main fractionator T-1501. 
The bottom slurry pumparound is circulated by pumps 
P-1519A/B/C, the residual heat from this recycle stream 
is utilized to heat the feedstock stream and generate 
medium- and high-pressure steam. Most of this cooled 
slurry pumparound is returned to the grid section (Bed 
#5), where the reactor effluent is desuperheated and the 
bottom slurry product is condensed. Part of the cooled 
slurry is returned to the bottom of the column to quench 
the temperature and minimize coking. 

The slurry product stream is drawn and sent to drum 
D-1515. The slurry product is then pumped and cooled in 
the low-pressure steam generator before being routed 
to separator X-1504 to remove fine catalyst particles. 
Decanted oil (DCO) exiting the separator is again cooled 
before being transferred to the storage tank.

Since the RFCC unit was commissioned in April 2009, 
the flash point temperature of DCO has failed to reach 
the design value of 100°C. In numerous instances, it even 
fell below the standard value of 49°C in storage tanks. 
Specifically, at the end of June 2018, this value dropped 

Summary

The flash point temperature of decanted oil (DCO) has been consistently low since the Dung Quat refinery commenced operations 
in 2009. This issue is attributed to the absorption of trace amounts of light gases such as H2, CH4, and C2H6 by the liquid stream at the 
bottom of the tower. These gases cannot be effectively separated through distillation at T-1501, and neither modifications to hardware 
nor adjustments to the angle of the fifth packing layer have proven effective. The separation of these light gases can only be achieved by 
applying the stripping method to the DCO product stream emanating from the bottom of the tower and at D-1515. This method must 
ensure no alterations to existing hardware and utilize current equipment solely. The technique involves injecting N2 directly into the liquid 
drum to remove light gases by reducing the partial pressure of hydrocarbons. This solution successfully increased the DCO flash point 
temperature from 49°C to 84°C in July 2018, and has been maintained to date. Furthermore, the flash point temperature can be regulated 
by the N2 stream to exceed 100°C, thereby meeting and surpassing the technical requirement of 66°C. 

Key words: DCO, flash point (FP), stripping, BSR, fuel oil, result, light component.
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below 46°C. To ensure the safe storage of DCO in product 
tanks (P3) and to meet the commercial standards, high-
flash point residue has to be blended to increase the 
flash point of the FO product. Nevertheless, blending 
high-value residue into DCO to produce FO and selling 
it at a lower price reduces the economic efficiency of 
the refinery. Various solutions were evaluated, including 
technological parameter adjustments, replacement of the 
#5 packing layer, and change of the packing arrangement 
angle as recommended by the vendor in 2014, to enhance 
light fraction separation efficiency. However, the flash 
point did not improve. Most recently, the technology 
licensor was requested to design and install a steam ring 
at the bottom of the tower, but the licensor's assessment 
indicated that the effectiveness was uncertain and did not 
recommend its use.

 In response to this urgent issue, the authors have 
researched, evaluated, and proposed a solution to increase 
the flash point temperature of fuel oil (FO) products. This 
is to ensure operational safety, meet FO sale standards, 
and reduce the cost of blending high-value products, 
while utilizing existing equipment and minimizing major 
changes to the equipment.

2. Theoretical framework/methods 

2.1. Mechanism of separating light fractions from the 
liquid in the current configuration

The stripping process is a physical separation method 
in which one or more components are removed from the 

liquid stream by a vapor stream. In industrial applications, 
the liquid and vapor streams can flow concurrently or 
counter-currently, and the stripping process is typically 
carried out in packed or tray tower structures. Inert gases, 
steam, and hydrocarbon gases are commonly used as the 
stripping media to remove unwanted light components 
from the liquid stream based on reducing partial pressure 
as light gases absorb heat from the liquid and evaporate 
from the liquid stream. 

In practice, D-1515 drum, containing liquid which 
is the DCO product, is an empty vessel without any 
internal structure. Therefore, converting this D-1515 into 
a light-fraction separation tower equipped with a tray or 
packed structure is extremely complex. The downstream 
equipment of vessel D-1515 is the X-1504 separator, which 
operates at approximately 35 kV to remove solid catalyst 
particles from the DCO stream, ensuring compliance with 
the ash content specification of 100 ppm wt maximum. 
Therefore, steam cannot be used as the stripping medium. 
Additionally, pump P-1504 transfers liquid from D-1515 at 
an operating temperature of nearly 200°C. If steam were 
used, any condensation during the stripping process may 
cause cavitation in the pump.

Due to these constraints, the authors applied nitrogen 
gas directly into the liquid in D-1515 vessel to separate 
the absorbed light fractions from the DCO product. This 
solution ensures the use of existing equipment and safe 
operation while being effective. 

Figure 1. The main fractionator bottom T-1501.
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2.2. Site survey and evaluation of existing equipment system, proposal 
of the nitrogen injection point, and implementation of the modification

The authors surveyed the existing equipment at BSR to propose a 
nitrogen injection point that aligns with the goal of utilizing the existing 
equipment configuration at the lowest cost. After the proposal was 
approved by the company leadership, the authors issued “028-APR-
R&D on Approval for N2 injection service with flexible”, allowing the 
installation of flexible hoses to connect and inject nitrogen into the 
liquid phase in vessel D-1515. This resulted in the flash point temperature 
of DCO soaring to 84°C, surpassing the product sales standard of 66°C 
for the first time since the refinery began operation. Based on the high 
effectiveness of this temporary system in improving the flash point of 
DCO, the team implemented MOC-15-18-318. After evaluating the 
equipment condition during the fourth overall maintenance of the Dung 
Quat refinery in 2020, the system was integrated into the permanent 
configuration.

3. Results and discussion

3.1. Practical application of the solution 

The trial process initially started injecting nitrogen at a point above 
the liquid surface in vessel D-1515, at a flow rate of approximately 200 

m³/hour. However, this approach did not 
result in any improvement in the flash 
point of the DCO product. Only when 
nitrogen was directly injected into the liquid 
phase of vessel D-1515 did the flash point 
temperature significantly increase. During 
the initial phase of the trial, the nitrogen flow 
rate was set at 200 m³/hour, but subsequent 
optimization and flash point sampling 
indicated that a much lower flow rate of 
approximately 70 m³/hour was sufficient to 
raise the flash point temperature to meet 
the DCO product specification.

Since the nitrogen injection system 
has been operational, it has significantly 
improved the flash point of DCO, which had 
previously been unattainable. Additionally, 
with this system, the flash point temperature 
can be adjusted as required. Thanks to the 
installed system, the refinery no longer 
needs to blend valuable components like 
residue into DCO to increase the flash 
point temperature to meet the commercial 
product sales standard for FO.

The successful handling of the DCO flash 
point has increased the competitiveness of 
BSR FO product in the market, while also 
opening new directions for the production 
and sale of marine fuel oil (MFO) at higher 
values.

The operating conditions of vessel 
D-1515 remain unchanged in the 
temperature range of 190 - 194°C and with 
operating pressure maintained at 1.2 - 1.3 
kg/cm². When nitrogen is injected into the 
vessel, the pressure will increase. Since the 
drum pressure is automatically adjusted 
by the pressure controller, the valve on the 
flare line opens wider to maintain stable 
pressure at the set value of 1.2 - 1.3 kg/cm².

Figure 2. Sketch of the nitrogen injection point into the D-1515 liquid drum.

Table 1. N2 product quality using injection at D-1515

 Analyst Result Units 
1 Nitrogen  100 mol% 
2 Trace oxygen 3.5 ppm vol 
3 Carbon dioxide < 0.2 ppm vol 
4 Carbon monoxide 0.2 ppm vol 

SL

N2

(1) (2)

(3) (6)

(5)

(7)
D-1515

PG
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Figure 3. The flash point temperature of DCO has improved since July 2018.
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Sample name Date/time of sample Component Method Unit Result Note 

Gas from D-1515 
to fare 15H00 - 01/09/2021 

Hydrogen 

UOP539-12 

%mol 19.46  
C6+ %mol 0.69  
Methane %mol 2.6  
Ethane %mol 1.44  
Ethylene %mol 1.32  
Carbon dioxide %mol 0.06  
Propane %mol 0.7  
Cyclopropane %mol 0.0  
Propylene %mol 1.59  
n-Butane %mol 0.85  
i-Butane %mol 0.26  
Propylene %mol 0  
Acetylene %mol 0  
Hydrogen Sul�de %mol 0.42  
t-2-Butene %mol 0.3  
1-Butene %mol 0  
i-Butene %mol 0.43  
c-2-Butene %mol 0.32  
Cyclopropene %mol 0.01  
i-Pentane %mol 0.54  
n-Pentane %mol 0.08  
1,2 Butadiene %mol 0  
1,3 Butadiene %mol 0  
Methyl Acetylene %mol 0  
3-methyl-1-butene %mol 0.06  
t-2-Pentene %mol 0.2  
2-methyl-2-butene %mol 0.36  
1-Pentene %mol 0.08  
2-methyl-1-butene %mol 0.14  
c-2-Pentene %mol 0.09  
Ethyl Acetylene %mol 0.02  
Oxygen %mol 2.84  
Nitrogen %mol 65.08  
Carbon monoxide %mol 0.06  

Table 2. Analysis results of the gas sample after performing N2 stripping
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The analysis results of the venting gas stream at 
the top of D-1515 to the flare after nitrogen injection to 
separate the light fractions from the liquid are shown in 
Table 2.

Thus, the issue causing the low flash point of DCO oil is 
largely due to the amount of hydrogen gas, with a smaller 
contribution from C1, C4 and C5 gases being absorbed in 
the liquid. These gases are routed to the flare system for 
combustion. Any heavier fractions carried over with the gas 
stream will be stripped and collected in the flare system’s 
knock-out drum, provided such equipment is installed. 
The process of separating light gases does not affect the 
liquid yield of DCO oil because these components are not 
permitted in the DCO product specification and must be 
removed from the product stream.

3.2. Economic and technical efficiency

By avoiding the installation of a steam ring at the 
bottom of tower T-1501, approximately USD 300,000 in 
installation costs and USD 177,390 in annual operating 
costs are saved.

Operating costs: Steam price: USD 27/ton (refinery 
steam price);  Steam amount: 750 kg/hour (0.75 tonnes/
hour); Total steam rate: 18 tonnes/day; Daily cost: 486 
USD/day; Yearly cost: 177,390 USD/year; Material, 
fabrication & installation costs: USD 300,000 (estimated 
cost of installing a steam ring). 

With the DCO flash point above 84°C and without 
continuous blending of residue to increase the DCO 
flash point from 1/8/2018 to 10/8/2020, the benefit is 
approximately USD 11,134,562.

DCO flow rate and flash point:

-	 DCO flowrate: 28 m³/hour (26.7 tonnes/hour );

-	 DCO flash point: 50.7°C;

-	 DCO rundown temperature: 77.7°C;

-	 DCO flash spec min: 47°C;

-	 Atmospheric residue density: 0.884 g/cm³.

Blending AR to DCO:

-	 AR blend ratio to increase 1°C FP: 4%;

-	 AR blend to reduce FP: 4.11 m³/hour (3.632 tonnes/
hour ).

-	 AR, USD/ton = DO, USD/ton (C53) = C50 = 511.1

-	 Delta AR vs FO, USD/ton (C54) = (C53 - C48) = 511.1 
- 339.36 = 171.7

-	 AR blend cost, USD/hour (D16) = D14 × C54 = 3.632 
× 171.7 = 623.6.

Operating Cost:

-	 N₂ stripping, Nm³/h (D29): 20 m³/h

-	 N₂ stripping price, USD/Nm³ (D30): 0.021

-	 N₂ stripping cost, USD/h (D31): = D30 × D29 = 0.021 
× 20 = 0.42

-	 Reducing heating up for storage tank at P3 (D32): = 
-(20 × 37.5) / (10 × 24 + 20) = -2.9

-	 Total operating cost, USD/h (D35): = D32 + D31 = 
-2.9 + 0.42 = -2.5

 Average price index*  

BH crude oil price, USD/bbl (C44) 62 

BH crude oil price, USD/ton (C45) 
= C44 × 6.28981/0.825 
= 62 × 6.28981/0.825 = 472.6**  

FO price, USD/ton (C46) 369.67 
FO export VAT, % (C47) 8.2% 

FO price (including non-refundable VAT due to export), USD/ton (C48) 
= C46 × (1 - C47) 
= 369.67 × (1 - 8.2%) 
= 339.36 

DO price, USD/bbl (C49) 67.44 

DO price, USD/ton (C50) 
= C49 × 6.28981/0.83 
= 67.44 × 6.28981/0.83 
= 511.1 

Table 3. Comparison of benefits: N2 stripping vs. residue blending to achieve required flash point temperature

* From August 1, 2018 to August 10, 2020; ** 1 m³ = 6.28981 bbl
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Implementation Funding: 

The solution does not require retrofitting and incurs 
no costs. 

Benefits:

-	 Cost savings from not retrofitting and not blending 
residue into DCO amount to approximately USD 300,000 
+ USD 177,390 + USD 11,134,562 = USD 11,611,952.

-	 It facilitates the plant's ability to produce MFO 
products from 2020. The estimated production of MFO 
from 2020 increases the plant's efficiency by approximately 
USD 19.5 million per year compared to the production of 
FO 180 cSt.

-	 The long-standing issue of DCO's flash point 
temperature is resolved, ensuring stable operation of the 
T-1501 distillation tower in the RFCC unit.

-	 DCO flash point temperature can be adjusted by 
regulating the nitrogen stream in the D-1515.

-	 DCO flash point is enhanced to meet TCVN/MFO 
product standards.

4. Conclusion

BSR has implemented a nitrogen injection system to 
ensure that the flash point of commercial FO consistently 
exceeds the standard value. This method has proven 
effective, eliminating the need for blending with high-
flash point residues.

Major refineries worldwide, including those operated 
by Shell, SK, and O&M, as well as facilities licensed by 
Axens, have encountered persistent challenges with low 
low or unstable flash points in their DCO. These refineries 
have invested substantial capital in system retrofits, 
however, such modifications have generally failed to yield 
satisfactory results.

In contrast, BSR has successfully addressed this 
issue through the innovative application of engineering 
principles, achieving DCO flash point improvements that 
meet the specifications for commercial FO.

