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Highlights

e Simulation of the oil reservoir using a dynamic model and different gas injection scenarios shows that
increasing the injection pressure significantly improves the oil recovery factor by 15%.

e Economic evaluation using sensitivity analysis shows that increasing the price of oil and produced gas
significantly improves the net present value (NPV) of gas injection projects.

o Comparison of the two scenarios of gas injection and gas export based on the financial model shows that in
conditions of increasing export costs, gas injection is economically superior.

e Analysis of the technical-economic performance of four injection pressure scenarios (3750, 4000, 4250,
and 4500 psi) shows that the highest injection pressure achieves the highest cumulative oil production.

o Evaluation of different export gas price scenarios shows that only at prices above $5 per thousand cubic
feet, gas export has an economic priority over injection.

e In the studied model, the injection of methane gas extracted from a nearby field provides a suitable
economic feasibility, considering the low transportation cost.

o The research results can be generalized to other southern oil reservoirs in the country. They can be used as
a basis for formulating optimal natural gas allocation policies at the national level.
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Abstract

Iran is ranked second after Russia, possessing about 91 trillion cubic meters of natural gas (equivalent to 81% of
the world’s reserves). The optimal use of these vast reserves requires long-term precise scientific planning and a
complete study and understanding of various related aspects. With huge gas reserves, Iran is known as the
second country in the world with natural gas reserves, and from this point of view, it is at the center of
international attention. The privileged strategic position of Iran, which is located in the center of crucial natural
gas markets in the world, on the one hand, and the massive volume of the country’s oil reserves, which are
generally in their second period of exploitation and require the injection of natural gas to increase the recovery
rate, on the other hand, necessitate codified and long-term planning for gas allocation to achieve maximum
benefits. This research aims to check whether a reservoir undergoing gas injection is profitable to inject or
export gas and generalize its results to reservoirs under the same conditions.

The development of gas reservoirs such as South Pars has increased the gas supply in the country and created
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the necessary platform for using natural gas in various industrial and export sectors. There are different options
for natural gas consumption in different sectors. Among other things, natural gas can be used in the development
of petrochemical and steel industries, the development of gas exports, the injection of gas into oil fields, and the
increase of oil recovery. Economic evaluation is one of the most essential criteria for gas allocation and
allocation volume to each sector.

According to the implementation of petrochemical industrial projects and exports in the country, there is a
reliable assessment of the economic efficiency of these sectors. However, it is necessary to provide a specific
model for economic evaluation due to the technical and economic complexity of gas injection into oil fields. For
this purpose, presenting a financial model based on the technical models of gas injection projects can help
evaluate gas injection projects in the country so that the correct policy based on economic models can be made
in this sector.

At first, it was checked from a technical and reservoir point of view by modeling with standard software that
each amount of gas injected into the reservoir will increase the amount of production and how much this
increase in production will add value to the output. In this section, the costs for gas injection, such as equipment
and gas injection costs, were also obtained. Then, the output of the modeling done in several different scenarios
was used in financial modeling in the majority of an investment project to inject gas into an oil field and
generate income from the increased production of the field. The results were compared in the continuation of the
relevant modeling concerning different sensitivity analysis parameters. Ultimately, it tried to obtain the
minimum technical and economic conditions necessary for the profitability of gas injection into oil fields using
modeling and evaluating the results.

This research examined gas applications based on different scenarios and sensitivity analysis, including
injection and export. Then, the economic evaluation of each scenario was done to obtain the optimal state. Also,
one of the reservoirs in the south of Iran was investigated, and the obtained information could be generalized to
other reservoirs in the country with similar conditions.

A detailed investigation was conducted on the gas injection process in southern oil reservoirs using a
sophisticated reservoir model and a commercial reservoir simulator. The analysis focused on both technical and
economic aspects. The reservoir model consisted of 4 production wells and 3 gas injection wells, operated for 15
and 10 years, respectively. The impact of different injection pressures on the final recovery factor and
cumulative oil production was examined from a technical perspective. It was observed that all gas injection
scenarios resulted in an improved oil recovery factor, with injection at well bottom pressures of 3750, 4000,
4250, and 4500 psi leading to respective improvements of 10%, 12%, 13.7%, and 15% compared to natural
depletion (no gas injection in the reservoir).

