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Abstract: Currently, 90% of Kazakhstan’s oil is situated in 15 oil and gas fields where simple cycle
gas turbines are utilized for electricity generation. The need for developing techniques to enhance the
efficiency and eco-friendliness of fuel consumption in Kazakhstan’s oil fields is imperative. In this
article, methods for improving the energy efficiency of a simple gas turbine power plant functioning in
an oil field are discussed, with consideration given to the impact of ambient temperature and specific
environmental constraints, such as water scarcity and high temperatures. Two schemes to increase
efficiency are evaluated: the first involves the utilization of a waste heat boiler for steam production
intended for technological purposes, while the second involves electricity generation through a
combination of a waste heat boiler and a steam turbine. Models based on Aspen HYSYS were
formulated, with actual gas turbine power plant operation taken into account. Analysis indicated that
a waste heat boiler scheme could generate up to 350 t/h of steam, completely replacing power boilers.
Im plementation of the combined cycle power plant (CCPP) system resulted in the production of
up to 262.42 MW of electricity. Environmental analyses demonstrated that both schemes exhibit
comparable specific emissions in terms of power generation, with 0.56 kgCO2/kWh for HRSG and
0.53 kgCO2/kWh for CCPP. Technological, environmental, and economic analyses were conducted to
determine the most promising technology, considering the specifics of the oil fields in Kazakhstan.
Based on the payback period for HRSG (4 years) and CCPP (7 years) options, it was deduced that the
former is the most favorable for implementation

Keywords: CHP; gas turbine; HRSG; Aspen HYSYS; NOx; CO2

1. Introduction
Review and Analysis

Today, in Kazakhstan, as in most countries of the world, the issue of reducing green-
house gas emissions into the environment is acute [1,2]. The Kyoto Protocol signed in 1997
clearly shows us that there is a need to reduce greenhouse gases, but there are a number of
problems. One of the problems is the complexity of the transition from traditional fuels
to clean fuels, since green technologies are currently quite expensive [3]. Therefore, it is
important to switch to traditional technologies, taking into account the relatively low cost of
electricity, and as a result, the long payback period for renewable energy sources. Currently,
intensive developments are underway in the field of combined cycles that allow the use of
secondary heat from the main processes. For example, the work [4] provides an analysis
of the operation of the exhaust gas utilization plant using the organic Rankine cycle. The
paper presents two schemes, in the first, the exhaust gases of the gas turbine cylinder heat
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the coolant of the ORC, i.e., generate heat, in the second they generate heat, and then
electricity in the ORC. The study showed that the maximum exergetic efficiency is achieved
by increasing the production of thermal energy. In [5], an analysis of two schemes for using
the combustion products of a gas turbine was carried out, in the first option, the gas was
partially fed into the recuperator to heat the air in front of the combustion chamber, in the
second, the gas was completely supplied to the boiler utilizer. The first option showed an
increase of 1.7% from the base option. In [6], a thermodynamic analysis of the operation
of a combined cycle based on ultrahigh pressure carbon dioxide was carried out. In this
scheme, the exhaust gases of the GTU in the utilizer are heated with CO2, which is used
to produce electrical energy. The use of CO2 at supercritical parameters allows for the
increase in the efficiency of the cycle by 1.4%. The paper [7] analyzes the influence of
ambient temperature on the efficiency of the combined cycle with a carbon capture system.
The analysis showed a significant decrease in cycle efficiency with an increase in ambient
temperature by 7–8% of the baseline value for all analyzed cycles. The paper [8] analyzes
the transformation of a steam turbine cycle into a cogeneration plant. Two options are
given, the first uses absorption heat pumps, the second uses a heat exchanger. A study
of the use of gaseous products for the organic Rankine cycle [9] showed that such cycles
have high efficiency. The paper [10] presents an analysis of the use of solar collectors in a
microturbine combined cycle. In [11], an analysis of the energy analysis of the combined
cycle for ORC and CO2 utilization using Aspen Plus was carried out. The use of a modified
Viburnum cycle with liquefied gas in a combined cycle allows for the achieving of an
efficiency equal to 59.47% [12]. In [13], an analysis of the combined cycle with plasma
treatment of municipal garbage for incineration was carried out. The analysis of combined
cycles and combined cycle technologies shows that there is a sufficiently large potential for
using the heat of the exhaust gases of gas turbine cycles.

Currently, it is important to predict the economic and environmental efficiency of
the analyzed technologies [14]. To do this, it is necessary to create a sufficiently accurate
model that considers a wide range of factors affecting the operation of such an installation.
In [15], an analysis of the model of a gas turbine installation was carried out, in which the
influence of the number of revolutions on the efficiency of the installation in the network
was analyzed. The paper [16] presents a model for the study of NOx emissions based on
ANFIS. The paper [17] presents a model based on artificial intelligence for the analysis of
a combined cycle gas plant based on the supercritical cycle of Brighton and Rankin. This
model showed a high level of accuracy. The paper [18] presents a model for modeling
combined cycles with the introduction of solar technologies. It is revealed that the off-
design conditions, particularly the direct normal irradiance and the wind speed, affect the
integrated solar combined cycle performance significantly.