The nitrogen injection system developed by BSR 
represents a significant technological advancement 
in flash point control for commercial FO production. 
This approach not only ensures compliance with safety 
standards but also offers considerable advantages in terms 
of cost reduction and operational efficiency compared to 
conventional blending methods.
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Table 4. Overall efficiency compared to AR mixture

Annual price index Average price index*   
Overall e�ciency compared to AR mixture, USD/hour (D38) = D16 - D35 = 623.6 + 2.5 = 626.1 

Overall e�ciency compared to AR mixture, USD (D39) 
= D38 × D40 × 24 = 626.1 × 741 × 24  
= 11,134,562 

Number of days solution applied (D40) = 741 days (from August 1, 2018, to August 10, 2020) 

* From August 1, 2018 to August 10, 2020
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1. Introduction

Agricultural residues such as cassava stems, banana 
pseudostems, pineapple leaves, and spent coffee grounds 
are abundant biomass resources that remain largely 
underutilized. These lignocellulosic wastes are rich in 
cellulose, a renewable biopolymer that can be transformed 
into microcrystalline cellulose (MCC) through relatively 
simple extraction processes. MCC is widely recognized for 
its high crystallinity, excellent reinforcing potential, and 
biodegradability, making it suitable for integration into 
biobased polymer composites [1 - 5]. Experimental studies 
have shown that incorporating microcrystalline cellulose 
(MCC) into PLA can significantly improve mechanical 
properties and thermal stability of PLA/MCC composites 
[6, 7]. These improvements demonstrate the potential 

CONVERSION OF SUSTAINABLE AGRICULTURAL RESIDUES INTO 
MCC FOR PLA-BASED BIODEGRADABLE PLASTIC APPLICATIONS
Vu Thi Thu Ha, Nguyen Thi Bay, Nguyen Thanh Trung , Pham Nam Phong, Pham Van Bac, Nguyen Thi Thu Trang 
National Key Laboratory for Petrochemical and Refinery Technologies
Email: ptntd2004@yahoo.fr
https://doi.org/10.47800/PVSI.2025.06-07

of MCC as a sustainable reinforcement in PLA matrices, 
supporting development of renewable and eco-friendly 
bioplastics. Such composites align with global goals 
toward low-carbon, circular economies and enhanced 
performance of biodegradable materials in packaging 
and other applications. 

In this study, MCC was extracted from four agricultural 
residues: cassava stems, banana pseudostems, pineapple 
leaves, and spent coffee grounds. A systematic comparison 
of their structural, morphological, and thermal properties 
identified cassava stem-derived MCC as the most feasible 
source, considering its high crystallinity, uniform particle 
morphology, thermal stability, abundant availability, 
and large-scale supply potential. This MCC was then 
incorporated into PLA/TPS blends to produce fully 
biodegradable biocomposites.

Given the global imperative to transition toward 
renewable, biomass-derived materials for both energy 
transition and CO₂ emission reduction, developing high-

Summary

Microcrystalline cellulose (MCC) was extracted from cassava stems, banana pseudostems, pineapple leaves, and spent coffee 
grounds through an optimized acid hydrolysis process. Comprehensive structural, morphological, and thermal characterization revealed 
distinct differences among sources, with cassava stem-derived MCC identified as the most feasible and sustainable option due to its high 
crystallinity, uniform particle size, processing stability, ready availability, and large-scale supplypotential. This MCC was incorporated 
into thermoplastic starch (TPS) and polylactic acid (PLA) matrices to fabricate fully biodegradable composites. X-ray diffraction (XRD) 
confirmed the preservation of MCC crystalline structure, scanning electron microscopy (SEM) revealed homogeneous dispersion within 
the TPS phase, and thermogravimetric/differential thermal analyses (TGA/DTA) demonstrated improved thermal stability. Mechanical 
testing showed that the optimized PLA:MCC:TPS ratio of 70:4.5:25.5 (with 15% MCC relative to (MCC/TPS)) provided the best balance 
between tensile strength, modulus, and biodegradability.These composites exhibited mechanical strength for sustainable packaging 
and food service applications while maintaining full compostability. Overall, the results highlight cassava stems as a sustainable, 
locally available MCC source and confirm that PLA/(MCC/TPS) composites can replace petrochemical-based plastics in targeted sectors, 
contributing to global energy transition strategies and CO₂ emission reduction targets.

Key words: Agricultural residues, biomass-derived chemicals, biodegradable composites, cassava stems, energy transition, 
microcrystalline cellulose, polylactic acid.
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performance PLA/(MCC/TPS) composites from agricultural 
residues offers significant environmental and industrial 
advantages. This work aims to (i) valorize agricultural 
waste into value-added MCC; (ii) enhance the mechanical 
and thermal performance of PLA/TPS composites; and (iii) 
propose a sustainable pathway to replace petrochemical 
plastics in packaging and food service applications.

2. Materials and methods

2.1. Raw materials

Cassava stems, banana pseudostems, pineapple 
leaves, and spent coffee grounds were used for the 
extraction of microcrystalline cellulose (Figure 1). Cassava 
stems, banana pseudostems, and pineapple leaves were 
collected from local sources in Phu Tho and Thanh Hoa 
provinces, whereas spent coffee grounds were provided 
by Trung Nguyen Instant Coffee Joint Stock Company 
(Vietnam). After washing, cassava stems, banana 
pseudostems, and pineapple leaves were cut into 1 - 2 cm 
pieces; spent coffee grounds were used directly without 
further pretreatment. Thermoplastic starch was prepared 
in-house from avocado seeds (an agricultural waste 
source) by plasticization with glycerol and water, and was 
used without additional purification. Commercial PLA, 
glycerol (≥ 99%), and maleic anhydride (MA, ≥ 98%) were 
used as received.

2.2. MCC preparation

The extraction and isolation of MCC from the raw 
materials were carried out using the method described 
in [8], with process conditions modified for this study. 
Washed biomass was dried at 70 - 80°C, for 24 hours, 
milled, and sequentially treated with 0.1 N acetic acid 
and 15% NaOH (solid-to-liquid ratio of 1:20 g/ml, 105°C, 
2 hours each), with washing to neutral pH. Bleaching with 
3% H₂O₂ (1:10, 70°C, 4 hours) was followed by hydrolysis 
with 1.5 M HNO₃ (1:25, 70°C, 3 hours). MCC was washed to 
pH = 7, dried at 50°C for 24 hours, then milled, and stored.

2.3. MCC/TPS blends

The experimental preparation of thermoplastic starch 
and the MCC/TPS compound was conducted following 
the procedure described in [9]. Based on the components 
and mixing ratios reported in [9], the formulation and 
processing conditions were modified and optimized to 
obtain MCC/TPS composites suitable for the materials 
investigated and to achieve optimal performance. TPS was 
obtained by heating starch, glycerol, and water (30:40:30 

wt%) at 120 - 130°C for 15 minutes with stirring. MCC (5 - 
20 wt%) was incorporated, mixed at 80°C for 10 minutes, 
dried at 60°C for 6 hours), and cut for PLA blending.

2.4. PLA/(MCC/TPS) composites

PLA-MA was prepared by reactive melt-grafting of 
maleic anhydride (MAH, 3 wt% relative to PLA) in the 
presence of dicumyl peroxide (DCP, 0.2 wt%) at 190°C for 
3 minutes in an internal mixer, following the procedure 
reported for PLA/MCC composites [10]. PLA-MA and MCC/
TPS were dried at 60°C for 6 hours, weighed to the desired 
compositions (20 - 40 wt% MCC/TPS), and dry-mixed. 
Blending was carried out at 160 - 180°C for 10 - 15 minutes 
under stirring. The molten mixture was cast into non-stick 
aluminum molds, lightly pressed, cooled, demolded, cut, 
and dried at 50°C to remove residual moisture.

2.5. Characterization

FTIR spectra were recorded on a Nicolet 6700 
(Thermo Electron) using KBr pellets (4000 - 400 cm-1). XRD 
was performed on a D8 Advance (Bruker AXS) with Cu Kα 
radiation (λ = 1.5406 Å, 40 kV, 30 mA), 2θ = 5 - 40°, step size 
0.02°, and the crystallinity index (CrI) was calculated using 
the Segal method. TG-DTA was conducted on a Diamond 
TG-DTA (Perkin Elmer) under nitrogen (RT-600°C, 10°C/
min). SEM images were obtained using a Hitachi S-4800 at 
10 - 15 kV after sputter-coating with gold.

2.6. Evaluation of performance and material properties

The actual yield of MCC relative to the raw material 
was calculated according to Equation (1). 

Where: 

M1 is the initial dry mass of raw material (g), 

M2 is the mass of MCC obtained (g).

The collection efficiency of MCC relative to the 
theoretical yield was determined using Equation (2).

Where: 

Mo is the theoretical mass of MCC in the raw material 
(g),

M2 is the obtained mass of MCC (g).

The crystallinity of MCC was determined using the 
crystallinity index (CrI), calculated according to Equation (3).

Actual yield (%) = × 100  
 

(1)

Collection (%) =  × 100  (2)



63PETROVIETNAM - VOLUME 6/2025

PETROVIETNAM

Where:

CrI is the relative degree of crystallinity (%), 

I200 is the maximum intensity of the (200) crystalline 
plane, 

Iam is the intensity of the amorphous region.

2.7. Mechanical properties

Tensile strength and elongation at break were 
determined following TCVN or ASTM D638. Elastic 
modulus was measured using a universal testing machine 
under tensile-compressive loading. Standard dog-bone 
specimens were used.

3. Results and discussion

3.1. Recovery yield and structural characterization of MCC

The analytical results evaluating the composition 
and properties of the four biomass sources - pineapple 

leaves, banana pseudostems, cassava stems, and spent 
coffee grounds - are summarized in Table 1. The MCC 
recovery efficiency obtained from these biomass sources 
is presented in Table 2.

The results showed that the actual MCC yields 
obtained from pineapple leaves, banana pseudostems, 
cassava stems, and spent coffee grounds were 22.7%, 
18.5%, 22.2%, and 10.4%, respectively. Corresponding 
collection efficiencies relative to the theoretical values 
ranged from 95.5% to 98.3%. Among the studied biomass 
sources, pineapple leaves and cassava stems exhibited 
the highest MCC yields (over 22%), followed by banana 
pseudostems (18.5%), whereas spent coffee grounds 
produced the lowest yield (10.4%). These differences 
can be attributed to the variations in the initial cellulose 
content and the extent of lignin and hemicellulose 
removal achieved during the chemical treatment process.

SEM micrographs further support these findings 
(Figure 3). Raw biomass samples such as pineapple leaf 
fibers and banana pseudostems (Figures 3a and 3c) display 

CrI (%) = (   ) × 100 (3)

Figure 1. Raw material sources for MCC production: cassava stem, banana pseudostems, pineapple leaf, spent coffee grounds.

Raw material Dry mass of raw 
material (g) 

Mass of MCC 
obtained (g) 

Actual MCC yield (%) 
 

MCC collection e�ciency 
compared to theory (%) 

Pineapple leaves 102 23.2 22.7 97.8 
Banana pseudostems 104 19.2 18.5 96.1 
Cassava stems 102 22.6 22.2 98.3 
Spent co�ee grounds 101 10.5 10.4 95.5 

Raw material sample Cellulose 
(%) 

Hemicellulose  
(incl. extractives) (%) 

Lignin 
(%) 

Ash 
(%) 

Moisture content 
(%) 

Pineapple leaves 23.7 56.0 16.4 3.9 5.7 
Banana pseudostems 20 67.4 10 2.6 8 
Cassava stems 23 45.9 26   7 
Spent co�ee grounds 11 56.3 27 5.7 8 

Table 1. Composition and properties of raw biomass materials (dry weight basis)

Table 2. MCC recovery yield from different biomass sources
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compact, heterogeneous surfaces with visible impurities, 
indicative of lignin and hemicellulose coverage. After the 
isolation process, the corresponding MCC samples (Figures 
3b and 3d) exhibit cleaner and smoother surfaces, and a 
more fibrillated morphology, confirming the removal of 
non-cellulosic components and exposure of cellulose 
microfibrils. Pineapple leaf-derived MCC retains a layered 
fracture pattern, while banana pseudostem-derived MCC 
shows greater fibril separation, suggesting variations in 
fiber structure and treatment efficiency.

The SEM image of cassava stem raw material (Figure 
3e) reveals a heterogeneous surface morphology, 
characterized by irregularly arranged small fragments. 
This structure is indicative of the presence of non-

cellulosic components such as hemicellulose, lignin, and 
pectin, which encapsulate the cellulose fibers. In contrast, 
the SEM image of MCC derived from cassava stems 
(Figure 3g) exhibits a well-organized, highly-ordered 
fibrous structure, characteristic of purified cellulose. This 
morphological transition provides clear evidence of the 
high crystallinity achieved in the cassava stem-derived 
MCC sample.

In the SEM image of the raw spent coffee grounds 
(Figure 3h), the surface appears rough and heterogeneous, 
with no visible typical lignocellulosic fiber structures, thus 
evidencing surface impurities and non-cellulosic residues.

In contrast, the SEM image of the microcrystalline 
cellulose obtained from spent coffee grounds (Figure 3k) 

Figure 2. MCC extraction steps from various raw materials: from top to bottom - pineapple leaves, banana pseudostems, cassava stems, spent coffee grounds; from left to right - raw mate-
rial powder, after lignin removal, after bleaching, and final MCC product.
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reveals a much smoother surface morphology with less 
densely packed microfibrils. These fibrils appear to be 
well-isolated from each other, indicating the breakdown 
into discrete cellulose microcrystals after chemical 
treatment. This morphological change confirms effective 
removal of hemicellulose, lignin, and surface impurities, 
while preserving a smooth, ordered cellulose structure.

According to the literature, acid hydrolysis attacks 
the amorphous regions of cellulose, breaking down the 
polymer into isolated microcrystals. The penetration of 
acid ions into fiber interiors promotes depolymerization, 
particularly in the amorphous regions, while the crystalline 
domains remain intact.  

The average diameter of chemically treated cellulose 
microcrystals has been reported to be approximately 
2 - 3 µm [11]. However, precise length measurements 
remain challenging due to irregular fragment shapes and 
overlapping fibrils observed in SEM images.

Notably, the microcrystals extracted from spent 
coffee grounds are smaller in diameter compared to those 
reported from other biomass sources. For instance, MCC 
derived from durian rind shows particle sizes ranging 
from 6.2 to ~25.4 µm [12], while MCC from date seeds 
can reach up to 65.3 µm in peak size [13]. The significantly 
smaller size extracted from spent coffee grounds suggests 
a more effective hydrolytic breakdown, likely due to a less 
rigid cell wall structure and efficient chemical processing. 