From an economic standpoint, a sensitivity analysis is conducted on various parameters related to production
and injection, such as the price of produced oil, the price of produced gas, the cost of injected gas, and the
discount rate. The results revealed that higher oil and gas prices increased the economic value of gas injection
projects. Additionally, a comparison between the financial benefits of gas injection projects and gas export was
made, considering parameters such as the price of export gas and gas export costs (both capital and operational).
As the export gas price increased, gas export projects became more favorable than gas injection. Conversely, as
the cost of gas export escalated, the desirability of gas export diminished compared to gas injection in the
Ieservoir.

Overall, this comprehensive study provides valuable insights into the technical and economic considerations
surrounding gas injection in southern oil reservoirs, highlighting its potential for enhanced oil recovery and
economic viability compared to gas export projects.
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1. Introduction

The developments of the last decade in the potential capacities of gas production in the country and
the transformation in the energy markets have created a new direction for government oil and gas
policymakers to develop the gas industry inside. Iran is present in the global gas markets, and South
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Pars is the largest joint gas field in the world between Iran and Qatar, developed by Qatar in the early
1990s. In the late 1990s, after a gap of several years, Iran created a great incentive for the rapid
development of the South Pars field. Considering the possibility of a significant increase in gas
production after this field’s development, allocating produced gas to different options has become one
of the most important economic topics in recent years. The development of this giant gas field
provides the possibility of defining different and new applications for gas in Iran; for example, we can
mention the rapid development of petrochemical units, the development of energy-intensive
industries, and transportation based on gas fuel, export, and injection.

With the beginning of the third program, in the announced policies of this program, special attention
was paid to the rapid expansion of gas production and consumption in the country. The long-term
energy policy in the gas sector of the Ministry of Petroleum is to use natural gas resources as much as
possible and increase the share of gas in the consumption basket of energy carriers through the
development of the internal gas supply network to reduce the consumption or decrease the growth of
the consumption of petroleum products inside the country, improving Iran’s position in gas export to
international markets. The more significant presence of Iran in the global gas markets increases the
government’s income and diversity. Some independent experts in the field of oil and gas criticize the
above policies and emphasize the priority of gas allocation for injection into oil reservoirs
(Afzali,2018).

Manzoor and Asadi (2006) have analyzed the cost-benefit analysis of Iran’s gas export to Europe
using a pipeline. According to the results of their research, the global demand for all types of energy
increases every year, while natural gas plays a vital and strategic role in meeting this demand.
According to forecasts from reputable international institutions, Europe’s dependence on imported
natural gas will increase from 47% in 2004 to 70% in 2030 during the next three decades. Dehghani
(2006), by comparing the economics of natural gas injection into oil fields and its export, showed that
at prices higher than $55 per barrel of crude oil, the economic value of the injection project increases
compared to the gas export project. Ranani et al. (2009) showed that the failure to implement a
comprehensive energy policy and the continued growth of energy consumption, especially in the final
consumer sectors, will cause the country’s gas balance to remain negative in the coming years. In this
case, injecting gas into the country’s oil reservoirs will not be possible. The need for the reservoirs to
maintain the existing pressure and export expensive gas will create a great opportunity. As a result,
injecting gas into most of the oil reservoirs is the recommended method to maximize oil production in
Iran. Abdoli (2013) found during his research that one of the ways to reduce carbon dioxide emissions
in the atmosphere is to inject this gas into oil and gas reservoirs to increase the recycling rate.

Iran injects natural gas into the reservoir to improve recovery and produce more from the oil fields.
Rajaei (2008) has considered the break-even point of gas purchase from the National Gas Company
with the economic analysis of natural gas export through the pipeline to Europe through Turkey by
private sector investment. The gas sale price for export should be measured based on information with
different fluctuations to justify the project in terms of economics and profitability. The results of the
Dibavand (2018) showed that exporting gas to potential export markets did not have much ability to
improve national security and reduce the country’s military threats. The solution that can create the
most economic benefits and guarantee the maximum influence for Iran in the future energy market of
the world is the injection of gas into the country’s oil wells, which is by Clauses 13 and 15 of the
general policies of the resistance economy. If integrating these two critical issues, i.e., an increase in
gas export and conservation production of resources in the oil and gas sector, is considered, one
should first inject gas into oil reservoirs to increase their production rate. Applying the methods of
improved recovery with the lowest cost and maximum yield, which is envisioned in Iran with the help
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of injecting natural gas into oil reservoirs, will maintain the country’s oil export power in the future,
guarantee stable and continuous income for future generations, and increase economic power through
reducing wasting natural resources.