Since the GTU installations operated at oil production and refining enterprises are
operated year-round and continuously for most of the year, their improvement becomes
an urgent task that allows reduction in not only the company’s costs for technological
processes, but also the damage that it can cause to nature. There are various ways to
improve the hardware and technological design of GTU, one of which is computer modeling
of processes occurring at the main stages of the GTU cycle. For example, in [19], the
characteristics of the main GTU units (compressor and gas turbine) were generalized from
production data in the form of polynomial dependencies, which were used to calculate
the main indicators of the cycle and its efficiency. In [20], a gas turbine was divided into a
number of parts, each of which corresponded to a turbine stage. In [21,22], heat balance
equations were written for each stage, on the basis of which the efficiency of the installation
as a whole was calculated. In the work [23] modeling of the GTU, the functionality of
the Aspen HYSYS computer-aided design system was used, while the adequacy of the
developed mathematical models was checked by comparison with the calculated values
obtained in another program or data from an industrial survey of an operating installation.

In a previous study [24], the implementation of an intermediate cooling system was
analyzed as a means of enhancing the efficiency of gas turbines, resulting in a production
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increase of 20%. However, this technology is not fully viable under the high ambient
temperatures of Kazakhstan, as additional cooling would entail substantial costs for cold
production. Another study [25] evaluated the use of a combined cycle gas turbine with a
compressed air storage system, leading to improved plant reliability and maneuverability.
Moreover, the application of solar panels to CCPP was investigated in [26] using the Aspen
HYSYS program.

The literature review conducted herein highlights the optimization potential, taking
into account gas turbine units operating for more than 20,000 h in Kazakhstan’s specific field
conditions, characterized by the absence of water sources and low electricity costs. The lack
of sources for large volumes of water should be considered in any such optimization effort.

According to the Environmental Code of the Republic of Kazakhstan [27], the State
policy is based on the principles of sustainable development and energy efficiency im-
provement, as well as the maximum possible disposal of industrial waste. Additionally,
according to the new Environmental Code adopted in January 2021, oil and natural gas pro-
duction belong to the list of areas of application of the best available techniques. The typical
list of environmental protection measures includes the introduction of measures aimed at
reducing greenhouse gas emissions, as well as measures for the installation of equipment
that allows for an increase in energy efficiency. According to the strategy for the transition
to a green economy [28], it is necessary to switch everywhere to gas for the production of
electric energy, taking into account the finite renewable energy sources. According to [29]
the concept of development of the fuel and energy complex of the Republic of Kazakhstan,
the oil industry is one of the most important sectors of the economy, the basic exporting
industry, which allows the country to capitalize its own mineral resources and receive
sufficient capital inflows for the accelerated development of the industrial complex. The
Republic of Kazakhstan is one of the key sources of hydrocarbon raw materials for the
world economy. As of 2013, Kazakhstan ranks 12th in the world in terms of proven oil
reserves; 7% of all oil produced in the Republic is produced in the West Kazakhstan region.
This article discusses the oil field located in the West Kazakhstan region of the Republic
of Kazakhstan. The Karachaganak field, discovered in 1979, is one of the world’s largest
gas and condensate fields. Located in north-west Kazakhstan and covering an area of over
280 square kilometres, it holds estimated hydrocarbons initially in place (HIIP) of 9 billion
barrels of condensate and 48 trillion cubic feet (tcf) of gas, with estimated gross reserves of
over 2.4 billion barrels of condensate and 16 tcf of gas. In 2021, the volume of hydrocarbon
production at the enterprise reached 134.05 million barrels of oil equivalent [30]. Therefore,
two schemes are considered as recommendations in this work: a combined cycle gas in-
stallation and the use of exhaust gases to produce high-pressure steam for the needs of
the plant.

The development of solutions aimed at reducing operating costs for an oil company
is certainly an urgent task aimed not only at reducing monetary costs, but also at the
rational use of available energy resources. The use of extracted associated gas as fuel
for generating steam and electricity can be a rational solution that allows not only for
reducing the unit costs for oil production, but also to significantly reduce the environmental
damage caused. Determining the design layout of equipment for generating steam and
electricity for the needs of the plant is one of the main factors affecting the profitability. The
choice of one or another scheme depends on the forecast calculations of the expected oil
production. With low oil production, the cost of steam generators and diesel generators
for electricity production is not so significant in the cost items for oil production and
preparation. However, everything changes with a large volume of oil produced; in this
case, it is most expedient to consider thermal power plants, CCPTs (combined cycle power
plants), or combined-type gas turbine power plants that produce high-efficiency electricity
and high-pressure steam.

In addition, it is necessary to consider the feasibility study of the project, which
cannot be carried out without high-precision calculations with extensive use of modeling
programs. The purpose of this work was to develop a mathematical model of the operating
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GTU of an oil-producing company located in the Republic of Kazakhstan, to check the
adequacy of the model according to the technological survey of the installation and to
develop recommendations for its improvement, to analyze the proposed schemes from
the point of view of technical, environmental, and economic indicators. In addition, it
is necessary to consider the feasibility study of the project, which cannot be carried out
without high-precision calculations with extensive use of modeling programs.

