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Introduction

Most of the world’s oil is produced from mature oil
fields, and maintaining or increasing recovery from
these reservoirs has become a critical issue. As the
discovery of new reserves has declined, enhanced oil
recovery methods have gained greater importance.
Among these methods, gas injection has been widely
used and studied. Natural gas has traditionally
been a preferred injection gas, but its availability is
increasingly limited due to domestic demand and
supply imbalance. Therefore, alternative gases such
as nitrogen, carbon dioxide, and combustion gas have
been investigated. Among these, combustion gas is
particularly attractive because it is inexpensive and
readily available [1].

At the same time, the selection of the combustion gas
source is important. Some incomplete-combustion
flue gases contain relatively high oxygen levels, which
may create explosion hazards under reservoir pressure
and temperature conditions. In addition, the presence
of water vapor can lead to corrosion in pipelines,
compression units, and reservoir equipment. For this
reason, flue gas must be purified before injection [2,3].
The purpose of this study is to design a purification
process for power-plant flue gas so that it can be safely
and economically injected into oil reservoirs. The
proposed process focuses on removing water vapor,
improving gas quality, and evaluating the economic

Modify Date: December 21, 2025

Accepted: May 09, 2026

feasibility of the entire system [4,5].

Materials and Methods

The proposed process is based on multi-stage cooling
and compression combined with adsorption for
moisture removal. The study was carried out using
ASPEN HYSYS simulation software. Four gas flow
rates were considered for analysis: 1, 4, §, and 20
MMm?/d.

The process design included gas cooling, compression,
separation, and dehydration stages (Fig.1). Moreover,
a horizontal separator was used after cooling, and its
design was based on standard engineering methods,
including the velocity method, GPSA guidelines, API
12J, the Souders-Brown relation for droplet settling,
and the Arnold and Stewart approach for gas superficial
velocity. For transportation, a pipeline length of 35
km between the purification unit and the oil field was
considered. Furthermore, the minimum and maximum
ambient temperatures were taken as —5 .°C and 50
°C, respectively. Pipeline sizing was constrained by
pressure drop and allowable velocity limits [4].

The economic evaluation compared different
installation and distance scenarios and included capital
and operating costs for compression, purification, and
transportation. Furthermore, the analysis was used to
determine how scale and location affect the final cost
of injectable flue gas.
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Fig. 1 Schematic of the proposed Flue gas purification
process.

Results and Discussion

Simulation results showed that the gas leaving the air

Table 1 simulation results (part 1)
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cooler did not form a two-phase stream, meaning that
only gas exited the cooler under the selected operating
conditions. Moreover, in the three-stage compression
system, the gas flow decreased from 49.3 ton/hr at
the inlet to 45.1 ton/hr at the outlet because the water
concentration was reduced to 2.51 mol%.

This dehydration step improved the performance of the
adsorption unit and reduced the amount of adsorbent
required. The total compressor power demand was
calculated to be 4.97 MW.

The separator design results were summarized in the
study and showed that standard separation criteria
could be satisfied for the considered operating cases.
Overall, the process was able to produce a much drier
gas stream suitable for further treatment and transport
(Tables 1 and 2).

Parameter Air cooler | Compression unit (first stage) Compression unit Cornpression unit
(second stage) (third stage)
Inlet Pressure (bar) 1.3 1.2 2.32 4.48
Outlet Pressure (bar) 12 2.32 4.48 8.62
Inlet Temperature (bar) 80 60 60 60
Outlet Tempressure (bar) 60 135 135 135
Power consumption( MW) 1.14 1.03 0.98
Heat Transfer (KW) 457.8 - -
Inlet Rate (kg/h) 49333 49103 46345 45111
Water (%) 173 16.7 8.71 4.62
Table 2 simulation results (part 2)
Parameter Dryer unit Booster compressor pipe line
Inlet Pressure (bar) 8.62 8.5 49
Outlet Pressure (bar) 8.5 49 21
Inlet Temperature (°C) 60 60
Outlet Tempressure (°C) 60 60 50
Power consumption (MW) - 2.8 -
Heat Transfer (KW) - - -
Inlet Rate (kg/h) 44514 43839 43839
Water (%) 2.51 S ppm

From the economic perspective, the purification cost
decreased as plant capacity increased and transport
distance decreased. For Scenario 1, the cost was 2.15
cents/m’ in sub-scenario a and 1.49 cents/m® in sub-
scenario b. For Scenario 4, the cost decreased to 0.66
cents/m’ in sub-scenario a and 0.56 cents/m® in sub-
scenario b.

These results indicate that scale has a strong positive
effect on the economics of the process. Larger
capacities and shorter transportation distances both
improve cost performance significantly (Table 3).

The results demonstrate that power-plant flue gas can
be transformed into a usable injection gas through a
properly designed purification process. The main
technical challenge is to remove water vapor while
ensuring that the gas remains compatible with reservoir
conditions.

The study also shows that the location of the purification
unit is highly important. If the unit is located near the
oil field, transportation cost decreases noticeably. In
addition, the system benefits from economies of scale,
meaning that higher flow rates reduce unit cost.
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Table 3 investment cost of different parts of process units in different scenarios (thousands of dollars).