Overall, the morphological changes observed in the 
SEM images confirm the successful breakdown of the 

complex lignocellulosic structure and the enrichment of 
the cellulose phase, which is essential for obtaining MCC 
suitable for polymer composites or biodegradable plastic 
applications. 

The FTIR spectra of MCC from all four sources (Figure 4) 
show characteristic cellulose bands, including broad O–H 
stretching (~3,270 – 3,333 cm-1), C–H stretching (~2,900 
cm-1), C–O–C and C–O stretching (1,150 - 1,030 cm-1), 
and crystalline cellulose peaks at ~1,420 and 895 cm-1. 
The raw materials display additional signals from non-
cellulosic components, such as hemicellulose, lignin, and 
pectin, which are significantly diminished or absent in the 
MCC samples, confirming effective purification. Notably, 
the O–H stretching band in spent coffee ground MCC 
appears at a lower wavenumber (~3,112 cm-1) compared 
to ~3,270 – 3,333 cm-1 in other MCCs, indicating stronger 
hydrogen bonding within the cellulose network. This red 
shift is likely due to the smaller crystallite size and denser 
packing of cellulose fibrils after treatment, promoting 
more extensive intermolecular hydrogen bonding.

Figure 5 presents the thermogravimetric (TG) and 
differential thermal analysis (DTA) curves of MCC derived 
from pineapple leaves, banana pseudostems, cassava 
stems, and spent coffee grounds. The thermal degradation 
profiles of all samples exhibit three distinct mass-loss 
stages, consistent with previous reports on MCC extracted 
from lignocellulosic biomass [14, 15].

The first stage, occurring between 30 and 200°C, 
corresponds to the removal of adsorbed moisture and 
loosely bound volatiles, with mass losses of 2.37%, 3.88%, 

Figure 3. SEM images of raw materials - pineapple leaves (a), banana pseudostems (c), cassava stems (e), spent coffee grounds (h) - and their corresponding MCC products: pineapple 
leaves (b), banana pseudostems (d), cassava stems (g), and spent coffee grounds (k).

(a) (b) (c) (d)

(k)(h)(g)(e)
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4.92%, and 9.77% for MCC from pineapple leaves, banana 
pseudostemss, cassava stems, and spent coffee grounds, 
respectively. These variations reflect differences in 
hydrophilicity and moisture content among the biomass 
sources.

The second stage, observed between 200 and 
400°C, represents the major decomposition region 
of cellulose, primarily due to the cleavage of β-1,4-
glycosidic linkages in the glucose polymer chain. The 
corresponding mass losses were 76.54%, 72.20%, 
64.47%, and 58.04% for MCC from pineapple leaves, 
banana pseudostems, cassava stems, and spent coffee 
grounds, respectively. Sharp DTG peaks appeared at 
332.39°C, 336.04°C, 330.65°C, and 316.68°C for these 
samples, indicating the main pyrolysis temperatures of 
cellulose. The absence of peaks in the regions of 200 - 
280°C (typical of hemicellulose) and 380 - 450°C (typical 
of lignin) confirms that most hemicellulose and lignin 
impurities were effectively removed.

 The third stage, occurring between 400 and 600°C, 
involves the secondary decomposition of residual 
carbonaceous matter and thermally stable lignin 
fractions, reflecting the remaining non-cellulosic content. 
The residual mass beyond 600°C was very low (only a few 
percent), indicating a low ash and inorganic content.

The TGA/DTG profiles indicate that the main 
decomposition temperatures of MCC isolated from the 
four biomass sources ranged from 316 to 336°C, with very 
low residual ash contents. These values are comparable to 
those reported for MCC derived from other lignocellulosic 
materials in the literature [16, 17]. 

Collectively, the TG-DTA results confirm that the 
applied preparation processes effectively removed non-
cellulosic organic matter and inorganic components, 
producing MCC with high thermal stability and purity 
across all four biomass sources.

The XRD patterns of the raw materials and the MCC 

Figure 4. FTIR spectra of raw materials - pineapple leaves (a), banana pseudostems (c), cassava stem (e), and spent coffee grounds (h) - and their corresponding MCC samples.

4000 3500 3000 2500 2000 1500 1000 500

895

1031

1420

2903

%
T

Cm-1

a

b

3333

4000 3500 3000 2500 2000 1500 1000 500

1031
1061

1159
2904

%
T

Cm-1

e

g

3272

4000 3500 3000 2500 2000 1500 1000 500

895

1030
1159

1375

1420

1733

2892

%
T

Cm -1

c

d

3336

4000 3500 3000 2500 2000 1500 1000 500

1028
1059

1155

2902

%
T

Cm-1

h

k

3112



67PETROVIETNAM - VOLUME 6/2025

PETROVIETNAM

obtained from four biomass sources - (a) pineapple leaves, 
(b) banana pseudostems, (c) cassava stems, and (d) spent 
coffee grounds - are shown in Figure 6. The corresponding 
crystallinity index (CrI) and crystal size values of the 
samples are summarized in Table 3.

The amorphous (Iam) and crystalline (I002) diffraction 
peaks were observed in the 2θ ranges of 16.01° - 16.8° 

and 22.1° - 22.8°, respectively (Figure 6). As shown in the 
results table, all samples exhibited increased crystallinity 
index and crystal size after the preparation process. The 
variations in peak height and width among the samples 
reflected differences in crystallinity degree and crystal size 
[18]. The higher CrI value of the MCC samples compared 
to their corresponding raw materials can be attributed to 

Figure 5. Thermogravimetric (TG) and differential thermal analysis (DTA) curves of MCCs derived from four biomass sources: (a) pineapple leaves, (b) banana pseudostems, (c) cassava stem, 
and (d) spent coffee grounds.
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MCC from spent co�ee grounds  ( d )  

No. Sample name Crystalline index (CrI, %) Crystal size (nm) 

1 
Raw pineapple leaves 37.5 2.19 
MCC from pineapple leaves 73.1 4.58 

2 
Raw banana pseudostems 48.1 2.09 
MCC from banana pseudostems 63.4 4.61 

3 
Raw cassava stems 56.7 2.31 
MCC from cassava stems 74.8 4.18 

4 
Raw spent co�ee grounds 29.4 2.82 
MCC from spent co�ee grounds 69.2 4.34 

Table 3. Crystallinity index (CrI) and crystal size of raw biomass samples and corresponding MCC
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the removal of amorphous cellulose regions during acid 
hydrolysis, which cleaves the 1,4-glycosidic bonds.

Overall, the MCC extracted from cassava stems, 
banana pseudostems, pineapple leaves, and spent coffee 
grounds demonstrated distinct differences in yield, 
particle morphology, crystallinity, and thermal stability. 
Among these, cassava stems possessed a relatively high 
cellulose content and MCC recovery efficiency, second 
only to pineapple leaves. Moreover, cassava stems are 
widely available across Vietnam - from North to South - 
particularly in provinces such as Tay Ninh province, Gia Lai 
province, Dak Lak province, Quang Ngai province, Dong 
Nai province, Nghe An province, Phu Tho province, and 
Son La province. Therefore, MCC derived from cassava 
stems offers the most favorable combination of recovery 
yield, particle uniformity, crystallinity index, and thermal 
stability. Given both its material performance and the 

abundance of feedstock, cassava stem-derived MCC is 
the most practical and sustainable source for large-scale 
production. Consequently, it was selected for subsequent 
composite fabrication with TPS and PLA to ensure optimal 
reinforcement efficiency and processing stability.

3.2. Structural, thermal, and morphological analysis of 
MCC-reinforced TPS/PLA composites

3.2.1. X-ray diffraction 

The XRD pattern of the PLA sample (Figure 7a) 
exhibited characteristic diffraction peaks at 2θ ≈ 16.8°, 
19.1°, 22.6°, and 28.9°. The most intense diffraction peak 
at 2θ = 16.8° corresponds to the (200)/(110) lattice planes, 
confirming the predominance of the α-form crystalline 
phase of PLA, which is known to be the thermodynamically 
most stable crystalline modification of polylactic acid.

Figure 6. XRD patterns of raw materials and the corresponding MCC obtained from four biomass sources: pineapple leaves (a), banana pseudostems (b), cassava stems (c), and spent coffee 
grounds (d).
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Upon thermoplasticization with 
glycerol and water, the TPS (Figure 7b)  
sample showed a substantial reduction 
or complete disappearance of these 
crystalline peaks, replaced by a broad 
amorphous halo at 2θ ≈ 17° - 22.5°, 
confirming the disruption of the semi-
crystalline starch structure during 
gelatinization and melt processing.

In the MCC/TPS composite (Figure 
7c), the amorphous halo of TPS remained, 
while characteristic cellulose I peaks 
of MCC at 2θ ≈ 16.0°, 22.5°, and 34.5° 
appeared with increased intensity, 
resulting in a higher overall crystallinity. 
This confirms MCC’s role as a crystalline 
reinforcing phase dispersed within the 
amorphous TPS matrix.

For PLA/(MCC/TPS) composites (Figure 
7d), diffraction peaks at 2θ ≈ 15°, 16.5°, 19°, 
and 22.5° were observed, corresponding 
to PLA’s crystalline structure alongside 
the amorphous halo of TPS and MCC 
peaks. The coexistence of these crystalline 
and amorphous domains suggests a 
multiphase morphology without complete 
miscibility among the components.

3.2.2. Thermal analysis 

The TGA/DTG results revealed that 
the TPS, MCC/TPS, and PLA/(MCC/TPS) 
samples exhibited two main stages of 
mass losss with increasing temperature. 
The first stage (below 200°C) corresponds 
to the evaporation of moisture and partial 
volatilization of glycerol-rich phases, with 
weight losses of 11.39%, 10.55%, and 
15.16% for TPS, MCC/TPS, and PLA/(MCC/
TPS), respectively. In contrast, the mass of 
the PLA sample remained nearly constant 
in this region, confirming its high thermal 
stability and the absence of chemical 
degradation.

The second stage (200 - 600°C) is 
associated with the thermal degradation 
of starch-rich phases, overlapping with 
the decomposition of MCC. The major 
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Figure 7. X-ray diffraction patterns of (a) PLA, (b) thermoplastic starch (TPS), (c) MCC/TPS,  
and (d) PLA/(MCC/TPS) composites.
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weight losses were 88.56% for TPS, 89.03% for MCC/TPS, 
and 84.78% for PLA/(MCC/TPS), with corresponding DTA 
peaks at 315.02°C, 326.84°C, and 348.55°C. This stage 
highlights the difference in degradation mechanisms 
between PLA and starch/cellulose-based systems. Pure 
PLA underwent a single major decomposition step 
at 355.69°C, resulting in a mass loss of approximately 
87.99%. The lower degradation temperatures observed 
for TPS, MCC/TPS, and PLA/(MCC/TPS) compared to 
pure PLA indicate that incorporating MCC/TPS into the 
PLA matrix increased the residual char yield and slightly 
reduced the decomposition temperature. These effects 
reflect the influence of interfacial interactions and the 
degree of MCC dispersion within the PLA matrix on the 
overall thermal stability of the composites.

3.2.3 Morphological analysis (SEM)

The SEM image of neat PLA (Figure 9a) shows 
a relatively smooth and dense surface with slight 
roughness, indicating the coexistence of amorphous and 

crystalline regions. No visible cracks or phase separation 
are observed, confirming the good morphological 
stability of pure PLA.

In contrast, the TPS sample (Figure 9b) displays 
a rough and irregular surface with micro-voids and 
discontinuities, suggesting incomplete gelatinization and 
partial incompatibility between starch and the plasticizer. 
For the MCC/TPS composite (Figure 9c), bright particles 
corresponding to MCC are observed partially embedded 
in the starch matrix, indicating non-uniform dispersion 
and partial aggregation of MCC.

The PLA/(MCC/TPS) composites (Figure 9d) exhibit 
smoother and more compact fracture surfaces, implying 
finer dispersion and improved compatibility between 
PLA and TPS. This enhancement is likely due to branching 
and crosslinking reactions between maleic anhydride–
modified PLA (PLA-MA) and hydroxyl groups of starch, 
which reduce interfacial tension and improve miscibility 
at the polymer–filler interface.

Figure 8. TG-DTA thermal analysis curves of (a) PLA, (b) TPS, (c) MCC/TPS, and (d) PLA/(MCC/TPS) composites.
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These morphological findings support the hypothesis 
that well-dispersed MCC (≤15 wt%) enhances interfacial 
bonding and mechanical reinforcement, whereas 
excessive MCC loading (≈20 wt%) tends to induce particle 
agglomeration, decreasing composite uniformity and 
ductility.

3.3. Mechanical properties of PLA/(MCC/TPS) composites

Table 4 summarizes the tensile strength, elongation at 
break, and elastic modulus of the composites. Increasing 
TPS and MCC content led to a progressive decrease in 
tensile strength and elongation, consistent with the 
reduction of PLA’s reinforcing fraction.

The B70:4.5:25.5 formulation (PLA:MCC:TPS = 
70:4.5:25.5), corresponding to 15 wt% MCC in the MCC/
TPS blend, exhibited the best balance of mechanical 
performance and biodegradability, making it suitable 
for packaging or food tray applications. The observed 
mechanical trends were consistent with the structural and 

morphological analyses, where SEM images revealed that 
improved MCC dispersion enhanced the tensile strength 
relative to pure PLA. TGA/DTA results indicated greater 
thermal stability, contributing to improved durability 
during melt processing. XRD analysis confirmed the 
presence of crystalline MCC, which increased the stiffness 
of the composites. However, excessive MCC loading led to 
embrittlement, emphasizing the need for optimized filler 
content.

4. Conclusions

Microcrystalline cellulose was extracted from cassava 
stems, banana pseudostems, pineapple leaves, and spent 
coffee grounds.  Among these sources, cassava stem MCC 
was identified as the most feasible and sustainable source 
due to its high crystallinity, uniform particle dimensions, 
processing stability, ready availability, and large-scale 
supply potential. This MCC was subsequently incorporated 
into thermoplastic starch and polylactic acid matrices 

Figure 9. Scanning electron microscopy (SEM) images of (a) PLA, (b) TPS, (c) MCC/TPS, and (d) PLA/(MCC/TPS) composites.
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to produce fully biodegradable composites. Structural, 
morphological, and thermal analyses confirmed that 
well-dispersed MCC acts as an effective reinforcing phase, 
enhancing tensile strength, elastic modulus, and thermal 
stability. The optimized PLA:MCC:TPS ratio of 70:4.5:25.5 
(corresponding to 15 wt% MCC in the MCC/TPS blend) 
achieved the best balance between mechanical 
performance and biodegradability, making the resulting 
composites suitable for sustainable packaging and food 
service applications. These findings align with global 
energy transition strategies and CO₂ mitigation objectives, 
offering a viable pathway to replace petrochemical-based 
plastics in targeted sectors.
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1. Current air pollution status and motorcycle contri-
bution 

Vietnam's major cities confront unprecedented air 
pollution, with PM₂.₅ concentrations persistently reaching 
hazardous levels. Throughout early December 2025, 
Hanoi experienced severe episodes with AQI ranging 187 
- 275 citywide, corresponding to PM₂.₅ concentrations 
of 110 - 170 µg/m³ (22 - 34 × WHO guideline). The 2024 
annual average PM₂.₅ concentration reached 45 µg/m³ 
(9 × WHO guideline), placing Hanoi among Asia's most 
polluted capitals [1].