The studied GTPP is in the oil field of the Republic of Kazakhstan and is designed
to generate electrical energy necessary for the operation of technological equipment. The
power output of the power plant is provided at a voltage of 110, 35, and 6 kV. At a voltage of
35 and 6 kV, it is planned to provide power to consumers of the PDA and the surrounding
residential area. A general analysis of energy consumption in 2017 showed that the GTPP
within the company consumes:

- Fuel gas—37.95%;
- Diesel fuel—0.29%;
- Electric energy—2.40%.

GTPP is one of the major consumers of fuel gas and has a significant impact on the
energy intensity of the company. Diesel fuel consumption within the company is high;
however, within the GTPP, consumption is low at 0.29%. The main energy resource is
fuel gas, which is needed as fuel to produce electric energy. Diesel fuel is used in small
quantities during repairs and as a backup fuel. Since the amount of diesel fuel used is very
small, it is not considered as an energy resource in further analysis. The consumption of
electricity for the own needs of the GTPP does not exceed 0.44% of the total consumption
of energy resources.

Four power units with gas turbine drives of electric generators are installed at the gas
turbine power plant (GTPP); General Electric gas turbines, four PG6561 turbines with a
nominal capacity of 36.31 MW, respectively. The first three GTU were put into operation in
2001, and the fourth GTU in 2005. For single-shaft three-stage jet-type turbines, the number
of compressor stages is 17. The parameters of the GTU are presented in Table 1. There are
no waste gas heat recovery systems after the GTU.

Table 1. Technological parameters of GTU.

Parameter Units Value

Compressor type ◦C axial
Maximum permissible temperature in the compressor ◦C 360

Maximum permissible temperature in the turbine bar 1104
Maximum allowable pressure rpm 14
Minimum permissible speed rpm 4858
Maximum permissible speed ◦C 5200

The design documentation of the power plant stipulates that in the future, a system
for using the heat of exhaust gases after turbines should be introduced. One of the factors
affecting the output power of turbines is the intake air temperature. When the air temper-
ature rises, the turbine power decreases. Due to the lack of separate instrumentation on
each turbine, accounting is conducted on a common gas supply line with a diameter of
200 mm. As can be seen from the data presented in Figure 1, the average monthly capacity
and average monthly output in the summer months decreases. All 4 turbines are operating
during the year. The maximum efficiency of one machine is achieved in the cold months
and in April–May. With an increase in ambient temperature, the average efficiency and
power generation decreases; for example, if in January–March the average power of four
turbines is 121.2 MW, then in April–June the average power of the station is 100.8 MW.
The power reduction is 16%. This is due to an increase in air temperature, which leads
to an increase in the specific work of compression in the compressor. From the graph,
you can see that all four turbines operate at full load all year round, taking into account
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that in the summer, the turbines operate at maximum load, and electricity generation is
reduced. During the summer period, electricity reserves are significantly reduced. The
utilization rate of GTU is 75%, and the lowest indicators obviously fall on a period with a
high temperature.
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2. Materials and Methods

The strategy of system analysis of oil production and refining installations is actively
used to improve the hardware and technological design of production facilities. As a
scientific method, it differs in that it uses a multidisciplinary approach to solve complex
problems. Since the problem indicated in the article lies at the junction of petroleum
engineering and thermal power engineering, the use of system analysis tools allows not
only for setting the task more accurately, but also for outlining more correct ways to solve it.

Figure 2 shows the methodology of the study. In particular, in order to create models
in Aspen HYSYS, actual data on fuel consumption, exhaust gas temperatures, ambient
temperatures, average capacities of gas turbine installations, as well as boiler production
were obtained. Next, the models presented in Figures 3, 4 and 5 and Figure 6 were created.
After comparing the data, the annual production of electric energy and steam, as well as
fuel gas consumption, were calculated. Based on the consumption and the level of steam
and electricity generation, CO2 emissions were calculated for each case. Based on the
calculations carried out, equipment was selected that meets the energy capabilities of the
new systems. Based on this, an economic model was created and the payback period of the
equipment was calculated.
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Figure 2. Methodology of the conducted research.

To develop recommendations for improving the system, it is necessary to determine its
current state, and in this case, to calculate the material and energy balance of its component
blocks. The basic block diagram of the GTU presented in Figure 3 generally corresponds to
those generally accepted provisions that describe the processes that occur in the main stages
of the process. However, it was decided to supplement the description with a heating unit
for the air entering the annular channel of the combustion chamber, for which an energy
flow QI was introduced, which corresponds to the heat transferred from the combustion
zone to the cooling air.

Based on the developed block diagram in the Aspen HYSYS software package, the
design scheme of the GTU under study was synthesized, as well as options for upgrading
the gas turbine power plant. The basic version is shown in Figure 3, the option with
a CCPP is shown in Figure 4, and the option with a heat recovery boiler is shown in
Figure 5. A general description of the schemes is presented in Table 2. In the schemes under
consideration, losses on low-power equipment were not taken into account, and electricity
consumption was taken into account only by the main pumps that ensure the operation of
the cycle, as well as the fan of the dry cooling tower.

Table 2. Description of the schemes under consideration.