Khalili et al. (2016) have researched the economic evaluation of using associated gases in oil fields
with different scenarios. For oil-producing countries, gasses with oil are great energy sources,
preferable to crude oil derivatives. Although the collection of petroleum gases and their use in gas
injection programs or internal consumption is one of the most important programs of the Ministry of
Petroleum, due to various reasons, this energy source has not been used well in our country.
According to Moradi (2016), an investigation into increased recovery factor and production in Iran’s
oil fields reveals that several large fields in the country have entered the latter stages of their
production life, resulting in a substantial decline in natural production. According to the sixth
development plan, the recovery factor of the country’s oil fields needs to be increased by 1%, which
requires the creation of appropriate equipment infrastructure and increasing gas production for
injection in oil fields. Therefore, to improve the recovery rate from oil fields, increase the level of oil
and gas production, and maximize the added value chain and productivity, it is necessary to formulate
the priorities of growing oil production in the country effectively.

Kim and his colleagues (2016) conducted a study comparing two scenarios of gas re-injection in
offshore hydrocarbon fields or their exports. In this study, they examined the two mentioned scenarios
from the technical and economic points of view. Their studies showed that gas re-injection in
hydrocarbon fields in many offshore and onshore fields was technically and economically more
economical and better than its export. Fragoso and his colleagues (2018) used two methods of
hydraulic fracturing and gas injection in these reservoirs to increase the recovery factor and maximum
recovery from shale reservoirs in the USA. Their study showed that this method caused maximum
production from shale reservoirs.

Huang et al. (2020) showed that the high injection rate of miscible gas and the simulation of the
studied reservoir with the black oil model would lead to better results in the studied field. Gbakon et
al. (2020) showed that using gas to meet Nigeria’s domestic needs, including electricity production or
injection in oil fields, was more cost-effective than its export. Iran boasts the second-largest natural
gas reserves globally, with approximately 34 trillion cubic meters at its disposal, accounting for
around 18% of the world’s total reserves. Optimum use of these vast reserves requires long-term
accurate scientific planning, complete study, and understanding of various subject aspects. With huge
gas reserves, Iran is considered the second country in the world with natural gas reserves, and in this
sense, it is at the center of international attention. The privileged strategic position of Iran, which is
located in the center of crucial natural gas markets in the world, on the one hand, and the massive
volume of the country’s oil reserves, which are generally in their second period of production and
require the injection of natural gas to increase the recovery factor, on the other hand, necessitate the
systematic planning and long-term allocation of gas to achieve maximum benefits. According to the
above, the study and comparison of two gas injection options in the country’s oil fields to increase the
recovery factor from these fields or export gas in line with the optimal use of the country’s gas
resources and earning maximum income from these resources become doubly important. Therefore,
this research investigated two scenarios: gas injection in one of the oil fields in the south of the
country or its export. After the feasibility of the issue, the simulation results are interpreted from a
technical point of view. Also, the two mentioned scenarios are compared using economic evaluation
to get the optimal situation.

With more than 33 trillion cubic meters of natural gas (equivalent to 18% of the world’s gas reserves),
Iran is the second country with gas reserves after Russia. Most of the gas produced in the country is
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from independent gas reservoirs or oil fields (in the form of associated gas or cap gas). Iran also has
more than 157 billion cubic meters of crude oil. After Venezuela, Saudi Arabia, and Canada, it is in
fourth place among countries with crude oil reserves. According to the latest report published by
OPEC, the daily oil production is about 2.5 million barrels of crude oil. According to the reports
published by the Majlis Research Center, the amount of gas required for injection in reservoirs is
about 170 million cubic meters per day, and the amount of gas injected daily in oil reservoirs during
2015 and 2016 was around 80 and 90 million cubic meters. The main gas injection projects in the
country are the Haftkal field Asmari reservoir, Gachsaran field Asmari and Bangestan reservoirs, Lab
Sefid field Asmari reservoir, Maroon field Asmari reservoir, Koranj field Asmari, and Pabdeh
reservoirs, Bibi Hakimeh field Asmari and Pabdeh reservoirs, Asmari reservoir in Parsi field, Asmari
reservoir in Kopal field, Asmari reservoir in Ramshir field, Asmari reservoir in Nargesi field, and
Asmari and Bangestan reservoirs in Aghajari field (Moradi, 2016). This research compares the
economic performance of the gas injection process in oil reservoirs to increase the recovery factor or
natural gas export by considering a reservoir dynamics model and implementing different scenarios of
natural depletion and gas injection.

This research examines gas applications based on different scenarios and sensitivity analyses,
including injection and export. Then, the economic evaluation of each scenario will be done to obtain
the optimal state. Also, this study investigates one of the reservoirs in the south of Iran, and the
obtained information can be generalized to other reservoirs in the country with similar conditions.