According to World Bank analysis using the 
GAINS model for Hanoi's PM2.5 emissions in 2015, the 
transportation sector contributed 15% from vehicle 
exhaust and 23% from road dust, representing a 
combined 38% of total air pollution. Other major sources 
included industrial activities (29%), open burning of rice 
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straw (26%), and residential/commercial combustion 
(7%) [2].

However, the transportation contribution may have 
increased substantially since 2015. Vietnam's motorcycle 
fleet has grown from approximately 44 million units in 2015 
to over 77 million by 2024 - a 75% increase. This dramatic 
expansion in motorcycle ownership, representing one 
of the world's highest rates at 770 motorcycles per 
1,000 people, suggests that transportation's share of air 
pollution has likely increased beyond the 38% recorded 
in 2015. Motorcycles are the dominant emission source 
within the transportation sector. Studies demonstrate 
that motorcycles are responsible for 60% of transport-
related PM2.5 in Ho Chi Minh City and contribute 68 - 70% 
of PM2.5 emissions from the transportation sector across 
major Vietnamese cities. The high emissions stem from 
widespread use of aging gasoline-powered motorcycles 
with inadequate emission controls and limited public 
transportation infrastructure [3 - 5].

Summary

Vietnam's major cities experience severe air pollution with Hanoi recording PM₂.₅ concentration of approximately 45 µg/m³, nearly 9 
times higher than the WHO guideline value. This situation is driven by 77 million motorcycles, of which 70% are over 10 years old and 94% 
lack emission control systems. Motorcycles account for about 76% of urban CO, 68% of HC, and 54% of NOx. The transition toward electric 
vehicles faces critical challenges, including 10 - 15 years of infrastructure development versus an 18-month policy deadline, battery 
production emissions (60 - 100 kg CO₂/kWh), and coal-thermal electricity transferring pollution. This paper analyzes emission control 
technologies and reveals that electronic fuel injection and E10 achieve only 30 - 40% reductions while increasing NOx, whereas three-
way catalytic converters demonstrate more than 85% reduction across all pollutants at significantly lower cost than immediate electric 
vehicle conversion. A two-phase framework is proposed: i) immediate retrofitting (2025 - 2028) supported by clean fuel supply and gas 
power expansion, and ii) a systematic transition (2028 - 2040) enabled by diversified clean energy infrastructure, metro networks, and 
green hydrogen ecosystem. Throughout both phases, coordination with the petroleum sector is emphasized to ensure energy security 
during the transformation.

Key words: Catalytic converter, motorcycle emissions, air pollution, Vietnam, emission control technology. 
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2. Government policies and electric vehicle transition challenges

2.1. Emission standards and geographic restrictions

Vietnam's regulatory response employs dual strategies: emission 
standards tightening and accelerated electrification. Decision 19/2024/
QĐ-TTg mandates Euro 4 compliance (CO ≤ 1.14 g/km, HC ≤ 0.38 g/
km, NOx ≤ 0.07 g/km) for new motorcycles by July 2026 and mopeds by 
July 2027 [6]. However, these standards apply only to new vehicle sales, 
creating a regulatory gap with the existing 77 million-unit fleet where 
70% exceed 10 years of age.

Implementation employs graduated geographic restrictions. Hanoi's 
resolution dated November 26, 2025, establishes low-emission zones 
centered on Ring Road 1, with time-based restrictions taking effect on 
July 1, 2026, and affecting approximately 450,000 motorcycles. The zone 
will expand progressively through Ring Roads 2 and 3 by 2028 and 2030, 
respectively. Ho Chi Minh City pursues a parallel phased implementation 

targeting the complete prohibition of 
gasoline motorcycles in downtown by 
2032.

2.2. Electric vehicle transition barriers

The electric vehicle transition 
represents the primary long-term 
compliance solution but it confronts 
severe barriers across three dimensions:

Infrastructure: Ho Chi Minh City's 600 
charging points serve fewer than 10,000 
EVs, requiring expansion to 3,000 stations 
by December 2028-a 400% increase in 36 
months. More critically, Vietnam's 2023 
electricity crisis caused USD 1.4 billion in 
economic losses. Converting millions of 
motorcycles would demand substantial 
generating capacity, with coal-thermal 
sources (47% of electricity) merely 
transferring emissions from urban to rural 
areas without net pollution reduction.

Economic: Electric motorcycles are 
priced at VND 20 - 40 million versus 
equivalent gasoline models at VND 15 - 25 
million, representing a 30 - 60% premium. 
Battery replacement (VND 8 - 12 million 
after 5 - 7 years) eliminates operational 
savings, creating total ownership costs 
exceeding conventional motorcycles over 
a typical 10-year lifespan. Current subsidies 
address only 14% of targeted fleets.

Environmental: Lithium-ion battery 
production generates significant upstream 
emissions through energy-intensive 
mining (lithium, cobalt, nickel) causing 
water/soil pollution and manufacturing 
processes, with 60 - 100 kg CO₂ emissions 
per kWh battery capacity. A typical electric 
motorcycle battery (1.5 - 2 kWh) embeds 
90 - 200 kg CO₂ before first use, requiring 
5,000 - 10,000 km operation to offset 
manufacturing emissions-negating short-
term air quality benefits in emission-
constrained scenarios. Downstream, 
batteries require specialized recycling 
facilities absent at commercial scale in 
Vietnam. The VinES-Li-Cycle partnership 

Figure 2. Illustrative PM₂.₅ source contribution breakdown for Hanoi (conceptual schematic).

Figure 1. Hanoi air quality spatial distribution in December 2025.
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targets facility commissioning in 2025, which is obviously insufficient 
for current policy deadlines. With 8- to 10-year battery lifespans, 
large-scale adoption would generate massive waste streams from 
2031 onward, while current facilities landfill 85% of 400,000 tons of 
annual motorcycle waste without treatment. This lifecycle pollution 
burden - from mining regions to manufacturing zones to disposal 
sites - often transfers environmental costs to less developed regions 
rather than eliminating them [2, 6].

2.3 Public transport infrastructure gaps

Public transportation development in both Hanoi and Ho Chi 
Minh City remains insufficient to support the immediate motorcycle 
phase-out. Hanoi operates 2 metro lines (Line 2A since November 
2021 and partial Line 3 since August 2024) with plans for 8 lines 
totaling 318 km under Prime Minister Decision 519/QĐ-TTg. Ho Chi 
Minh City inaugurated Line 1 (19.7 km) in December 2024, with the 
city's urban railway master plan targeting approximately 510 km 
total system length requiring an estimated USD 24 billion investment 
under Decision 1711/QĐ-TTg dated December 31, 2024. Even 
with aggressive development timelines, completing these metro 
networks extends beyond 2027. Existing diesel bus fleets compound 
the pollution challenge rather than offering solutions. Hanoi's public 
transport system comprises 2,279 buses, of which 86.8% (over 2,000 
vehicles) remain diesel-powered, with only 277 buses (13.6%) using 
green energy. Ho Chi Minh City operates 2,209 buses with 546 green 
energy vehicles. Both cities target 100% green energy bus conversion 
by 2030, but current diesel operations contribute to, rather than 
mitigate, urban air pollution. Combined metro-bus systems cannot 
absorb 77 million motorcycles within policy timeframes, creating 
implementation gaps between emission reduction targets and 
infrastructure readiness [7, 8].

2.4. Timeline mismatch and international lessons

Chinese cities provide instructive precedent. Over 160 cities 
implemented motorcycle restrictions by 2009, substantially 

increasing travel costs for low-income workers 
and collapsing China's motorcycle market 
from 26.9 million (2014) to 15.5 million (2018) 
sales. Shanghai's success required over 20 
years of sustained infrastructure investment 
combined with effective restrictions, rather 
than rapid policy implementation.

Timeline analysis reveals a fundamental 
mismatch: systematic EV transition and 
public transport development require 10 - 
15 years, yet policy deadlines allow only 18 
months before Euro 4 enforcement. Given that 
comprehensive metro completion and bus 
electrification cannot be achieved within this 
timeline, interim emission control solutions 
for the existing motorcycle fleet become 
essential. Bridge solutions must meet four 
criteria: proven emission reduction achieving 
Euro 4 compliance (>75% reduction across all 
pollutants), economic accessibility (VND 2 - 5 
million), technical compatibility with an aging 
fleet regardless of mechanical condition, and 
social equity protecting livelihoods while 
advancing environmental objectives [9].

3. Technical solutions for the existing  
motorcycle fleet 

Emission control strategies are divided 
into primary methods (combustion 
optimization) and secondary methods 
(exhaust aftertreatment). Primary methods 
target pollutant formation at source through 
improved fuel-air mixing and combustion 
completeness. Secondary methods chemically 
convert already-formed pollutants before 
atmospheric release. While primary methods 
offer measurable improvements, their 
reduction magnitudes prove insufficient for 
Euro 4 compliance, particularly for aging 
engines where degradation limits optimization 
potential.

3.1. Primary methods: Combustion efficiency 
enhancement 

Electronic fuel injection (EFI) retrofitting: 
Replacing carburetors with electronic fuel 
injection delivers precise fuel metering 

Figure 3. Motorcycle scrapyard.
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through oxygen sensor feedback. Field studies on 125cc 
motorcycles documented 82 - 96% CO and 36 - 55% 
HC reduction but paradoxically doubled NOx emissions 
through elevated cylinder temperatures [10]. Retrofit 
costs of VND 3 - 5 million with 4 - 6 hour installation limit 
practical applicability to ~40% of Vietnam's fleet, only 
well-maintained post-2010 motorcycles with adequate 
electronic infrastructure.

Biofuel (E10) integration: Laboratory studies 
document 10 - 13% CO and 10 - 15% HC reduction but 
40% NOx increase and 51% particle number concentration 
rise. Vietnam mandates nationwide E10 deployment from 
June 1, 2026 (Decision 46/2025/QĐ-TTg, Circular 50/2025/
TT-BCT), transitioning to E15 by January 2031. However, 
critical constraints persist that domestic production 
(450,000 m³/year from 2 operating plants) meets only 30 
- 40% of demand (1.2 - 1.5 million m³/year), requiring 60% 
imports. Cassava feedstock causes severe soil erosion (20 
- 40 tons/hectare annually) and demands high fertilizer 
inputs. Second-generation lignocellulosic facilities require 
USD 100 - 200 million investment per plant with only 2 of 
6 planned facilities currently in operation [11, 12].

Fuel additives: Commercial additives claim 5 - 
15% emission reductions but independent testing 
demonstrates minimal benefits. Indonesian studies 
found bio-additives increased CO₂ emissions (0.28 - 8.01 
ppm/ml) versus synthetic additives (0.88 - 13.17 ppm/
ml) [13]. Annual costs (VND 1.2 - 3.6 million) approach 
catalytic converter capital costs without proven emission 
reductions for aging motorcycles.

Although EFI optimization and E10 fuel adoption 
can achieve up to 30 - 40% emission reductions, these 
measures alone do not reliably ensure compliance with 
applicable motorcycle emission standards (Level 2-3) 
across the legacy fleet, as emission performance among 
very old and carbureted motorcycles remains highly 
variable and difficult to control in the absence of exhaust 
after-treatment.

3.2. Secondary methods: catalytic converter technology 
- Application scope and global market

Catalytic emission control technology has evolved 
into a global industry with two main segments:

Transportation: Market reached USD 169.5 billion 
(2024) and is forecasted to grow to USD 387.8 billion 
(2034), corresponding to a CAGR of 8.6%/year. This 
segment includes three-way catalysts for gasoline 
engines, diesel oxidation catalysts (DOC) and selective 
catalytic reduction (SCR) for trucks, ships, and mobile 
machinery. The Asia-Pacific region accounts for 49.8% of 
the global market share.

Stationary industrial: Market reached USD 24.5 billion 
(2024) and is forecasted to attain USD 33.1 billion (2033), 
corresponding to a CAGR of 3.3%/year. Applications 
include coal/gas power plants (67.8% market share), 
refineries (FCC, hydrotreating), cement (kiln DeNOx), steel 
(blast furnaces), chemicals (VOC treatment), and large 
marine vessels.

The total global catalytic emission control market 
exceeded USD 194 billion in 2024, reflecting its essential 
role in global air pollution control [14, 15].

Operating principles of three-way catalysts

Three-way catalysts (TWC) operate through 
heterogeneous catalysis on ceramic/metallic substrates 
(400 - 900 cells/inch²) coated with Al₂O₃-CeO₂-ZrO₂ 
washcoat containing nano-sized precious metals (Pt, Pd, 
Rh). At 350 - 900°C, three simultaneous reactions occur:

Oxidation (Pt, Pd):

2CO + O₂ → 2CO₂

C₃H₈ + 5O₂ → 3CO₂ + 4H₂O

Reduction (Rh):

2NO + 2CO → N₂ + 2CO₂

C₃H₈ + 10NO → 5N₂ + 3CO₂ + 4H₂O

Agricultural residues

Pretreatment

Acid hydrolysis
Fermentation Ditillation

Bioethanol

Residues for 
further processingFigure 4. Second-generation bioethanol production.
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Performance: Reduction achieves >95% for CO, >90% 
for HC, >85% for NOx at λ = 0.97 - 1.03, exceeding Euro 4 
requirements. Lifespan exceeds 100,000 km with fuel <10 
ppm sulfur [16, 17].