# Scheme Equipment

1 Basic scheme Gas turbine unit
2 GTU + HRSG GTU + HRSG
3 CCPP GTU + HRSG + Steam turbine
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The presented design scheme in Figure 4 generally corresponds to the models de-
scribed in [30,31], except that an additional heat exchanger module was added, which is
designed to heat secondary air, and the heat load of the heat exchanger corresponds to the
heat flow QI specified in the block diagram. The calculation scheme presented in Figure 3
was modified in accordance with the recommendations set out in [27] and is presented
in Figures 4 and 5.

To build a model of the steam part of the combined cycle, the following set of modules
was used: heat exchanger (E-102 and E-103), expander (K-100), and pump (P-100).

The combustion products are fed into the E-102, where cooling takes place, and the
circulating hot water condensate is heated, turning it into steam. The condensate flow rate
is determined from the conditions that the combustion products are cooled at a temperature
of 130 ◦C [30], and the value itself is calculated by the ADJ-3 operator. In ADJ-3, the variable
is the molar condensate flow rate, the target temperature of the combustion gases at the
outlet of E-102, and the value of the target variable itself is 130 ◦C.

The steam formed in E-102 is directed to K-100, which corresponds to a steam turbine.
The steam spent in the turbine is discharged into E-103 (corresponds to the condenser),
while the pressure is selected in such a way as to ensure complete condensation of water in
E-103. The hot condensate formed in E-103 is fed into P-100 (corresponds to the feed water
pump) and is again directed to E-102. The power output of a steam turbine significantly
depends on the pressure in the condenser, which in turn depends on the temperature of
the circulating water supplied to the condenser. However, the temperature of the recycled
water also depends on the efficiency of the cooling unit, so to take this factor into account,
additional modules must be introduced into the model.

To account for changes in the temperature of the feed water entering the steam cycle
condenser, a circulating water cooling unit was added, which was modeled by a set of
modules: comp (K-101), separator (M-100), mixer (MIX-100), and pump (P-101) [30]. The
air flow is compressed in the K-101 module and fed into the V-100, where the recycled
water heated in the E-103 is also fed. In the V-100, gas and liquid phase flows are formed,
which correspond to the flow of blow-offs (gas part) and cooled liquid (liquid part). Thus,
the combination of modules K-10 and V-100 correspond to a cooling tower.

Since part of the liquid (recycled water) evaporates when the recycled water and air
come into contact, then the liquid flow is directed to MIX-102, where it is mixed with
make-up water. Next, the water flow is fed into the P-101, compressed, and fed into the
condenser. The presence of this unit will allow not only to take into account the influence
of atmospheric air temperature on the temperature of direct circulating water, but also to
take into account its losses in contact with air.
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Figure 5 depicts a schematic diagram of a gas turbine installation coupled with a heat
recovery boiler, which is intended to produce steam for use in oil fields. The production of
steam in the oil industry is an energy-intensive and laborious process, and the quality of
steam produced directly affects the efficiency of oil extraction. According to reference [32],
it is feasible to utilize the hot combustion gases discharged from a gas turbine for generating
steam in the field. Thus, the original scheme illustrated in Figure 3 was modified and is
presented in Figure 5.

The main feature of this scheme is that gases from the gas turbine enter the heat
exchanger boiler, which is modeled by the heat exchanger module [31,32] (E-102 in the
diagram), while the ADJ-1 controller selected a water flow rate at which the temperature of
the cooled gases did not fall below 130 ◦C.
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When calculating the GTU, it is necessary to correctly set the costs of primary and
secondary air, the proportion of heat removed by secondary air, and heat losses. In the
mathematical model, the primary and secondary air flow rates were set as the ratio of the
flow rate of the corresponding flow to the total air flow:

ε1 =
Gair1

Gair
(1)

ε2 =
Gair2

Gair
. (2)

QI and QL were introduced by separate heat flows, while QL was introduced with a
negative sign. At the same time, the numerical value of these parameters depends on the
amount of heat released during the combustion of fuel:

ε1 ≤ 0.38 (3)

0.38 < ε2 ≤ 0.6 (4)

ε3 ≤ 0.4 (5)

ε4 ≤ 0.2. (6)

The adiabatic efficiency of a simple GTU cycle was calculated by the formula [33]:

η =
Wact

.
m f ∗ LHV

. (7)
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The adiabatic efficiency of the combined GTU scheme was calculated according to
the formula [34]:

η =
Wgt + Wst − Wc − Wp − W f

.
m f ∗ LHV

. (8)

The adiabatic efficiency of the circuit with a heat recovery boiler was calculated by
the formula:

η =
Wgt + 0.86 ∗ Qboil − Wp

.
m f ∗ LHV

. (9)

The calculation of hourly CO2 emissions during the generation of electric energy by
gas turbines was carried out according to the formula [34]:

CO2gt = W ∗ 0.912
kg

kWh
. (10)

The calculation of hourly CO2 emissions from the combustion of associated petroleum
gas by steam boilers was carried out according to the formula:

CO2sb =
.

m f ∗ 0.202
kg

kg f uel
. (11)

The following formula was used to calculate the useful energy spent on steam production:

Qboil = [Dsteam ∗ (hsteam − hs.w)− Dsat. ∗ (hsat − hs.w)] ∗ ηboil . (12)

The efficiency of boilers was taken from the mode maps of boilers.
The simple payback period is calculated using the formula:

PB =
I0

B
. (13)

The NPV of the project is calculated by the formula:

NVP = B ∗ 1 − (1 + r)−n

r
− I0. (14)

The calculation of the model was carried out according to the following algorithm:
Input flow state parameters (temperature, pressure, composition, and flow rate) were

entered. The efficiency of the compressor and turbine were set.
The values of ε, QI and QL were set.
The scheme was calculated in Aspen HYSYS [35].
The calculated temperature of the exhaust gases from the combustion chamber is

compared with the actual values. If the deviations between them exceeded the permissible
error, then the adjustment of the secondary air flow was carried out. If the condition of
Equation (4) was not fulfilled, the calculation was terminated.

If the calculated output of the work exceeded the actual one, then the adjustment of
the secondary air flow was carried out. If the condition of Equation (5) was not fulfilled,
the calculation was terminated.

Next, the calculated temperature of the combustion gases at the turbine outlet is
compared with the actual value. If the discrepancy exceeded the specified value, the values
of QI and QL were corrected. If the conditions of Equations (7) and (8) were not met, the
calculation was terminated. Table 3 presents the main input parameters.
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Table 3. Input parameters.

Inlet Parameter Units Value

Gas turbine cycle (Figure 3)
Fuel inlet kg/s 3.15–4.1

Fuel temperature ◦C 50
Air temperature ◦C −25–35

Air pressure kPa 101.325
Air flowrate kg/s 129.5–163.4

Air composition Mass fraction N2—0.76, O2—0.24

Fuel composition Mass fraction

CH4—0.954, C2H6—0.0035,
C3H8—0.0025,

iC4H10—0.0016, CO2—0.0107,
N2—0.0275

Gas turbine + HRSG (Figure 4)

Boiler water inlet kg/s dependent from exhaust gas
flow and temperature

Steam pressure MPa 14
Steam temperature ◦C 400

Feedwater temperature ◦C 60

CCPP (Figure 5)

Boiler water inlet kg/s dependent from exhaust gas
flow and temperature

Steam pressure MPa 11
Steam temperature ◦C 500

Feedwater temperature ◦C 60

3. Results
3.1. Technical Comparison between Proposed Schemes

When studying the GTU, design data on the operation of the installation at different
ambient temperatures were obtained. In accordance with this, when checking the adequacy
of the model, the calculated data were compared with the design data for four different
operating modes of the installation. The results are presented in Table 4. As can be seen
from the table, the error between the actual data and the base model does not exceed 8% for
individual categories. The error in fuel consumption is 2–4%. The greatest deviation from
the actual data is observed for the temperatures of the exhaust gases from the combustion
chamber of a gas turbine installation. This is due to the fact that the model did not take
into account the design features of the combustion chambers and methods of fuel supply.
Since the efficiency of the compressor and gas turbine is not reliably known, these values
were set.

Table 4. Description of the parameters.

Parameter Actual Error,%

Gfg 3.3 0.0
Gair 130.9 0.0
Tair0 25.0 0.0
Tair1 - -
Tg0 - -
Tcc 1104.0 1.8
Tex 543.0 0.9

ηCOMP - -
ηTURB - -

WCOMP - -
WTURB - -

WGT 36,310.0 0.5
ηGT 0.3 0.5
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The analysis of the data presented in Table 3 shows that the developed mathemat-
ical model both qualitatively and quantitatively corresponds to the technological object
under study.

Figure 6 shows the dependence of the power of the analyzed circuits at different
ambient temperatures, as well as taking into account the needs of the new equipment. As
can be seen from the figure, the steam–gas cycle has the highest power at all temperatures
due to the presence of a steam power cycle. The cycle with the utilizer boiler, since all the
power is generated by the gas turbine unit, has a slightly lower power than the gas turbine
cycle due to the operation of the feed pump of the utilizer boiler. As can be seen from the
figure, with an increase in ambient temperature, power decreases in all the considered
options, due to an increase in the specific energy consumption of the compressor. Moreover,
the fall is the same for everyone, since the gas turbine cycle is the basic one.
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Figure 7 shows the dependence of combined cycle power generation. As can be
seen from the figure, the main electrical power is generated by four gas turbines. For a
temperature of −25 ◦C, the power of four turbines is 190.08 MW due to an increase in the
efficiency of the compression process in the turbine compressor. The power of a steam
turbine at this temperature is 72.34 MW, which is equal to 27.5% of the total capacity of the
installation. When the temperature rises to 15 ◦C, the capacity of gas turbines falls by 16.5%
and is equal to 158.7 MW. However, for steam turbines, the power is slightly reduced by
1.29%. The share of steam power generation is 31%.