2. Introducing the reservoir model

A reservoir simulation model has been used to investigate the performance of the gas injection
process. The porosity and permeability of this model are distributed geostatistically. Also, parts of this
reservoir are placed as channels with high permeability. The average permeability, porosity, and net
thickness of this reservoir model are 221 milli Darcy, 14%, and 0.61, respectively. The dimensions of
this reservoir model are 5.4 and 3.4 km in length and width, respectively. The oil in the reservoir is
relatively heavy, and the initial temperature and pressure are 170 °F and 5000 pounds per square inch,
respectively. Also, the reservoir simulation model has 16 reservoir layers with different properties.
Four production wells and three injection wells were placed inside the model to investigate different
gas injection scenarios in the field. The number of production and injection wells in the model is
calculated based on the dimensions of the reservoir, and it is in the optimal state that by adding or
reducing the number of existing wells, a negative effect on the economic efficiency of the project will
be observed. Also, the injected gas is only methane; assuming it is extracted from a nearby gas field,
only gas transportation costs are considered. Production wells will produce 5000 barrels daily for 5
years (2020 to 2025). Further, to ensure that the fluid from the end of the production well reaches the
surface facilities, the bottom pressure limit for the production wells is 2500 psi with constant changes
to production with constant bottom hole pressure. At the beginning of the sixth year, 3 wells will
inject gas with continuous pressure in the gas injection field in a non-combination way for 10 years
(2025 to 2035). The distribution map of permeability, porosity, and total net thickness, along with the
location of the wells in the primary reservoir model, is shown in Figure 1. It is also assumed that the
injectable gases have been collected from the nearby gas reservoir, which makes the costs of
constructing underground facilities for its transfer negligible. The simulation period of 10 years after
the initial production from the field is chosen to be comprehensive enough for economic studies and
short sufficient to accelerate simulation calculations.
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Figure 1

Distribution map of permeability, porosity, and total net thickness

3. Results and discussion

3.1. Technical evaluation

Sensitivity analysis is a critical technique used to evaluate the impact of various input parameters on
the performance of the oil recovery process. Enhanced oil recovery techniques are used to improve oil
recovery from reservoirs beyond the primary and secondary recovery stages, and sensitivity analysis
is used to determine the sensitivity of critical parameters such as injection rate, injection pressure,
injection composition, reservoir temperature, and reservoir pressure. Different well bottom pressures
have been considered for the injection well and compared with the base scenario (no gas injection
from 2025 to 2035) to investigate various gas injection scenarios on the oil recovery factor and the
amount of cumulative injected gas. In injection scenarios, the maximum injection pressure is equal to
4500 psi.

Table 1
Information about different scenarios
Scenario Description
Basic No gas injection between 2025 and 2035
First Gas injection with constant bottom hole pressure of 3750 psi
Second Gas injection with constant bottom hole pressure of 4000 psi
Third Gas injection with constant bottom hole pressure of 4250 psi

Fourth Gas injection with constant bottom hole pressure of 4500 psi
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Figure 2
Production and injection flow rates, along with the average reservoir pressure in different scenarios

The cumulative oil production in the natural depletion scenario is 43 million barrels, and in the first to
fourth scenarios, 72, 78, 83, and 87 million barrels, respectively. Also, the amount of recovery factor
of the natural depletion scenario has been compared with other gas injection scenarios. The recovery
factor in the case of no gas injection equals 14%. In the case of gas injection with an injection
pressure of 3750 psi, the recovery factor increases to 24%. In injection scenarios with well bottom
pressure of 4000, 4250, and 4500 psi, the final recovery factor after 15 years reaches 26.0%, 27.7%,
and 29.0%, respectively.
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Oil recovery factor in the natural depletion scenario and other gas injection scenarios

The details of cumulative oil production and the recovery factor related to different scenarios (natural
depletion and gas injection) show that gas injection with a well bottom pressure of 3750 psi will
increase 29 million barrels of crude oil compared to the natural depletion scenario (no gas injection
into the reservoir). Also, this scenario causes a 10% increase in the oil recovery factor from the
reservoir. Injection with a well bottom pressure of 4000 psi will increase the oil recovery by 35
million barrels and 12%, respectively. Further, in the injection scenario with a well bottom pressure of
4250 psi, oil production and recovery factors will increase by 40 million barrels and 13.7%,
respectively, compared to the no-injection scenario. Finally, in the gas injection scenario with a well
bottom pressure of 4500, oil production will rise by 44 million barrels. Moreover, this scenario
improves the oil recovery factor by 15% compared to the base scenario.