-	 Research achievements and technology gaps for 
motorcycles

Developed markets: Euro 4 (2016) and Euro 5 (2021) 
drove advanced technologies-metallic substrates 
600 - 900 cpsi for rapid light-off, Pt:Pd:Rh = 5:5:1 cost 
optimization, CeO₂-ZrO₂ washcoat thermal stability, 
close-coupled positioning reducing light-off time to <60 
seconds. India (BS-VI 2020) achieved a 70% reduction in 
particulates, while China (GB14622-2016) applied Pd-Rh 
systems with HC+NOx ≤0.12 g/km [13, 14]. However, these 
technologies serve premium new motorcycles (>VND 100 
million), while European aftermarket exhaust systems 
cost VND 15 - 30 million, which is therefore unsuitable for 
low-cost used motorcycle retrofits.

Vietnamese research: Prof. Le Minh Thang (Hanoi 
University of Science and Technology) developed MnO₂-
Co₃O₄-CeO₂ catalysts on cordierite substrates (Vietnam 
Patent 20257/2018) without precious metals, achieving 
> 90% CO/HC at 350 - 400°C with ~50% lower cost, 
indicating strong potential to reduce import dependence 
[15]. Challenges: NOx performance has not yet reached 
the >85% level required for full Euro 4 compliance; long-
term testing under tropical conditions (25 - 35°C, 80 - 95% 
humidity), high-sulfur fuels (50 - 150 ppm vs < 10 ppm 

in the EU), and aged engines with oil consumption have 
not been conducted. The technology has not yet been 
commercialized, and would require about 3 - 5 years and 
tens of billions of VND investment for market readiness.

Critical gaps: OEMs (Bosch, Denso) serve only new 
vehicles. European aftermarket products are costly. Asian 
aftermarket alternatives often exhibit poor quality (Pt/Pd/
Rh 30 - 50% below standards, lifespan <30,000 km, and 
counterfeits widespread). There is a lack of products that 
are suitable for tropical climates, compatible with aged 
motorcycles, while affordable for Vietnam's 77 million 
fleet.

-	 Feasibility potential for Vietnamese used 
motorcycles

With Euro 4 standards applying to new motorcycles 
from July 2026, Vietnam must also address emissions from 
an existing fleet of approximately 77 million motorcycles, 
of which around 70% are over 10 years old and 94% 
lack exhaust after-treatment. While Euro 4 requirements 
do not apply to legacy vehicles, their age and technical 
heterogeneity significantly limit the effectiveness of 
primary emission control measures.

Among the evaluated technologies, exhaust catalytic 
after-treatment emerges as one of the most feasible 
short- to medium-term options for emission control 
in used motorcycles, as it enables the simultaneous 
reduction of CO, HC, and NOx while delivering more 
consistent performance across heterogeneous and aging 
vehicle conditions. This assessment refers to improving 
compliance with applicable in-use emission standards 
and reducing real-world emissions, rather than retrofitting 
legacy motorcycles to Euro 4 requirements.

Support requirements: (i) the establishment of a clear 
regulatory framework for vehicle inspection following 
exhaust system modifications; (ii) the progressive 
availability of ultra-low sulfur fuels to ensure catalyst 
durability; (iii) the development of quality standards and 
certification mechanisms to prevent counterfeit products; 
and (iv) supportive fiscal policies, such as tax exemptions 
or reductions for catalyst-related components and 
materials, to facilitate cost-effective deployment. In 
parallel, continued research on domestically developed 
catalyst technologies, including non-precious metal 
systems, should be encouraged to improve NOx 
conversion efficiency, validate field performance, and 
advance commercialization, thereby reducing long-term 
costs [18].

Figure 5. Catalytic converter installation and various product configurations.
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4. Strategic assessment and implementation pathways

4.1. Short-term strategy (2025 - 2028): Controlling 
current emissions

Objective: To reduce emissions from 77 million 
motorcycles by 60 - 70% through a two-tier strategy: 
mandatory Euro 4 with integrated three-way catalysts for 
new vehicles from January 2027 (fundamental solution), 
retrofitting old vehicles with aftermarket catalysts during 
a 10 - 15 year transition. Three-way catalysts uniquely 
achieve Euro 4 simultaneously (>95% CO, >90% HC, >85% 
NOx), superior to EFI and E10. 

Three-phase deployment: Ring Road 1 (approximately 
600,000 vehicles, 2026 - 2027) → Ring Road 2-3 (~1.5 
million vehicles, 2028 - 2029) → nationwide (from 2030 
onward), with VND 1 – 2 million subsidies prioritizing low-
income households, and a 50% corporate tax reduction 
for domestic catalyst manufacturers. Mandatory use 
of clean fuel E10 from June 2026, and gasoline with 
sulfur content <10 ppm from 2027 to prevent catalyst 
poisoning. Compulsory SCR systems with DEF for heavy-
duty diesel vehicles from January 2027, reducing 80 - 95% 
NOx. Public transport is electrifying 50% of the bus fleet 
by 2027, completing Hanoi Metro Line 3, and expanding 
Ho Chi Minh City Lines 1 - 2.

Petrovietnam's role: Assigns member units with 
relevant functions to implement the following integrated 
solutions: 

-	 Producing/distributing E10 and <10 ppm sulfur 
gasoline through refineries; 

-	 The domestic production of ISO 22241–compliant 
diesel exhaust fluid (DEF), exemplified by Phu My Xanh, 
combined with distribution via existing fuel retail 
networks, provides an enabling foundation for large-scale 
deployment of SCR systems without relying on imported 
DEF supplies; 

-	 Developing integrated clean agriculture–
biorefinery hubs, leveraging Petrovietnam's existing 
gas-power-fertilizer infrastructure to convert agricultural 
residues into high-value products (essential oils, nanosilica, 
bio-based chemicals, biofuels), while strengthening 
control over informal open-field burning and reducing 
PM₂.₅ and NH₃ emissions;

-	 Replicating Nhon Trach 3&4 model (1,624 MW, 
>62% efficiency) to O Mon IV and Long Phu 1, expanding 
capacity to 12,000 - 15,000 MW; 

-	 Converting urban coal plants to gas, retrofitting 
aging plants with SCR/ESP/FGD reducing 20 - 30% 
industrial PM₂.₅; 

-	 Collaborating with universities developing non-
precious metal catalysts for tropical climate, testing on 
10,000+ vehicles, industrializing monazite-based cerium 
oxide washcoat, reducing costs 50 - 70%; 

-	 Converting 5,000+ stations into catalyst sales/
installation points; 

-	 Optimizing refinery operations (BSR 95.6% 
reliability), environmental investment (for NSRP about 
USD 300 million), piloting clean hydrogen; 

-	 Establishing centralized recycling treating 200,000 - 
500,000 tons/year of plastics, 100,000 tons/year of waste oil.

4.2 Long-term strategy (2028 - 2040): Fundamental 
system transformation

Replace internal combustion engines achieving an 
80 - 90% reduction by 2040. Prerequisites include 10,000 
- 20,000 EV charging stations, grid upgrades, tropical-safe 
batteries, industrial-scale recycling, and cost reduction to 
70 - 80% of gasoline vehicles. Hydrogen is designated for 
heavy-duty applications, while hybrids are for transition. 
The target is 30 - 50% electric/hydrogen vehicle new sales 
by 2035 (conservative scenario: 5 - 7 years extension).

Energy foundation: Renewables - solar and offshore 
wind (160 GW potential, with 6 GW pilot by 2030) targeting 
30 - 40% of electricity generation; nuclear - deployment of 
Gen III/III+ reactors plus thorium reactor research utilizing 
~600,000 tons of domestic monazite; and smart grid 
integration. Metro expansion (318 km in Hanoi, 85 km in Ho 
Chi Minh City by 2030) targets a 40 - 50% public transport 
share (realistically 30 - 35%). Green fuel ecosystem is 
envisaged when renewable electricity is sufficient, 
including green hydrogen from electrolysis, green 
ammonia for maritime applications, CO₂ + H₂ pathway to 
methanol/DME/synthetic diesel, and second-generation 
biofuels with E15 introduced from January 2031.

Petrovietnam's role: Coordinates member units 
leading transformation, including: Converting 5,000+ 
stations into integrated energy hubs (EV charging, H₂/
ammonia fueling); Leveraging offshore expertise to 
provide EPCI/logistics services for offshore wind projects 
(GWO-certified workforce, major project bidding), 
partnering for renewable energy exports, integrating 
offshore wind with at-sea green hydrogen production; 
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Transitioning refineries toward high-value chemicals 
(e.g., benzene, paraxylene, polypropylene at Nghi Son), 
scaling clean hydrogen from pilot projects (2025 - 2030) 
to commercial deployment (beyond 2030) to serve 
refineries/fertilizer production/exports; Producing blue 
hydrogen from gas integrated with CCS, capturing 2 - 5 
million tons CO₂/year in depleted fields and combining 
with EOR; Exporting green ammonia to Japan and 
Korea; Advancing CO₂ utilization and second-generation 
biofuels; Participating in the nuclear power program; 
Research on thorium molten-salt reactor (MSR) and rare-
earth refining; Developing lithium/sodium battery; and 
expanding recycling systems.

Transition logic: Producer → Supporter (clean fuels, 
domestic catalysts, infrastructure, gas power, refinery 
greening, recycling, and DEF) → Leader (green energy, 
high-value chemicals, clean hydrogen, circular economy, 
and advanced technologies), ensuring national energy 
security throughout a 15 - 20 year transition.
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1. Introduction

Vietnam, as a developing country, has a high energy 
demand driven by electricity generation, industrial 
activities, and transportation. According to the Ministry 
of Natural Resources and Environment (MONRE), the 
country’s greenhouse gas (GHG) emissions reached 371 
million tons of CO2 equivalent in 2016, with the transport 
sector accounting for 35.8 million tons [1]. In its efforts to 
reduce GHG emissions, Vietnam updated its Nationally 
Determined Contribution (NDC) to the United Nations 
Framework Convention on Climate Change (UNFCCC) in 
September 2022, committing to a 15.8% overall emission 
reduction by 2030. Specifically, the energy sector is 
assigned a reduction target of 7%, equivalent to 64.8 
million tons of CO2 equivalent [2]. Oh J.Y predicts that road 
transport alone could emit up to 71.7 million tons of GHG 
by 2030 [3].To address these challenges, the Government 
enacted Decision No. 876/QĐ-TTg on Approving the 
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Action Program on Green Energy Transition, Reduction of 
Carbon and Methane Emissions in the Transport Sector. 
This program aims for net-zero emissions in transport 
sector by encouraging the use of electric vehicles (EVs), 
requiring all road vehicles to use E5 fuel from 2022 to 2030, 
and accelerating the shift toward public transportation 
powered by electricity or compressed natural gas (CNG) 
in urban areas.

In Vietnam, the transport sector remains heavily 
reliant on gasoline and diesel. To ensure petroleum fuel 
quality, the national standard QCVN 01:2022/BKHCN 
was issued to define quality specifications for gasoline, 
including RON92/95 Grades II, III, and V, as well as for 
ethanol-blended fuels such as E5 and E10. It also regulates 
the quality of diesel (DO Grades II, III, and V), including 
biodiesel blends (e.g., B5 and B10). The sulfur content in 
Vietnam's petroleum fuels is comparable to that of EURO 
standards. 

Currently, Binh Son and Nghi Son refineries supply 
petroleum fuels to the domestic market. Binh Son 
refinery, operating since 2009, has a capacity of 150,000 

Summary

Vietnam has committed to a national voluntary emission reduction target of 15.8% by 2030 relative to the 2014 baseline, with 
the goal of achieving net-zero emissions by 2050. Currently, 48 million motorbikes and 2.4 million cars are registered nationwide. 
Domestic market supplies gasoline and diesel in Grades II, III and V, which differ in their sulfur content. In 2023, total gasoline and 
diesel consumption reached 15.8 million tons, resulting in the emission of 50 million tons of GHG and 9,800 tons of SO2. In response, 
the government issued Decision No. 876/QĐ-TTg to gradually transition the transport sector toward cleaner, greener fuels or electricity, 
targeting Vietnam’s net-zero by 2050. In this paper, the 2030 scenario, which involves switching to ethanol fuel and transitioning gasoline 
engines to electric vehicles, will be considered and discussed as a strategy to reduce both GHG and SO2 emissions. The results will be 
compared to the commitment of the Government. 
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barrels/day (6.5 MTPA). Binh Son’s gasoline and diesel 
products comply with Grade II criteria of the QCVN 
01:2022/BKHCN. Capacity expansion to 171,000 barrels/
day and product upgrading to meet Grade V standards 
under QCVN 01:2022/BKHCN are underway and expected 
to be completed by the first quarter of 2028. Nghi Son 
refinery began operations in 2018 with a capacity of 
200,000 barrels/day (8.4 MTPA). According to the product 
specifications, the sulfur content of gasoline and diesel 
might be controlled at 50 ppm, which is higher than the 
requirement for Grade V fuel under the QCVN 01:2022/
BKHCN standards.

The distribution of petroleum fuels in Vietnam involves 
both state-owned and private companies. Three major 
state-owned companies, including Vietnam National 
Petroleum Group (Petrolimex - PLX), Petrovietnam Oil 
Corporation (PVOIL), and Military Petrochemical JSC 
(Mipec), dominate the retail market. These companies 
actively import fuels from domestic refineries and 
international sources to meet local market demand.

To mitigate emissions in the road transport sector, 
Decision No. 49/2011/QĐ-TTg mandates that all 
manufactured, assembled, and imported vehicles must 
comply with Euro 5 emission standards as of January 1, 
2022. However, Circular No. 16/2022/TT-BKHCN allows 
the continued utilization of gasoline and diesel fuels 
that comply with Grade II, III, and IV criteria until 2024. 
Variations in fuel quality directly impact emissions such 
as GHG as well as air pollutants like SO₂. This report 
focuses on quantifying the GHG and SO2 emissions from 
the transport sector in recent years and estimating the 
emission levels for 2030. 

According to Wang B. research, if Vietnam deploys 
4,490,000 EVs by 2030 pursuant to Decision No. 876/QĐ-TTg, 
it will reduce GHG emissions by 5.3 million tons, equivalent 
to a 9% reduction compared to the NDC target for the 
energy sector [4]. In our view, the most effective approach 
to reduce emissions is the utilization of biofuels and the 
transition of gasoline to electric power. Using biofuels is the 
most convenient solution, as it does not require changing 
the infrastructure for petroleum fuel distribution. The 
transition from gasoline engines to electric ones is also a 
practical solution, particularly for personal motorbikes and 
cars. Motorbikes, in particular, require minimal charging 
infrastructure modifications. However, for electric cars, it is 
essential to develop a robust charging network, such as the 
one currently being expanded by VinFast.