With a further increase in temperature to 25 ◦C, the power of the gas turbine is reduced
by 7.98% and is equal to 146.02. The power of the steam turbine is reduced by 13.7%. This
is due to the fact that in order to maintain the necessary vacuum in a dry cooling tower,
a large amount of heat is spent compared to temperatures below 15 ◦C. The power of a
steam turbine is 30%, and a gas turbine is 70%, respectively. An increase in temperature
to 40 ◦C leads to a significant decrease in output, if at 15 ◦C the installation capacity was
230.1 MW; then at 40 ◦C, it is equal to 193.97 MW. The power of a gas turbine compared to
the previous mode is reduced by 5.68%, and steam by 8.65%. The share of steam power
generation is 28%. As can be seen from the analysis, with an increase in temperature, the
share of electricity generated by the steam turbine decreases. This is due to an increase in
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electricity consumption, as well as a decrease in temperature in the dry cooling tower and
a decrease in steam production in the heat recovery boiler.
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Figure 7. Dependence of power generation on ambient temperature of CCPP.

Figure 8 shows a comparison of the consumption of auxiliary equipment of the circuit
with a heat recovery boiler and a combined cycle. As can be seen from the figure, at a
temperature of −25 ◦C, the feed pump consumes the least amount of electricity. It is also
noticeable that when the ambient temperature rises, the consumption of the condensate
pump decreases to a small extent. The most energy-consuming element of the combined
cycle is the fan of the so-called dry cooling tower. As can be seen from the graphs, in
winter conditions, the fan consumes 6347 kW of electricity. When the temperature rises to
15 ◦C, the fan consumes 7375 kW, which is 13.4% higher than at −25 ◦C. With an increase
in temperature from 15 to 25 ◦C, the increase is insignificant due to a slight difference in
temperatures. At a temperature of 40 ◦C, the maximum level of electricity consumption by
fans is observed due to a decrease in air density and an increase in its amount to ensure the
necessary level of cooling. As can be seen from the figure, the circuit with the heat recovery
boiler has significantly lower consumption due to the absence of a “dry” cooling tower fan.
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Figure 9 shows the dependences of steam generation on ambient air temperature for
schemes with a heat recovery boiler and a steam turbine. As can be seen from the figure,
the dependence is linear, but the maximum output corresponds to a temperature of 15 ◦C.
In general, an increase in temperature leads to a decrease in steam production in both
schemes. This is explained by the fact that the gas consumption decreases with increasing
temperature; however, due to the high temperature of the exhaust gases and a sufficiently
high flow rate, the maximum amount of steam corresponds to a temperature of 15 ◦C. It
should be borne in mind that steam production is also affected by steam parameters. In
the combined cycle, the steam has the following characteristics of 500 ◦C: A pressure of
8 MPa was chosen according to known sources [36]. The temperature of 500 ◦C was chosen
based on the possibility of maximum heat recovery, since the temperature range of the
exhaust gases is 504–545 ◦C. The pressure in the heat recovery boiler for steam generation
for technological needs is equal to 14 MPa with a temperature of 400 ◦C according to the
technological scheme for the preparation of petroleum products. The average steam output
for technological needs is 338,686 kg/h or 338 t/h. The analysis also shows that, regardless
of the ambient temperature, the combustion products of a gas turbine installation provide
a sufficient level of steam generation for technological needs that allow steam boilers to be
turned off.

Energies 2023, 16, x FOR PEER REVIEW 15 of 25 
 

 

 

Figure 9. Dependence of steam production on ambient temperature. 

The efficiency of the systems considered is presented in Figure 10. The thermal 

energy utilized for technological needs is included in the total useful output for the 

circuit with a heat recovery boiler, making its efficiency significant at all temperatures. At 

−25 °C, the efficiency of a simple cycle is 34%, a cycle with a heat recovery boiler is 49.1%, 

and a combined cycle exhibits an efficiency of 48%. Notably, an increase in ambient 

temperature results in a significant decrease in the efficiency of the simple and combined 

cycles by 2–3%. Conversely, the efficiency of a cycle with a heat recovery boiler increases 

owing to higher exhaust gas temperatures, leading to more steam production under the 

same conditions. Eliminating the thermal energy spent on steam reduces the efficiency of 

the cycle with the heat recovery boiler slightly lower than the base cycle due to the 

operation of the boiler feed pump. 

 

Figure 10. Efficiency of the considered schemes depending on temperature. 

Figure 9. Dependence of steam production on ambient temperature.