Table 2

Cumulative oil production and increasing oil production in different scenarios

Scenario Cumulative oil production (million Increase in oil production (million
barrels) barrels)
Natural depletion 43 -
First 72 29
Second 78 35
Third 83 40
Fourth 87 44
Table 3

Oil recovery factor and increasing the recovery factor in different scenarios

Scenario Recovery factor (%) Increased recovery factor (%)
Natural depletion 14 -
First 24 10
Second 26 12
Third 27.7 13.7

Fourth 29 15
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3.1.1. Price sensitivity analysis of produced oil and produced and injected gas

Further investigation of the values selected as gas injection parameters is based on sensitivity analysis
of technical parameters. For this reason, three basic parameters, including the minimum pressure of
the well bottom of the oil production, oil viscosity, and the permeability of the case system, which is
critical in the design of a gas injection process, are subjected to sensitivity analysis, and the results are
presented below. The sensitivity analysis on the minimum wellbore pressure, oil viscosity, and
reservoir permeability showed that increasing the minimum wellbore pressure causes a faster drop-in
oil flow rate. The viscosity of 500 cP has the most significant effect on oil flow, as a result of which
the process of enhanced oil recovery is not possible. Additionally, the impact of injected gas increases
with the reduction of viscosity. The rise in reservoir permeability significantly affects the output of
produced oil and increases the efficiency of the process.
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The net present value compares two scenarios: gas injection and gas export. This parameter is one of
the conventional methods for evaluating economic plans in which the cash flow (income and
expenses) is discounted to the daily rate based on the time of their creation. The formula for
calculating net present value is as follows:

N, [N
NPV =31 > (g, +7.a )
n=1| j=1
) n A (D
_j:1 (rginjq ginj-,j) W—CAPEX

where 7, is the oil price, (rg q;" ]-) denotes the income from gas production, (rgin j qgin i ]-) represents the
cost of gas injection, and N4 and N;; indicate the number of production and injection wells,
respectively. Also, the discount rate is indicated by b, and the capital costs (well drilling, well
completion, and injection facilities) are indicated by CAPEX. This analysis should consider the
expected oil production rate, the oil price forecast, the cost of drilling and operating the wells, and the
discount rate used to calculate the NPV. By performing sensitivity analysis on these variables,
engineers and investors can determine the optimal number of wells that maximizes the NPV of the
project.

Different prices are calculated for each barrel of oil produced and each thousand cubic feet of gas
produced and injected, with the discount rate and the net present value in the base scenario (no gas
injection) and other gas injection scenarios.

Table 4
Assumptions related to economic evaluation
The amount  The amount The amount The amount
Parameter of oil of gas of gas of discount
produced produced injected rate
Produced oil price ($ per barrel) 60, 70, 80 70 70 70
Produced gas price ($ per 1000 cubic feet) 5 5,6,7 5 5
Injected gas price ($ per 1000 cubic feet) 2.5 2.5 2,3,4 2.5
Cost of drilling a well ($ per meter drilled) 5000 5000 5000 5000
Discount rate (%) 10 10 10 5,10, 15
Simulation duration (years) 15 15 15 15

An increase in the price of oil causes a rise in the net present value in the gas injection scenarios, and
the higher the injection pressure, the more significant the increase in the net present value; thus, in the
fourth scenario (injection with a pressure of 4500 psi) and a price of $80 per barrel of crude oil, the
current net value is 5.61 billion dollars, which shows an increase of 2.87 billion dollars compared to
the scenario of no gas injection. An increase in gas prices causes a rise in the net present value in
different gas injection scenarios. Furthermore, the higher the injection pressure, the more significant
the increase in net present value. In the fourth scenario (injection with a pressure of 4500 psi) and
assuming a price of $7 for every thousand cubic feet of gas produced, the current net value is $51.6
billion, which shows an increase of $99.3 billion compared to the scenario of no gas injection. The
increased cost of injecting gas supply causes a decrease in the net present value in different gas
injection scenarios. In the fourth scenario (injection with a pressure of 4500 psi) and assuming a price
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of $4 per thousand cubic feet of injected gas, the current net value is $4.05 billion, which shows an
increase of $1.62 billion compared to the scenario of no gas injection. An increase in the discount rate
causes a decrease in the net present value in different scenarios. In the fourth scenario (injection with
a pressure of 4500 psi) and assuming a discount rate of 15%, the current net value is $3.82 billion,
which shows an increase of $1.7 billion compared to the scenario of no gas injection.