Equipment Scenario 1A Scenario 4B
Air Cooler 250 4.350
Separator 10 81
Compressor 4.080 23.300
Dryer 315 6.600
Booster Compressor 2.500 17.400
Pipeline 4.077 -
Total Equipment Price 11.232 51.731
Total Fixed Investment 25.160 115.877
Total Operating Costs 3.141 18.950
Cost of flue gas purification (Cent/m?) 2.15 0.56

The estimated injectable gas cost, which ranges from applications.

about half a cent to a few cents per cubic meter, is

competitive with other gas injection alternatives such References

as natural gas, nitrogen, or separate CO: injection
streams. At the same time, the method has an
environmental advantage because it supports carbon
dioxide storage and reduces emissions. Therefore, the
proposed approach can be considered both technically
practical and economically attractive, especially for oil
fields that require large volumes of injection gas and
are located near power plants.

Conclusions

A multi-stage purification and separation process
was designed for steam power plant flue gas to make
it suitable for enhanced oil recovery injection. The
process includes compression, cooling, separation,
and dehydration stages.

The main objective was to select an appropriate
combustion gas source and remove water vapor from
the flue gas. The proposed design was able to reduce
water content to below 10 ppm, which significantly
lowers corrosion risk and associated costs.

Economic analysis showed that the final gas cost
depends strongly on capacity and transport distance.
Overall, the study confirms that treated flue gas can
be a feasible, low-cost, and environmentally beneficial
injection gas for oil recovery and carbon storage
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Table 1. steam power plant flue gas exhaust data
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Table 2 simulation results
Parameter A i r|Compression | Compression unit | Compression | Dryer [Booster|pipe
cooler | unit (first stage) | (second stage) | unit (third stage) | unit | compressor | line
(bar) Inlet Pressure 13 1.2 2.32 4.48 8.62 8.5 49
(bar) Outlet Pressure 1.2 2.32 448 8.62 8.5 49 21
(C°) Inlet Temperature 80 60 60 60 60 60 60
(C°) Outlet Tempressure 60 135 135 135 60 60 50
(MW) Power consumption - 1.14 1.03 0.98 - 2.8 -
(Heat Transfer (KW 457.8 - - - - - -
(kg/h) Inlet Rate 49333 49103 46345 45111 44514 43839 43839
(%) Water 17.3 16.7 8.71 4.62 2.51 ppm 5 ppm 5
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Table 3 operating conditions for different scenarios

Parameter Scenario 1

Scenario 2

Scenario 3 Scenario 4

Rate (MMm3/D) 1

4 8 20
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Table 4 Air cooler design results under different scenarios

Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4
Heat Exchanged(MW) 1.11 4.39 8.8 21.71
Number of Openings 2 5 9 22
Exchanger Area (m?) 2287 8822 17791 43488

Tube Diameter (inch) 1

Tube Length(m) 8

Tube Material Stainless Steel
Fin Material Aluminum

Fin Height(mm) 1.42

Fin Density(fin/inch) 10
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Table 5 Separator design results under different scenarios
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Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4
Number of separators 1 1 1 2
Inner diameter (mm) 2650 5250 7400 8250
Length (mm) 3975 7875 11100 12375
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Table 6 primary compression unit design results in different scenarios

Parameter | Scenario 1 | Scenario 2 | Scenario 3 Scenario 4
Primary compression unit specifications
Number of compressors 1 1 2 2
Amount of input flow (Kg/hr) 49103 196412 196412 491030
power consumption (MW) 3.17 12.66 12.66 31.64
Compressor type Centrifuge
Adiabatic efficiency 85
outlet temperature ("C) 60
outlet pressure (bar) 8.7
Booster Compression Unit Specifications
Number of compressors 1 1 2 2
Amount of input flow (Kg/hr) 43840 175359 175359 438325
power consumption (MW) 2.8 11.21 11.21 28.04
Compressor type Reciprocar
Adiabatic efficiency 75
outlet temperature ("C) 60
outlet pressure (bar) 49
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Fig. 4 Schematic of a solid adsorbent drying unit
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Table 7 characteristics of several types of water absorbents

FENTIUER

Property Molecular sieves Activated Alumina Silica Gel
Active surface area (m*g) 650-800 210 750-830
Density (kg/m?) 690-720 800-880 720
Specific heat capacity (kJ/kg."C) 0.96 1 0.82
Water absorption capacity per kg 8-10 6-7 6-7
Reduction temperature ("C) 230-290 180-260 180
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Table 8 dryer unit design results in different scenarios

Parameter Scenario 1 Scenario 2

Inlet flow rate (kg/hr) 49103 196412
Inlet water molar percentage 2.51
Inlet temperature (°C) 60
Inlet pressure (bar) 8.7
Adsorbent amount per tower (ton) 49

Outlet water amount (ppm) 5

Regeneration temperature (°C) 230
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Table 9 investment cost of different parts of process units in different scenarios (thousands of dollars)

Equipment Scenario | Scenario | Scenario | Scenario | Scenario | Scenario | Scenario | Scenario
1A 1B 2A 2B 3A 3B 4A 4B
Air cooler 250 250 1,100 1,100 1,600 1,600 4,350 4,350
Separator 10 10 33 33 65 65 81 81
Compressor 4,080 4,080 5,200 5,200 10,400 10,400 23,300 23,300
Dryer 315 315 1,320 1,320 2,650 2,650 6,600 6,600
Booster compressor 2,500 2,500 4,500 4,500 9,000 9,000 17,400 17,400
Pipeline 4,077 - 6,174 - 9,275,000 - 11,917 -
Total equipment price 11,232 7,155 18,327 | 12,153 32,990 23,715 63,648 51,731
Total fixed investment 25,160 | 16,027 | 41,052 | 27,222 73,897 53,121 142,572 | 115,877
Total operating costs 3,141 2,407 7,242 6,131 13,648 11,979 21,096 18,950
Cost Ezg‘zecfsf/glf;iﬁca' 2.15 1.49 1.04 0.79 0.96 0.77 0.66 0.56
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