The efficiency of the systems considered is presented in Figure 10. The thermal energy
utilized for technological needs is included in the total useful output for the circuit with
a heat recovery boiler, making its efficiency significant at all temperatures. At −25 ◦C,
the efficiency of a simple cycle is 34%, a cycle with a heat recovery boiler is 49.1%, and a
combined cycle exhibits an efficiency of 48%. Notably, an increase in ambient temperature
results in a significant decrease in the efficiency of the simple and combined cycles by 2–3%.
Conversely, the efficiency of a cycle with a heat recovery boiler increases owing to higher
exhaust gas temperatures, leading to more steam production under the same conditions.
Eliminating the thermal energy spent on steam reduces the efficiency of the cycle with the
heat recovery boiler slightly lower than the base cycle due to the operation of the boiler
feed pump.
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Figure 11 shows the dependence of the consumption of specific fuel consumption
on the production of electrical energy at different ambient temperatures. As can be seen
from the figure, the maximum fuel consumption per kWh of generated energy corresponds
to the scheme with a heat recovery boiler for steam generation. At ambient temperature
for this scheme, the fuel consumption per kW of electricity generated is 297.48 g/kWh, in
the case of a simple GTU scheme it is 294.6 g/kWh, and in the case of a combined cycle,
the value is 213.4 g/kWh. An increase in ambient air temperature obviously leads to an
increase in the level of fuel consumption for electricity generation due to an increase in
electricity consumption in the gas turbine compressor and auxiliary equipment. In the case
of a simple cycle and a cycle with a heat recovery boiler, the increase is 9.7%, in the case
of using a steam power cycle, 3.48% is due to a significant level of electricity generation.
The maximum fuel consumption corresponds to 40 ◦C. Moreover, the increase in fuel
consumption with an increase in temperature is 2–6%. In the case of a combined cycle, the
temperature increase from 25 ◦C to 40 ◦C leads to an increase in consumption by 7% due to
an increase in the consumption of the electric fan of the dry cooling tower.
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Figure 12 shows the schedule of steam production by four boilers installed in the boiler
room. As can be seen from the graph, in general, the boilers operate at a constant load and
each boiler produces 53–58 tons of steam per hour. In general, the average annual output of
four boilers is 233.62 tons of steam per hour, which is a good indicator. The calculation of the
efficiency of steam boilers shows that the average value varies from 91 to 93%. To analyze
the possibility of switching off boilers, the average monthly productivity values and the
average annual value were calculated. The drop in efficiency in the month of May was
noticed due to repairs on the boiler D. In general, the boilers operate in nominal mode, and
the working time of the boilers is year-round, except for scheduled repairs. An important
factor in the operation of boilers is their continuity, because to ensure the processing of
petroleum products, a constant supply of high-pressure steam into the technological scheme
of oil treatment is necessary.
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The analysis revealed that a single steam boiler produces an average of 58,405 tons
of steam per hour, whereas a combined cycle with a gas turbine and a recovery boiler can
generate up to 338,686 tons of steam per hour. Thus, by employing a circuit with a heat
recovery boiler, it is possible to switch off all boilers and utilize steam exclusively from
the heat recovery boiler. In CO2 emission and economic calculations, it is assumed that all
boilers are shut down.

Figure 13 exhibits the total CO2 emissions for the considered schemes, incorporating
the emissions emanating from fuel combustion in boilers for steam production. As evident
from the figure, the highest emissions are associated with schemes not utilizing steam in
technological operations and the base version. At a temperature of −25 ◦C, the base scheme
and the combined cycle have similar emission levels, amounting to 141.78 tons/h. The heat
recovery boiler scheme emits 108.34 tons/h, signifying a 23.5% reduction compared to the
other schemes. The consumption of fuel and power generation decrease with increasing
ambient temperature, leading to reduced harmful emissions. Compared to the prior
temperature, the reduction in emissions is 12.6% for the base scheme and the combined
cycle, and 16.5% for the heat recovery boiler scheme due to decreased fuel consumption
by gas turbines. The lowest emission values are observed at the highest temperatures,
amounting to 111.93 t/h for a simple cycle and a combined cycle and 78.5 t/h for a cycle
with a heat recovery boiler.
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Figure 14 shows a graph of the dependence of specific CO2 emissions per unit of
power produced. As can be seen from the figures, the maximum emissions correspond
to a simple GTU scheme and are equal to 0.75–0.81 kgCO2/kWh. Moreover, an increase
in temperature leads to an increase in the specific level of emissions due to a decrease in
electricity generation. Moreover, it is noticeable that a decrease in fuel consumption affects
less than a decrease in the power generated. For a circuit with a heat recovery boiler, it is
noticeable that CO2 emissions are approximately equal to those of a circuit with a steam
power cycle. This is due to the fact that with this scheme, all boilers are switched off and the
main emissions are equal to the emissions of only a gas turbine. Moreover, it is noticeable
that the level of specific emissions is constant, since CO2 emissions in this case depend only
on the operation of a gas turbine and the burning of fossil fuels in it.
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For the combined cycle, the CO2 level also varies slightly, since CO2 emissions come
from the gas turbine and from boilers. Moreover, it is noteworthy that the emission level
corresponds to the emission level for a circuit with disconnected boilers. From this graph,
it can be concluded that if you choose from the point of view of ecology, then the cycle
with a heat recovery boiler and the cycle with a steam power plant have the same efficiency
and the main factor for choosing will be economic. As the main economic factors, it is
necessary to consider the benefits from the sale of additionally generated electricity and
payback periods.

3.2. Economic Calculation

The economic analysis of the project involved the computation of costs incurred in
equipment procurement, labour wages, and piping installation for steam supply. Table 5
presents the relevant economic parameters considered in the evaluation, including the costs
of new main and auxiliary equipment, and wages of builders. However, several factors
were not accounted for in the analysis, such as changes in the electricity tariff, exchange rate
fluctuations of Tenge to the dollar and euro, bank rate variations, and changes in the load
on the equipment. The calculation was based on average annual values of electrical and
thermal energy generation in the form of steam. It is worth noting that the energy system
of Kazakhstan is divided into three major zones, namely, Northern, Southern, and Western.
While the first two zones work together, the Western Zone is isolated and experiences
electricity shortages, which are often covered by importing electricity from Russia, the
nearest source [36].