The objective of this study is to analyze two scenarios: 
(1) the nationwide adoption of E5 biofuel pursuant to 
Decision No. 876/QĐ-TTg, and (2) the transition from 
gasoline vehicles to EVs. The projected GHG reductions 
for these scenarios are calculated and evaluated against 
Vietnam’s commitments to national climate goals.

2. Methodology

A realistic approach for quantifying GHG emissions 
is based on national petroleum consumption. This article 
estimates national petroleum consumption and calculates 
the corresponding GHG emissions. Additionally, it 
predicts emissions for the transport sector under different 
scenarios for 2030. Non-transportation engines also use 
gasoline and diesel, but their consumption is much lower 
than that of the transport sector, so their contribution 
to total emissions is considered negligible. Petroleum 
consumption data and market share ratios were gathered 
through interviews with local companies. Additionally, 
petroleum quality standards were reviewed based on 
existing literature.

Decision No. 2826/QĐ-BTNMT, issued on October 25, 
2022, establishes emission factors for GHG inventories and 
sets regulatory norms for CO2, NOx, and CH4 emissions in 
the transport sector. CO2 emissions from road vehicles, 
railways, and water transport are nearly identical, with 
only slight variations in NOx emissions. Given that road 
transportation accounts for the largest share of traffic, its 
emission norms are used as the basis for calculations. Since 
the Decision does not specify emission factors for ethanol 
fuel, data from the Asian Development Bank is referenced 
[5]. Additionally, due to the sulfur content in petroleum 
fuels, combustion releases not only GHGs but also sulfur 
dioxide (SO2) pollutants. SO2 emissions are estimated 
based on the sulfur content in the fuel. For blended fuels, 
which combine mineral fuels and biofuels, GHG and SO2 
emissions are calculated using a ratio-based method.

3. Results and discussion

3.1. Petroleum fuel consumption in Vietnam

In Vietnam, local distributors purchase petroleum 
fuels both domestically and internationally to supply 
the domestic market. According to annual reports, PLX 
and PVOIL hold 47% and 26% of the retail market share, 
respectively [6, 7]. PLX supplies three types of gasoline: 
E5 (5% ethanol blended with RON92-II), RON95-III, and 
RON95-V, along with two types of diesel: DO-II and DO-V. 
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Table 1 summarizes the typical properties 
of its gasoline and diesel products, which 
comply with TCCS 03:2023/PLX. The results 
indicate that the three RON gasoline types 
have similar specific gravity but differ 
in octane number and sulfur content. 
Specifically, RON92/95-II contains 500 mg/
kg of sulfur, RON92/95-III has 150 mg/kg, and 
RON92/95-V has 10 mg/kg. Similarly, DO-
II has a sulfur content of 500 mg/kg, while 
DO-V contains only 10 mg/kg. Other fuel 
distributors, such as PVOIL and Mipec, also 
supply gasoline and diesel with the same 
sulfur content, ensuring compliance with 
the QCVN 01:2022/BKHCN petroleum fuel 
standards.

Decision No. 2626/QĐ-BTNMT 
establishes GHG emission norms for fossil fuel 
combustion. Based on the fuel's heating value 
and specific gravity, GHG emissions per ton of 
fuel can be calculated. The result shows that 
gasoline and diesel emit 3.11 tons CO2eq/ton 
and 3.28 tons CO2eq/ton, respectively (Table 
1). These figures are approximately in line 
with data from the Asian Development Bank 
[5]. However, Decision No. 2626/QĐ-BTNMT 
does not specify GHG emission norms for 
biofuels. To quantify emissions from E5 fuel, 
ADB's GHG emission norms were used, which 
estimate 1.93 tons CO2eq/ton for E100.

In addition to GHG emissions, SO2 
emissions vary depending on fuel quality. The 
combustion of Grade II and Grade III gasoline 
or diesel releases approximately 1 kg SO2/ton 
and 0.3 kg SO2/ton, respectively. In contrast, 
using Grade V gasoline or diesel significantly 

reduces SO2 emissions to just 0.02 kg SO2/ton, a 50-fold decrease 
compared to Grade II. These results highlight the environmental 
benefits of using higher-quality fuels.

Based on the gasoline and diesel volumes of PLX and PVOIL from 
2021 to 2023 and their respective market shares, the country's total 
gasoline and diesel consumption can be estimated, as shown in Figure 
1. During this period, gasoline consumption increased from 5.5 million 
tons in 2021 to 8.3 million tons in 2023 and diesel consumption rose 

Figure 2. Proportion of gasoline and diesel quality grades in 2023.

Figure 1. Sales volume of gasoline, diesel, and ethanol in 2021, 2022, and 2023.
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(kg/m3) 
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(ton CO2eq/ton) 
SO2 emission 

(kg/ton) 
Fossil fuel TCCS 03:2023/PLX 

RON92/95-II 730 500 3.11 1.0 
RON92/95-III 730 150 3.11 0.3 
RON92/95-V 730 10 3.11 0.02 

DO-II 820 - 860 500 3.28 1.0 
DO-V Max 845 10 3.28 0.02 

Biofuel [5] 
Ethanol 0.79 - 1.93 - 

Table 1. Quality specification of gasoline and diesel and their emission factor
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from 5.6 million tons to 7.4 million tons. Despite the high demand 
for petroleum fuels, ethanol adoption remained limited, with E100 
consumption averaging approximately 100,000 tons per year during 
this period. Figure 2 illustrates the proportion of PLX’s fuel types in 2023. 
RON95-III accounted for over 65% of gasoline sales, E5 contributed 
25%, and RON95-V made up 10%. Meanwhile, DO-II dominated diesel 
sales with an 88% share, while DO-V accounted for the remaining 12%.

In general, the retail price of Grade V fuel is always higher than 
that of Grade III fuel. For example, on December 28, 2023, the retail 
prices of Zone 1 were as follows: E5 at 21,180 VND/liter, RON95-III at 
22,140 VND/liter, RON95-V at 22,700 VND/liter, DO-II at 19,780 VND/
liter, and DO-V at 20,760 VND/liter [8]. The price difference between 
RON95-III and RON95-V was 560 VND/liter, while the gap between DO-
II and DO-V was 630 VND/liter. For petroleum fuel, the end-users tend 
to prefer competitively priced products. It suggests that RON95-III and 
DO-II were priced competitively, which resulted in the highest sales 
volume recently. Although the E5 was priced 960 VND/liter lower than 

RON95-III, possibly due to concerns of biofuel 
quality, the sales volume of E5 remained 
significantly lower than that of RON95-III. 
Despite Vietnam's efforts to promote E5 and 
low-sulfur fuels since 2007, sales volumes for 
E5 and Grade-V fuel remain relatively low.

To encourage the adoption of E5, in-depth 
studies on consumer behavior during the shift 
from gasoline to E5 are essential. Identifying 
the psychological barriers, consumption 
habits, and the public's willingness to accept 
alternative fuels is crucial and needs further 
study.

By combining sales volume and GHG 
emission factors for petroleum and ethanol 
fuels, total GHG emissions were quantified, 
and the results are shown in Figure 3. The 
findings indicate that approximately 11.2 
million tons of gasoline and diesel were 
consumed in 2021, rising to 14.8 million 
tons in 2022 and 15.8 million tons in 2023. 
Correspondingly, GHG emissions increased 
from 35.3 million tons in 2021 to 46.9 million 
tons in 2022, reaching approximately 50 
million tons in 2023. Vietnam currently 
supplies gasoline and diesel with varying 
sulfur content. Based on the national fuel 
consumption and sulfur levels in different 
fuel grades, SO2 emissions were estimated. 
The results reveal that approximately 
7,600 tons of SO2 were released into the 
atmosphere in 2021, increasing to 9,600 
tons in 2022 and 9,800 tons in 2023 (Figure 
4). Although Vietnam mandated that vehicle 
manufacturers comply with Euro 5 emissions 
standards starting in 2022, the local market 
continues to supply Grade II and Grade III 
fuels at lower prices than Grade V fuels. As a 
result,  SO2 emissions of vehicles are unlikely 
to meet Euro 5 targets as the Government 
had anticipated.

3.2. GHG and SO2 emissions of the baseline 
scenario for the 2025 - 2030 period

Oh J.E. estimated that Vietnam’s gasoline 
and diesel consumption could reach 
9.33 million tons and 10.62 million tons, 
respectively, by 2025, and further increase to 

Figure 3. Estimate petroleum fuel volume consumption and GHG emissions. 

Figure 4. SO2 emission from petroleum fuel combustion in transportation.
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at least 12.33 million tons of gasoline and 15.10 million tons of diesel 
by 2030 [3]. The Baseline scenario calculates GHG and SO2 emissions 
for 2025 and 2030, assuming that the market will continue consuming 
three types of gasoline (E5-RON92-II, RON95-III, and RON95-V) 
with the same proportions as in 2023. Based on the volume of E5-
RON92-II for 2025 and 2030, the volume of E100 is expected to reach 
approximately 128,000 tons in 2025 and increase to 170,000 tons by 
2030. GHG emissions from gasoline and diesel consumption for these 
years were quantified. The results indicate that with a total petroleum 
consumption of 20 million tons in 2025, emissions could reach 63.7 
million tons of CO2eq. By 2030, fuel consumption is projected to rise 
to 27.4 million tons, resulting in an estimated 87.7 million tons of GHG 
emissions (Figure 5).

The amount of SO2 emissions can be quantified as mentioned 
above, reaching 13,400 tons in 2025 and 18,700 tons in 2030. However, 
if the country uses the Grade V petroleum fuel according to QCVN 

01:2022/BKHCN standard, the SO2 emissions 
would be markedly reduced to approximately 
400 tons in 2025 and 550 tons in 2030. 
These findings highlight that a substantial 
reduction in SO2 emissions can be achieved if 
Grade V petroleum fuels are strictly enforced 
nationwide in the future.

3.3. First scenario for mandatory E5 

Vietnam has four ethanol plants with a 
total annual capacity of 280,000 tons. These 
plants began operation in 2012, however, 
due to low ethanol consumption, some were 
temporarily shut down. During 2021 - 2023, 
ethanol fuel consumption remained low at 
only 100,000 tons, so there is just one plant 
currently in operation to supply the domestic 
market. According to Decision No. 876/QĐ-
TTg, which enforces the nationwide adoption 
of E5 fuel in the coming years, ethanol 
consumption is expected to increase (First 
scenario). Under this scenario, three types 
of ethanol-blended gasoline E5-RON92-
II, E5-RON95-III, and E5-RON95-IV will be 
supplied to the domestic market. Ethanol 
consumption is projected to reach 531,000 
tons in 2025 and increase to 702,000 tons by 
2030. Compared to the total capacity of the 
four local ethanol plants, this would meet 
only 40% of market demand by 2030.

As mentioned above, Vietnam’s gasoline 
and diesel consumption could reach 20 
million tons and 27.4 million tons, respectively, 
by 2025 and 2030, and the data will be 
considered as Baseline scenarios for our report. 
Table 2 presents the GHG emissions for the 
Baseline and First scenarios for 2025 and 2030, 
focusing solely on gasoline consumption. In 
the Baseline scenario, the gasoline volume 
will be 9.33 million tons in 2025 and increase 
to 12.33 million tons in 2030. As a result, GHG 
emissions are projected to be 28.9 million tons 
in 2025, rising to approximately 38.1 million 
tons by 2030. Under the First scenario, with 
the increase of ethanol fuel from 531,000 tons 
to 702,000 tons for the period of 2025 - 2030, 
the GHG emissions are expected to decrease 
slightly to 28.4 million tons in 2025 and 37.5 

Figure 5. Estimate petroleum consumption and GHG emissions for 2025 and 2030. 

Figure 6. Comparison of SO2 emission in the Baseline scenario and the mandatory use of Grade-V gasoline 
and diesel. 
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million tons by 2030. This suggests that full implementation 
of Decision No. 876/QĐ-TTg, obligating the use of E5 fuel, 
could reduce GHG emissions by 500,000 tons in 2025 and 
600,000 tons in 2030 compared to the Baseline scenario. 
Furthermore, this decision would not only contribute to 
GHG reduction but also provide an opportunity to reopen 
ethanol plants in Vietnam.

Vietnam has pledged to reduce GHG emissions by 
15.8% below business-as-usual (BAU) levels by 2030, as 
outlined in its updated NDC-2022. The energy sector must 
reduce emissions of 7%, equivalent to 64.8 million tons of 
GHG. The transport sector accounts for 20.2% of the final 
energy consumption of the nation [9]. The NDC-2022 does 
not specify a reduction target for the transport sector, so it 
is assumed a reduction of 7%, corresponding to a decrease 
of 13 million tons of GHG by 2030. By implementing 
the E5 gasoline mandate policy, as proposed in the First 
scenario, it will only reduce 600,000 tons by 2030 and will 
contribute approximately 4.6% of the target.

3.4. Secondary scenario for transition from gasoline 
vehicles to EV

Wang B. reported promising figures for the 
vehicle transition in Vietnam. By 2025, electric vehicle 
registrations are projected to include 1,163,000 electric 
motorbikes (e-bikes), 60,000 electric cars (e-cars), and 
470 electric buses (e-buses). By 2030, these registered 
numbers are expected to grow to 1,159,000 e-bikes, 
297,000 e-cars, 2,440 e-buses, 10 inter-provincial 
passenger cars, and 2,500 electric trucks. With 4,490,000 
EVs and an emission factor of 0.52 tons CO2/MWh in 2030, 
it will reduce 5.3 million tons of GHG, equivalent to a 9% 
reduction compared to the NDC target for the energy 
sector and up to a 41% reduction for the transport sector 
[4]. These optimistic situations are based on strong policy 
and financial support for transition initiatives by both the 
public and private sectors.

According to DEA report, Vietnam had approximately 
2.4 million gasoline cars and around 48.3 million 
motorbikes by 2022. Motorbikes accounted for 71% of 
gasoline consumption, while cars used 29% [10]. Based 
on the nation’s gasoline consumption of 7.8 million tons 
in 2022, motorbikes consumed approximately 5.5 million 
tons, while car engines used around 2.3 million tons. The 
data indicates that motorbikes significantly contribute to 
GHG emissions. 

The adoption of e-bikes is increasing recently, and 
in particular, it does not require the modification of the 
electric charging system, as they can be conveniently 
charged at home overnight. However, for e-cars, 
developing the necessary charging infrastructure is crucial 
to support market growth. Companies like VinFast are 
already investing and establishing the foundation for the 
broader adoption of EVs. Moreover, economic factors such 
as investment costs, government incentives, and especially 
access to charging infrastructure considerably influence 
the transition to EVs. Within the scope of this paper, we do 
not examine these issues. Instead, we provide a relative 
comparison of emissions from EV and gasoline vehicles, 
based on average growth rates of EVs in recent years.