Table 5
Current net worth (billions of dollars) in various amounts

Produced oil price Produced gas price Injected gas price Discount rate

Scenario $60 $70 $80 $5 $6 $7 $2 $3 $4 5% 10%  15%

Natral = 1) 543 074 243 247 250 243 243 243 284 243 212
depletion
First 353 395 438 395 433 471 414 376 339 535 395 308

Second 394 439 484 439 488 537 464 414 364 6.05 439 336
Third 432 479 527 479 539 599 510 449 387 670 479 3.62
Fourth 463 512 561 512 581 651 548 476 405 725 512 382

3.1.2. Economic evaluation of gas injection with its export

3.1.2.1 Analysis of export gas price sensitivity

In this study, different values were considered for the capital and operational costs of gas export,
which include the investment costs of the pipeline and compressor supply, the operational cost of the
export line and the compressors, and the cost of supplying the gas required for export. Hence, in the
sensitivity analysis of export gas price, different values are considered for the export price of each
thousand cubic feet of exported gas, and the current net value resulting from gas export is checked
with other injection scenarios.

Table 6

Assumptions related to economic evaluation

Parameter Amount
Produced oil price (dollars per barrel) 70
Produced gas price ($ per 1000 cubic feet) 6
Injection gas cost ($ per 1000 cubic feet) 3
Well drilling cost ($ per meter drilled) 5000
Discount rate (%) 10
Simulation duration (years) 15
Export gas price (dollars per 1000 cubic feet) 3,4,5
Capital and operational costs of exports (million dollars) 750

Duration of gas export (years) 10




28 Iranian Journal of Oil & Gas Science and Technology, Vol. 12 (2023), No. 3

Table 7

Net present value (billions of dollars) at different prices of export gas and comparison with gas injection
scenarios

Net present value (billions of dollars)

The first The second The third The fourth

Scenarios scenario scenario scenario scenario
Natural depletion 2.43 2.43 2.43 2.43
Gas injection 4.15 4.63 5.09 5.46
$3 1.06 1.65 2.22 2.7
The amount of exported gas $4 1.67 2.45 3.21 3.85
$5 2.27 3.25 4.19 4.99

An increase in exported gas prices raises income and net present value. Compared to natural
depletion, the (first) scenario of gas injection has an added value of $1.72 billion. It is preferable to
the first and second scenarios of gas export (considering the price of $3 and $4 for exported gas). If
the price of exported gas increases to $5 per thousand cubic feet, gas exports will have more added
value. Moreover, based on the obtained calculations, if the export gas price increases from $3 to $5,
the current net value of gas exports will increase by about 114%.

Compared to natural depletion, the (second) scenario of gas injection has an added value of $2.2
billion. It is preferable to the first scenario of gas export (considering $3 for the price of export gas
and a net value of $1.65 billion). In other words, if the price of exported gas increases to $4 or $5 per
thousand cubic feet, gas exports will have more added value. Further, based on the obtained
calculations, if the export gas price increases from $3 to $5, the current net value of gas exports will
increase by about 97%.

The (third) scenario of gas injection compared to natural depletion has an added value of $2.66
billion. It is preferable to the first scenario of gas export (considering $3 for the price of export gas
and a net value of $2.22 billion). In other words, if the price of exported gas increases to $4 or $5 per
thousand cubic feet, gas exports will have more added value. Based on the obtained calculations, if
the export gas price increases from $3 to $5, the current net value of gas exports will rise by about
89%.

The (fourth) scenario of gas injection compared to natural depletion has an added value of $3.03
billion. It is preferable to the first scenario of gas export (considering $3 for the price of export gas
and a net value of $2.70 billion). In other words, if the price of exported gas increases to $4 or $5 per
thousand cubic feet, gas exports will have more added value. Based on the obtained calculations, if
the export gas price increases from $3 to $5, the current net value of gas exports will rise by about
85%.

According to the considered assumptions, if the export gas price is $3 for every thousand cubic feet of
gas, from an economic point of view, all gas injection scenarios (injection pressure of 3750, 4000,
4250, and 4500 psi) are favorable for its export. Additionally, suppose the price of exported gas is
considered to be $4 per thousand cubic feet of gas from an economic point of view. In that case, only
the scenario of gas injection with a pressure of 3750 psi is favorable compared to its export. Finally,
assuming a price of $5 per thousand cubic feet of exported gas, none of the injection scenarios is
preferable to exporting gas from an economic point of view.
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Table 8
Net present value and added value of injection scenarios compared to gas export (assuming $3, $4, and $5 per
thousand cubic feet of gas exported)

The added value of gas
. Net present value PN o
Scenarios o injection (billion
(billions of dollars)
dollars)
3 4 5 3 4 5

First (3750 psi) Gas injection 1.72 1.72 1.72

+0.66  +0.05 -0.55
Gas exports 1.06 1.67 227
Second (4000 psi) Gas injection 2.2 2.2 2.2

+0.55 -0.25 -1.05
Gas exports 1.65 245 325
Third (4250 psi) Gas injection 2,66 266 2.66

+0.44  -0.55 -1.53
Gas exports 222 321 419
Fourth (4500 psi) Gas injection 0.03 3.03 3.03

+0.33  -0.82 -1.96
Gas exports 2.7 385 4.99

3.1.3. Sensitivity analysis of gas export costs

In the sensitivity analysis of gas export costs, different values are considered for gas export costs
(capital and operational), and the net present value resulting from gas export is examined with other
injection scenarios.

Table 9

Assumptions related to economic evaluation

Parameter Amount

Produced oil price (dollars per barrel) 70
Produced gas price ($ per 1000 cubic feet) 6
Injection gas cost ($ per 1000 cubic feet) 3

Well drilling cost ($ per meter drilled) 5000
Discount rate (%) 10
Simulation duration (years) 15
Export gas price (dollars per 1000 cubic feet) 4

Capital and operational costs of exports (million dollars) 500, 750, 1000
Duration of gas export (years) 10
Table 10

Net present value (billion dollars) at different amounts of export costs and comparison with the gas injection
scenario

Net present value (billion dollars)

The first The The The
Scenarios . second third fourth
scenario . . .
scenario  scenario  scenario
Natural depletion 243 243 243 243
Gas injection 4.15 4.63 5.09 5.46
$500 million 1.92 2.7 3.46 4.1
The amount of exported gas $750 million 1.67 2.45 3.21 3.85

$1000 million 1.42 2.2 2.96 3.6
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The net present value is shown in the natural depletion scenario, the first gas injection scenario
(injection with 3750 psi bottom hole pressure), and gas export assuming different values for gas
export costs. The increase in gas export costs will decrease the income from gas export and thus
reduce the net present value. By comparing the scenarios and the assumptions of the economic
parameters, it can be seen that the gas injection scenario has an added value of $1.72 billion compared
to the natural depletion. It is preferable to the second and third gas export scenarios (assuming the
export cost of $750 and $1000 million). If the price of gas exports is $500 million, gas exports will
have more added value.

In the second gas injection scenario (injection with a well bottom pressure of 4000 psi), the increase
in gas export costs will reduce the income from gas export and thus reduce the net present value. By
comparing the scenarios and the assumptions of the economic parameters, it can be seen that the gas
injection scenario has an added value of $2.2 billion compared to natural depletion. From a financial
point of view, it is equal to the third gas export scenario (that is, the export cost assumption is $1000
million). If the cost of gas export is less than this, gas export will have more added value.

In the third scenario of gas injection (injection with a well bottom pressure of 4250 psi), the increase
in gas export costs will reduce the income from gas export and, as a result, reduce the net present
value. By comparing the scenarios and assumptions of the economic parameters, it can be seen that
the gas injection scenario has an added value of $2.66 billion compared to natural depletion. From a
financial point of view, none of the gas injection scenarios are preferable to gas export.

In the fourth scenario of gas injection (injection with a well bottom pressure of 4500 psi), the increase
in gas export costs will reduce the income from gas export and, as a result, reduce the net present
value. By comparing the scenarios and assumptions of the economic parameters, it can be seen that
the gas injection scenario has an added value of $3.03 billion compared to natural depletion. From a
financial point of view, none of the gas injection scenarios are preferable to gas export.

Table 11

Net present value and added value of injection scenarios relative to gas export (assuming $500, $750, and
$1,000 million for gas export costs)

Scenarios Net present value The added value of gas
ce (billion dollars) injection (billion dollars)
500 750 1000 500 750 1000
First (3750 psi) Gas injection 500 750 1000
-0.2 +0.05 +0.3
Gas exports 1.72 1.72 1.72
Second (4000 psi) Gas injection 1.92 1.67 1.42
-0.5 -0.25 0
Gas exports 2.2 2.2 2.2
Third (4250 psi) Gas injection 2.7 2.45 2.2
-0.8 -0.55 -0.3
Gas exports 2.66 2.66 2.66
Fourth (4500 psi) Gas injection 3.46 3.21 2.96
-1.07 -0.82 —0.57
Gas exports 3.03 3.03 3.03

According to the assumptions, if the cost of gas export is $500 million, from the economic point of
view, gas export is favorable for all gas injection scenarios (injection pressure of 3750, 4000, 4250,
and 4500 psi). Further, suppose the cost of gas export is considered to be $750 million from an
economic point of view. In that case, only the scenario of gas injection with a pressure of 3750 psi is
favorable compared to its export. Finally, assuming $1000 million for gas export costs, from an
economic point of view, only the first gas injection scenario (gas injection with a pressure of 3750
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psi) is preferable to gas export. The monetary value of the second scenario of gas injection (injection
pressure of 4000 psi) is also equal to the gas export.