Currently, the transition to cleaner public bus 
transportation is also progressing rapidly. According to 
Wang B., public transportation contributes only 1% of 
total transport sector emissions. The government plans 
to replace 1,470 of the 6,180 city buses with e-buses by 
2025 (23.8%), and 2,440 of the 12,750 city buses by 2030 
(19.1%) [4]. With a total of 12,750 e-buses in operation 
by 2030 and based on the fuel consumption of diesel 
buses, the power consumption of e-buses, and transport 
distances, our calculations show that switching from 
diesel to e-buses will reduce 221,000 tons of CO2.

Diesel engines contribute substantially to GHG 
emissions including ships, railways, heavy-duty trucks... 

 2023 2025 2030 
Baseline scenario 
E100 volume (thousand tons) 102 133 154 
Gasoline volume (million tons) 8.3 9.33 12.33 
GHG (million tons CO2) 26.0 28.9 38.1 
First scenario 
E100 volume (thousand tons)  531 702 
Gasoline volume (million tons)  8.8 11.6 
GHG (million tons CO2)  28.4 37.5 

Table 2. Comparison of the Baseline and First scenario for GHG reduction in 2025 and 2030
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Due to the limitation of the technology and high 
investment costs, these transport modes have not been 
deployed in Vietnam. Wang B. reports the assumption 
that, by 2025, only 10 diesel trucks will be replaced 
by e-truck; by 2030, the replacement will include only 
10 e-vehicles for passenger transportation and 2,500 
medium-duty e-trucks [4]. Therefore, by 2030, diesel 
vehicles will unlikely be replaced by EVs. Based on the 
above assumption, we have not included e-diesel in 
our assessment, as their contribution to GHG reduction 
is negligible for 2030. Instead, the study focuses on the 
transition of gasoline engine scenarios.

The Second scenario considers the transition from 
gasoline engines to EVs for motorbikes and cars by 
2030. Considering the number of vehicles registered and 
gasoline consumption in 2022, it is estimated that each 
motorbike consumes an average of 114 kg of gasoline per 
year, resulting in the emissison of 354 kg of CO2 annually. 
In comparison, a car engine consumes an average of 958 
kg of gasoline per year, emitting approximately 2,977 
kg of CO2 annually. According to the Dinh S.T. research, 
the fuel consumption rates are 1.92 liters per 100 km 
for motorbikes and 5.68 liters per 100 km for gasoline 
cars [11], which corresponds to an average annual travel 
distance of 8,200 km for each motorbike and 23,000 
km for a gasoline car. Currently, the Government is 
encouraging the transition from gasoline vehicles to EVs 
to reduce emissions in urban areas. The average power 
consumption of EVs is shown in Table 3 [11]. According to 
Decision No. 2826/QĐ-BTNMT, the emission factor for the 
grid is 0.6766 kg CO2/kWh. Calculations of GHG emissions 
for 2025 indicate that e-bikes reduce emissions by 72.5% 
compared to motorbikes, corresponding to a reduction 
of 256 kg CO2/vehicle/year. Similarly, the substitution of 
gasoline cars with EVs will result in a reduction of 586 kg 
CO2/vehicle/year, equivalent to a 25% decrease. For 2030, 

the emission factor of the grid might be 0.52 kg CO2/kWh, 
resulting an increase in the reduction of GHG emissions 
for EVs as mentioned in Table 3.

In 2019, approximately 163,000 e-bikes were 
registered, and in 2020 increased to 273,000 e-bikes, 
representing a growth rate of 8.54% [12]. It is forecasted that 
240,000 e-bikes will be registered by 2025, contributing to 
a reduction of 61,540 tons of GHG emissions that year. In 
recent years, the adoption of e-cars has accelerated, with 
8,364 vehicles registered in 2022 and 15,700 vehicles in 
2023. It is anticipated that the number of e-cars will grow 
by 25.8% during 2023 - 2032 [14], reaching approximately 
33,000 registered EVs by 2025. Each e-car is expected to 
reduce emissions by 586 kg of CO2 annually compared 
to a gasoline car. With the transition of 33,000 e-cars, it 
will reduce approximately 24,540 tons of GHG emissions 
in 2025. With the total number of EVs that might reach 
approximately 2.9 million e-bikes and 87,000 e-cars by 
2025, the estimated GHG reduction will be 808,000 tons. 

For the Second scenario of the transition from 
gasoline engine to EV, with an e-bike growth rate of 
8.54% and an e-car growth rate of 25.8%, it is estimated 
that by 2030, there will be 290,000 registered e-bikes and 
55,000 registered e-cars. A total of 4.3 million e-bikes and 
320,000 e-cars might be put in operation by 2030 and 
combined with the lower emissions of the grid, the GHG 
emissions are expected to be reduced by approximately 
1.6 million tons, contributing around 12.3% of the NDC’s 
commitment for the transport sector.

4. Conclusion

Vietnam has committed to reducing GHG emissions 
by 15.8% by 2030 with the transport sector expected 
to cut approximately 13 million tons of GHG. Vietnam 
uses various fuel types, including gasoline and diesel of 

 Unit Power consumption GHG (kg CO2/km) GHG Decrease rate (%) 
Emission factor of grid 0.6766 kg CO2/kWh for 2025 
Gasoline motorbike liter/100 km 1.92 0.043  
E-bike kWh/100 km 1.76 0.012 72.5 
Gasoline car liter/100 km 5.68 0.128  

E-car kWh/100 km 14.20  0.096 25.0 
Emission factor of grid 0.52 kg CO2/kWh for 2030 [4] 
Gasoline motorbike liter/100 km 1.92 0.043  
E-bike kWh/100 km 1.76 0.009 78.9 
Gasoline car liter/100 km 5.68 0.128  
E-car kWh/100 km 14.20 0.074 42.3 

Table 3. GHG emissions of gasoline engine and EV 
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different quality grades. By 2025, the country is expected 
to consume 20 million tons of gasoline and diesel, resulting 
in emissions of 63.7 million tons of GHG and 13,400 tons 
of SO2. Looking ahead to 2030, if the entire nation adopts 
grade-V fuels, total fuel consumption is expected to reach 
27.4 million tons, leading to GHG emissions of 87.7 million 
tons and SO2 emissions of 550 tons.

Currently, green solutions for transportation, including 
the transition to EVs, the use of biofuels, and CNG, are 
being implemented. If the E5 policy is implemented (First 
scenario), ethanol consumption is projected to reach 
about 700,000 tons by 2030, contributing to a reduction 
of 600,000 tons of GHG emissions in comparison to the 
Basic scenario. With the Second scenario of the transition 
of gasoline vehicles to EVs, it is expected that 4.3 million 
e-bikes and 320,000 e-cars will be in operation by 2030, 
leading to a reduction of 1.6 million tons of GHG emissions. 
By combining the E5 policy with the EV transition pathway, 
total GHG emissions could be reduced by 2.2 million 
tons, equivalent to a 16.9% reduction compared to the 
NDC commitment for the transport sector by 2030. This 
indicates that additional solutions are required to achieve 
a reduction target of 13 million tons of GHG emissions, 
equivalent to replacing approximately 4 million tons of 
gasoline and diesel with cleaner fuel.

To promote the use of E5 or the transition of gasoline 
engines to EVs, it is essential to conduct in-depth research 
on consumer behavior, economic factors, and the 
accessibility of charging infrastructure. A systematic study 
of these factors is necessary to provide more accurate 
forecasts of the shift from gasoline vehicles to EVs in the 
Vietnamese market.
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Diesel fuel remains a fundamental 
energy source in transportation and 
industrial sectors due to its performance 
advantages and cost-effectiveness. 
However, diesel is also a major source 
of NOx emissions, which have a severe 
impact on air quality. To resolve this issue, 
Diesel Exhaust Fluid (DEF) has become 
the standard solution in countries with 
stringent emission regulations, including 
the European Union, the United States, 
and Japan…  

DEF is manufactured from high-
purity urea in accordance with ISO 22241 
standards, consisting of 32.5% urea and 
67.5% demineralized water, creating an 
odorless, non-corrosive, and non-toxic 
solution. When injected into the exhaust 
treatment system, DEF decomposes to 
produce ammonia (NH₃), which reacts 
within the SCR catalyst to convert up 
to 90% of NOx into nitrogen and water 
vapor, helping engines maintain optimal 
operating performance and reduce fuel 
consumption.

The DEF market is entering a period 
of strong global growth. Precedence 
Research forecasts that the global DEF 
market size could reach USD 84.92 billion 
by 2034, corresponding to a stable 
Compound Annual Growth Rate (CAGR) 
of 7.93% over the 2025 - 2034 period 
[1]. Another study indicates that the DEF 
market size could reach approximately 
USD 61.56 billion by 2030, with a 
CAGR of 7.9% during the 2024 - 2030 

period [2]. These forecasts, while 
differing in time scope, both reflect the 
overall trend that the DEF market will 
continue to experience stable growth 
over the next decade, driven by the 
increasing number of vehicles using 
SCR technology, countries tightening 
emission standards, and the demand 
for enhanced operating performance 
of diesel engines in transportation and 
industrial applications.

Globally, increasingly stringent 
environmental regulations are becoming 
the primary driver of demand for DEF. 
The implementation of Euro 6 standards 
in Europe and EPA Tier 4 standards in 
the United States has led to widespread 
adoption of SCR technology to meet strict 
NOx emission regulations for automotive 
manufacturers. Additionally, DEF is also 
widely used in construction equipment 
(heavy machinery) and the agricultural 
sector (farming equipment) to achieve 
sustainable agricultural development 
goals...

The Asia-Pacific region, particularly 
Southeast Asia, is recognized as the 
fastest-growing DEF market. Market 
research organizations forecast that the 
global DEF market size will continue 
to expand with a Compound Annual 
Growth Rate (CAGR) ranging from 4.5% 
to 11.8%, depending on the application 
segment and region.

Currently, Artificial intelligence (AI) 
and machine learning (ML) algorithms 

are being researched for application 
in optimizing DEF consumption and 
enhancing exhaust treatment system 
performance. AI models are capable 
of analyzing real-time operational 
data to adjust DEF injection quantities, 
thereby maintaining optimal NOx 
reduction efficiency and reducing fuel 
consumption. Automation technology 
is being deployed in DEF production 
and distribution, contributing to 
reduced operating costs, improved 
quality, and enhanced supply capacity. 
The integration of AI and automation 
solutions into the DEF value chain is 
expected to optimize fuel consumption 
and improve emission control efficiency 
in the long term.

In Vietnam, the roadmap for the 
implementation of vehicular emission 
control standards is being progressively 
enforced. Since January 1, 2022, all newly 
manufactured and imported automobiles 
must meet Euro 5 emission standards. 
Vehicles manufactured from 2017 
onwards will be required to comply with 
Euro 4 emission standards from January 
1, 2026. Consequently, the adoption of 
technical support solutions, particularly 
SCR systems combined with DEF solution, 
enables diesel-powered vehicles to 
comply with current emission regulations, 
optimize operating performance, extend 
engine lifespan, and align with Vietnam's 
strategic orientation toward green and 
sustainable transportation development.

SELECTIVE CATALYTIC REDUCTION (SCR) TECHNOLOGY USING DEF SOLUTION REDUCES 
NOx EMISSIONS FROM DIESEL ENGINES

Selective catalytic reduction (SCR) technology is being recognized as the most ef-
fective solution for mitigating nitrogen oxide (NOx) emissions from diesel engines. The SCR 
system uses diesel exhaust fluid (DEF) to facilitate the conversion of up to 90% of NOx into 
benign nitrogen and water vapor, enabling engines to maintain optimal operating per-
formance while reducing fuel consumption.
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To achieve sustainable development 
goals and leverage advantages from raw 
materials and technology at the Phu 
My Fertilizer Plant, Vietnam National 
Industry - Energy Group (Petrovietnam)/
Petrovietnam Fertilizer and Chemicals 
Corporation (PVFCCo) has researched 
and produced DEF - Phu My green, 
meeting international standards with a 
composition of 32.5% urea and 67.5% 
purified distilled water.

After exhaust gases pass through 
the Diesel Particulate Filter (DPF), DEF - 
Phu My green is injected and mixed into 
the exhaust stream through a precision 
dosing control system as it enters the SCR 
catalytic converter. Here, ammonia in 
the urea reacts with NOx in the exhaust 
stream, neutralizing them into benign 
nitrogen (N₂) and water vapor (H₂O) that 
exit through the exhaust pipe. The SCR 
system, when combined with exhaust 
treatment fluid, can reduce NOx by up to 
90%. DEF does not cause clogging in the 
injection system nor affect the catalyst 
layer of the SCR exhaust treatment 
system.

Independent testing results show 
that DEF - Phu My green is a high-purity 

deionized urea solution for diesel engine 
exhaust treatment through the SCR 
system, helping to reduce pollutant 
emissions into the environment. All 
impurity indicators are many times lower 
than permissible limits, thereby protect 
the SCR catalyst system and maintain 
maximum treatment efficiency.

Every single batch is tested in 
PVFCCo’s laboratory to ensure consistent 
quality and compliance with the 
stringent ISO 22241 standard on purity 
and composition. DEF product has 
also achieved international quality 
certification from SGS for its quality and 
reliability. In addition to DEF - Phu My 
green 32.5% product, PVFCCo can supply 
DEF - Phu My green 40% for marine 
applications, with a maximum annual 
production capacity of 40,000 tons.

PVFCCo continues to maintain its 
position as Vietnam's leading fertilizer 
producer while accelerating expansion 
into basic chemicals manufacturing. 
The company is proactively preparing 
the necessary capabilities and resources 
to enter the petrochemicals, gas-based 
chemicals, and green chemicals when 
opportunities arise. PVFCCo targets 

revenue of at least USD 1 billion by 2030, 
with chemicals accounting for over 
35% of total revenue and an average 
annual revenue growth rate of 10%. 
In particular, PVFCCo is intensifying its 
production of green chemicals, thereby 
supporting the achievement of its 
greenhouse-gas emissions reduction 
targets.