The world’s dependence on oil as the primary energy source has led to the depletion of many oil
reservoirs. However, these methods can have significant environmental impacts that must be
considered. Oil production methods require large amounts of water, energy, chemicals, and land use
changes. In addition, they can contribute to greenhouse gas emissions and climate change. Therefore,
it is necessary to understand and evaluate the environmental considerations associated with oil
recovery methods to minimize their environmental impact.

From a strategic point of view, enhanced oil recovery operations can be considered a way to
maximize the potential of oil reserves using advanced technologies and methods. An oil recovery
operation aims to increase the recovery factor or the amount of oil that can be extracted from a
reservoir beyond the primary and secondary recovery methods. One of the strategic considerations in
oil recovery operations is choosing the proper EOR method for a particular reservoir. Different EOR
methods have different requirements and can lead to varying levels of success depending on the
reservoir characteristics. For example, the choice of gas injection methods, such as CO, gas or
methane gas injection, may depend on the geological structure and the presence of natural gas in the
TeServoir.

Similarly, choosing a thermal EOR method, such as steam injection or in situ combustion, may
depend on reservoir temperature and pressure conditions. On the other hand, EOR methods can be
expensive, and operators must weigh the potential benefits of increased oil recovery against the
operating costs. The choice of the EOR method may depend on factors such as oil price, availability
of financing, and the expected rate of return on investment.

4. Conclusions

This study extensively investigated the gas injection process using a complex reservoir model and
simulator, focusing on technical and economic aspects. The model consisted of 4 production wells
and 3 gas injection wells, operated over 15 and 10 years, respectively. Different injection pressures
were examined to assess their impact on the recovery factor and cumulative oil production. All gas
injection scenarios demonstrated desirable outcomes, with improvements in the oil recovery factor
ranging from 10% to 15% compared to natural depletion. Economic analysis revealed that higher oil
and gas prices increased the monetary value of gas injection projects. Comparisons between gas
injection and export projects indicated that higher export prices favored gas export while escalating
export costs reduced the desirability of gas export compared to gas injection. Limitations of the study
included the omission of disadvantages associated with not injecting gas, such as reservoir pressure
drop and fluid loss. Future research should explore innovative algorithms to optimize gas injection
parameters, conduct economic evaluations, and consider additional reservoir engineering and
economic factors. The effects of incorporating more injection/production wells into the model should
also be investigated.

Nomenclature
b Discount rate used in NPV calculations (% per year)
CAPEX Capital Expenditures — total capital costs including drilling and facilities
cP Centipoise — unit of dynamic viscosity
g;s)count rate Discount rate for NPV calculation (5%, 10%, 15% used in scenarios)
0
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EOR Enhanced Oil Recovery — methods to increase oil extraction

Injected gas . . .

price ($/MCF) Price per thousand cubic feet of injected gas ($2, $3, $4)

km Kilometer — unit of length (used for reservoir model dimensions)
MCF Thousand Cubic Feet — unit of gas volume (also referred to as SCF)
mD Milli Darcy — unit of reservoir permeability

NPV Net Present Value — economic metric based on discounted cash flows
Oil price . .

($/bbl) Price per barrel of produced oil (360, $70, $80)

Porosity (%) Average porosity of the reservoir (e.g., 14%)

Pressure (psi) Well/reservoir pressure in pounds per square inch (e.g., 3750—4500 psi)

Production

duration (years) Total production time considered (15 years)

psi Pounds per Square Inch — unit of pressure

Recovery : : . . 0/ 100
Factor (%) Final oil recovery percentage under different scenarios (14%—-29%)
SCF Standard Cubic Feet — standard unit of gas volume

Simulation

. Duration of simulation used for economic evaluation (15 years)
duration (years)

USD/$ United States Dollar — currency used for all economic calculations
Viscosity (cP) Reservoir fluid viscosity (e.g., 500 cP)
Well drilling -
cost ($/m) Cost of drilling per meter ($5000)
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