Vu Thu Tra
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Rystad Energy’s research highlights 
digital innovation as an increasingly 
defining force in the oilfield services 
(OFS) sector as it responds to 
evolving market conditions, creating 
opportunities for steady, long-term 
growth. Rystad Energy predicts that 
over the next 5 years, the oil and gas 
industry could save more than USD 320 
billion by further digitalizing operations 
in 5 key areas: drilling optimization, 

autonomous robotics, predictive 
maintenance, reservoir management, 
and logistics optimization (Figure 1) [1]. 
Rystad Energy further notes that the 
OFS business ecosystem is expected to 
undergo a significant transformation as 
continued merger and acquisition (M&A) 
activity, new business partnerships with 
technology firms, and greater software 
integration drive digital-first business 
strategies for key OFS players.

Rystad Energy’s analysis indicates 
that the importance of digitalization, 
while still unstandardized and sometimes 
difficult to measure, is increasingly 
reflected in financial disclosures. Most 
supply-chain players do not yet break 
out standalone, generally accepted 
accounting principles (GAAP)-level 
“digital profit” in the same way a pure 
software-as-a-service company would. 
Nevertheless, this is gradually changing, 

GLOBAL OIL & GAS OUTLOOK FOR 2026
Major international organization assessments indicate that 2026 will be a year in which 

the oil and gas sector faces sustained low prices while accelerating new business models 
and digital transformation. Rystad Energy forecasts that digital initiatives could save the 
industry over USD 320 billion and will continue to reshape the oilfield services landscape. 
Wood Mackenzie observes that companies will tighten capital discipline, prioritize high-
return projects, and expand the use of AI to improve efficiency as investment in low-
carbon businesses declines. Reports from the IEA and EIA indicate persistent oversupply 
and rising inventories, suggesting that oil prices are likely to remain low throughout 2026. 
However, demand growth in non OECD markets and strategic M&A activity may drive 
significant structural shifts in the global oil and gas industry.

Figure 1. Key digitalization use cases in oil and gas, expected savings through 2030 [1].
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with Schlumberger now reporting 
a digital division in its earnings and 
projecting that the division’s margin will 
reach 35% on a full-year basis in 2025. A 
similar trend can be observed at Viridien, 
a global technology and geoscience 
company, whose digital, data and 
environment (DDE) segment generated 
USD 787 million in revenue last year, 
representing 17% growth and delivering 
adjusted earnings before interest, taxes, 
depreciation and amortization (EBITDA) 
of USD 458 million. Digital revenue 
streams offer more stable, resilient 
growth trajectories that are less exposed 
to the volatility of upstream capex.

Rystad Energy observes that the 
investment community is increasingly 
valuing energy-technology narratives, 
with service companies that clearly 
articulate technology-driven and 
recurring-revenue strategies often 
commanding higher valuation multiples 
than those tied solely to equipment 
cycles. As noted by Binny Bagga, 
Senior Vice President of supply chain 

at Rystad Energy, a strong emphasis 
on digitalization represents a direct 
pathway to creating lasting shareholder 
value

At the same time, the widespread 
deployment of digital oilfield solutions 
continues to face notable barriers, 
including substantial upfront costs 
for hardware and software, ongoing 
maintenance costs, and cybersecurity. 
These hurdles are especially acute for 
smaller firms or those operating with 
legacy infrastructure, complicating the 
justification of such investments amid 
economic uncertainty. To mitigate these 
challenges, mid-tier companies are 
selectively enhancing their offerings 
with targeted digital capabilities, while 
smaller niche players and specialized 
software vendors focus on delivering 
modular, custom solutions.

Rystad Energy further highlights a 
clear acceleration in digital investment 
through partnerships with technology 
firms, complementing internal capability 
building and acquisitions in the digital 

space. The overall intensity and frequency 
of these partnerships have increased 
sharply, especially since 2021, with the 
most significant uptick observed in the 
past 2 years among leading companies 
such as Schlumberger, Halliburton, 
NOV and Baker Hughes, underscoring 
a broader industry shift toward digital 
transformation, with large suppliers 
actively accelerating their collaborations 
with technology partners in recent years.

According to Wood Mackenzie [2], 
oil and gas companies face an even 
tougher strategic balancing act in 2026 
than in 2025, as lower oil prices will force 
more structural cost reductions and cuts 
to share buyback programs. The firm 
projects that companies will continue 
to shift investment from low-carbon 
initiatives towards upstream operations 
while broadening their resource capture 
strategies. 

Wood Mackenzie assesses that 
companies will allocate capital even 
more rigorously to their best-returning 
projects in 2026. This strategic shift will 

80

85

90

95

100

105

110

Q1      Q2     Q3     Q4     Q1     Q2     Q3      Q4     Q1     Q2     Q3     Q4      Q1     Q2     Q3     Q4     Q1      Q2     Q3     Q4      Q1     Q2     Q3    Q4      Q1      Q2     Q3    Q4

2020                                  2021                                2022                                2023                                 2024                                2025                                 2026

world production

world consumption

//
0

Forecast

-2
0
2
4
6

implied stock  build

implied stock draw 

80

World production

World consumption

0

Implied stock  build

Implied stock draw 

Figure 2. Global liquid fuels production and consumption balance [4].



93PETROVIETNAM - VOLUME 6/2025

PETROVIETNAM

result in modest year-on-year declines in 
investment across the industry, further 
reductions in low-carbon guidance as 
companies prioritize immediate returns. 
Reinvestment rates average around 55% 
of operating cash flow, though Wood 
Mackenzie notes that some players will 
outspend their operating cash flow to 
maintain strategic initiatives. 

Wood Mackenzie forecasts that the 
largest players will lead the industry up 
the AI adoption curve. The majors will be 
at the forefront of identifying where AI 
and digitalisation can cut costs, increase 
productivity, and drive efficiency. 
National oil companies (NOCs) can extract 
major operational efficiencies from two 
unique structural advantages: Their 
massive scale of operations within single 
geographic regions and their integrated, 
single-country operations spanning the 
entire value chain. These characteristics 
could give NOCs a competitive edge in 
deploying AI at scale.

According to Wood Mackenzie's 

analysis, production growth exceeding 
3% and margin expansion will mitigate 
the impact of lower prices. The majors 
are increasingly divided on their ability 
to sustain oil and gas production into 
the next decade. ExxonMobil and BP 
possess more post-2030 project options 
in their portfolios. The other majors 
face mounting pressure to accelerate 
upstream portfolio renewal. 

Wood Mackenzie observes that the 
peer group is primed for counter-cyclical 
M&A, but is unlikely to find distressed 
opportunities under its price forecasts. 
Key themes will include boosting free 
cash flow and returns, share buybacks 
even below USD 60 per barrel (led by 
Shell and the US majors), and acreage 
reloading (all players). Wood Mackenzie 
forecasts that the majors will broaden 
resource capture strategies. US gas 
could emerge as an M&A hotspot even 
if prices do not fall. Some players will 
increase exploration budgets, with 
Wood Mackenzie specifically identifying 
Chevron as likely to boost spending to 

address previous under-investment. 
A rebound in discovered resource 
opportunities as companies accelerate 
portfolio rebuilding for the next decade. 
Wood Mackenzie assesses that the 
majors will expand geographically 
into resource-rich regions, including 
the Middle East, North Africa and the 
Atlantic Margin, reversing the recent 
trend of portfolio shrinkage. 

Wood Mackenzie's analysis 
identifies a bifurcation emerging among 
oil-focused US independent producers. 
Devon Energy and ConocoPhillips will 
continue to deliver production growth 
in the Permian basin. However, Wood 
Mackenzie notes that concerns around 
the depth of top-tier well inventory 
will force companies to emphasize 
operational efficiency and continue 
reducing unnecessary development 
spending. The prioritization of 
shareholder distributions and returns 
will result in most players delivering 
flattish production. Plateauing tight 
oil production will push some E&Ps to 
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add international shale opportunities 
to support longer-term growth 
(EOG, Continental). Wood Mackenzie 
anticipates consolidation as companies 
seek to build scale and resilience. Repsol 
may pursue a reverse merger, most likely 
targeting a US player to gain a US-listing 
and scale-up. Harbour and Ithaca may 
also diversify to address production 
declines, having been linked to onshore 
and offshore US acquisitions. Companies 
with advantaged portfolios will attract 
interest from larger players, though the 
weakest E&P companies will face the 
most pressure to seek combinations.

According to the International 
Energy Agency's latest oil market report 
[3], global oil demand is set to rise by 
830 thousand barrels per day in 2025 
amid an improving macroeconomic and 
trade outlook. The IEA notes that these 
brighter prospects extend to its 2026 
forecast, which the agency has upgraded 
by 90 thousand barrels per day, to 860 

thousand barrels per day year-on-year. 
Gasoil and jet/kerosene account for 
half of 2025’s gains, with fuel oil losing 
ground to natural gas and solar in power 
generation. In 2026, petrochemical 
feedstocks will dominate growth, with 
their share rising to more than 60% from 
40% in 2025.

On the supply side, IEA reports that 
global oil supply fell by 610 thousand 
barrels per day in November, extending 
the decline from September’s record of 
109 million barrels per day to 1.5 million 
barrels per day. Global oil supply growth 
has been cut by 100 thousand barrels per 
day to 3 million barrels per day for 2025 
and by 20 thousand barrels per day for 
2026 to 2.4 million barrels per day, to 
106.2 million barrels per day and 108.6 
million barrels per day, respectively.

The IEA observes that, after 
weathering significant unplanned 
refinery outages in November, tightness 
in refined product markets has eased, 

but sanctions in the first quarter of 2026 
will provide fresh challenges. The agency 
has increased its refinery run forecasts 
for 2026 to 84.4 million barrels per day, 
raising expected growth to 750 thousand 
barrels per day.

Regarding inventories, IEA reports 
that global observed inventories rose 
to four-year highs in October, at 8,030 
million barrels. Stock builds averaged 
1.2 million barrels per day during 
the first 10 months of the year, with 
October recording a 42 million barrels 
build (+1.4 million barrels per day), 
led by higher oil on water (+83 million 
barrels), while on-land stocks declined 
by 41 million barrels, led by a 26 million 
barrels contraction in OECD countries. 
Preliminary data for November indicates 
a further increase in global stocks, 
largely attributable to higher non-OECD 
on-land crude inventories.

According to the U.S. Energy 
Information Administration's latest 
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short-term energy outlook [4], the 
Brent crude oil spot price averaged USD 
64 per barrel in November, USD 11 per 
barrel lower than in November 2024. 
The EIA reports that crude oil prices 
continue to fall in the coming months as 
growing global oil production and lower 
demand over the winter will accelerate 
the accumulation of oil inventories. EIA 
projects that the Brent price will drop to 
an average of USD 55 per barrel in the 
first quarter of 2026 and will remain 
near that price for the rest of the year.

The EIA's assessment indicates that 
strong global oil production growth 
has outpaced consumption in recent 
months, leading to a rapid rise in global 
oil inventories in the second half of 2025. 
In 2026, the EIA expects production 
and consumption to grow at similar 
rates, but notes that production levels 
will continue to exceed consumption, 
further adding to inventories (Figures 
2 - 6). The agency forecasts that global 
oil inventory builds will exceed 2 million 
barrels per day in 2026, broadly in line 

with 2025. Persistent inventory builds 
could fill commercial storage options 
on land, which may prompt market 
participants to increasingly seek other, 
more expensive options for storing crude 
oil, such as floating storage. As a result, 
the EIA suggests that some of the crude 
oil price declines will likely reflect the 
higher marginal cost of storage.

The EIA forecasts that global liquid 
fuels consumption will increase by 1.1 
million barrels per day in 2025 and by 1.2 
million barrels per day in 2026 (Figure 6). 
Global liquid fuels consumption growth is 
driven primarily by non-OECD countries. 
The EIA's analysis indicates that most 
non-OECD growth is concentrated in 
Asia. The total liquid fuel consumption 
in China is expected to increase by 
250,000 barrels per day in 2025 and 
by an additional 300,000 barrels per 
day in 2026. The EIA notes it has raised 
its forecast of 2026 oil consumption in 
China by 50,000 barrels per day from last 
month’s STEO due to upward revisions 
to expected GDP growth. The agency 

expects India’s liquid fuel consumption 
to increase by 70,000 barrels per day this 
year and 170,000 barrels per day next 
year. The Middle East is also a significant 
source of non-OECD demand growth, 
increasing by 170,000 barrels per day 
in 2025 and 100,000 barrels per day in 
2026. The agency forecasts total liquid 
fuel consumption in Africa will increase 
by 240,000 barrels per day in 2025 and 
150,000 barrels per day in 2026, led by 
strong growth in Sub-Saharan Africa. 

The EIA forecasts global liquid fuels 
production will increase by 3.0 million 
barrels per day in 2025 and by more than 
1.2 million barrels per day in 2026. Along 
with OPEC+, the United States, Brazil, 
Guyana, and Canada are expected to 
drive production growth. Together these 
four countries contribute more than 50% 
(1.5 million barrels per day) of total 
global growth this year and about 60% 
(0.8 million barrels per day) in 2026. 
The EIA notes that production in South 
America has been the leading source of 
growth in 2025 as new offshore vessels 
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have started up ahead of schedule in 
Brazil and Guyana, with additional 
projects still in development.

According to Petroleum Economist 
[5], several analysts, including Rapidan 
Energy Group, expect oil prices to come 
under pressure next year as supply 
exceeds demand. If market surpluses 
materialise, either OPEC+ or sanctions 
must reduce supply; otherwise, prices 
will fall until high-cost producers, 
especially US shale, pull back. The oil 
industry is not investing nearly enough 
to meet global demand growth that will 
continue after 2030, when demand fails 
to peak. BP, Equinor, McKinsey and other 
forecasters are already pushing their 
peak-demand estimates further into 
the future [5]. According to Bloomberg, 
IEA will reintroduce a policy-neutral 
reference case in its forthcoming World 
Energy Outlook, showing continued oil 
demand growth through 2050. For the 
first time in 5 years, the world’s most 
influential energy forecaster is expected 

to project that, under current policies, 
oil and gas demand will rise indefinitely 
rather than peak imminently.

Goldman Sachs forecasts that Brent 
and WTI crude prices will decline further, 
averaging USD 56 per barrel and USD 
52 per barrel, respectively, in 2026. The 
bank notes that barring large supply 
disruptions or OPEC production cuts, 
lower oil prices in 2026 will likely be 
required to rebalance the market after 
2026. The bank expects prices to bottom 
around mid‑2026 as demand grows 
by about 1.2 million barrels per day. 
Goldman then sees a gradual recovery, 
with Brent and WTI reaching about USD 
80 per barrel and USD 76 per barrel by 
late 2028 [6].
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Figure 6. Annual change in global liquid fuels consumption [4]
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