Table 5. Basic data for economic calculation.

Parameter Units Value

Gas cost USD/1000 m3 46.51
Electricity cost USD/kWh 0.05

Cost of tubes per meter USD/m 119.66
Cost of steam turbine USD/kW 905.00

Cost of HRSG USD/kW 400.00
Installation work (as percent from all work costs) % 10

In this study, economic calculations were based on average annual temperatures.
Capital investments were computed using the costs of the steam room and waste heat
boiler, as presented in Table 5. Additionally, the main pipelines at the gas turbine site were
factored into the calculations. The cost of gas was derived from the average gas prices in
the Western region of Kazakhstan. Construction costs were assumed to be 10% of the total
costs of pipelines and capital equipment. The technical calculations determined that the
waste heat boiler’s capacity was 247 MW, while that of the waste heat boiler in the CPPP
cycle was 222 MW. The average power of the steam turbine was estimated at 65.4 MW. The
capital investments were computed based on the conversion factors, including the cost
of pipes.

It is important to note that in the Western Zone, the main sources of electricity are
gas turbine power plants that do not have a connection to the common grid; most often,
electricity is used for the oil-producing enterprises’ own needs. It is especially important to
note that now there are no combined cycle gas installations in Kazakhstan [28].

Figure 15 shows a comparison of NPV as a percentage of IRR. The analysis shows
that from the point of view of economic efficiency, the most acceptable is the use of a heat
recovery boiler as a source of steam for technological needs. The efficiency of the project
decreases since the cost of the CCPP includes a sufficiently large amount of equipment, in
particular two pumps for pumping water and a fan for water cooling.
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Figure 16 illustrates the payback period and investment amount for the analyzed
projects. The implementation of the system for exhaust gas disposal and steam generation
for technological purposes is deemed the most advantageous based on the results. However,
the scheme’s implementation cost is significant, especially when taking into account the
already installed and operating boilers. At an assumed bank interest rate of 10%, the
payback period for such a project is estimated at 4 years.
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The construction of a combined cycle gas plant is another viable option, as it generates
more electricity for technological needs and sales to the Western Kazakhstan region. The
project’s cost is estimated at USD 38 million, with a payback period of 7 years. However,
not all electricity generated will be sold to the grid, thereby increasing the project’s payback
period significantly when accounting for this factor.

Table 6 shows the results of economic and environmental calculations. According to the
calculations, the potential emissions due to the shutdown of boilers will reach 13.4 thousand
tons of CO2 per year for the GT + HRSG scheme. For the CCPP scheme, emissions will be
reduced due to the potential generation of electricity equal to 27.9 thousand tons of CO2.
Emissions due to fuel combustion will be reduced by 17.4 thousand tons of NOx per year
for the scheme with HRSG. For CCPP, this figure is equal to 32 thousand tons of NOx.

Table 6. Results of economic analysis.

Parameter Units GT + HRSG CCPP

Decrease in CO2 from saved NG tCO2/year 13,410.26 27,893.41
Decrease in NOx from saved NG tNOx/year 17,402.18 32,434.28

Decrease in gas consumption mln.m3/year 138.09 115.51
Decrease in payments for NOx

emissions USD/year 1,184,508.045 1,103,846.742

According to the Tax Code of the Republic of Kazakhstan [37], the cost of emissions of
1 ton of NOx is USD 6.74. Cash savings will amount to USD 1.18 and USD 1.1 million for
HRSG and CCPP, respectively.

4. Discussion

The analysis of the possibility of improving the efficiency of a gas turbine power plant
at an oil field in Kazakhstan shows that the construction of an object at a new enterprise
presents serious difficulties. The analysis of the possibility of obtaining process steam shows
that when installing a heat recovery boiler and generating steam, gas turbine installations
can produce significantly more steam than is necessary.

The literature review highlighted the need to design schemes that consider the pecu-
liarities of gas turbine power plants and combined cycle gas turbines (CCPP) operating
under specific conditions, including the absence of water sources, low electricity costs,
and high temperatures. The analysis conducted in this study enables the development of
more effective recommendations for transitioning from a simple gas turbine cycle to more
advanced and efficient cycles in Kazakhstan’s unique conditions.

The combined cycle makes it possible to reach 193.97–262.42 MW, depending on the
ambient temperature, and the share of electricity generated by a steam turbine is 28–31%,
depending on the ambient temperature. The use of the combined cycle allows us to fully
meet the needs of production, as well as to supply surplus to the West Kazakhstan region.

Auxiliary equipment related to the combined cycle consumes a significant amount of
electricity given the absence of a large amount of water for the condenser, dry capacitors
are used in the circuit, respectively, and the electricity consumption of the air fan prevails
over the rest of the equipment. The fan consumption varies in the range of 6347–7888 kWh
depending on the ambient temperature. All other equipment consumes no more than
470 kWh depending on the ambient temperature. The average steam output for technologi-
cal needs is 338 tons/h of steam, and for a steam turbine 301.9 tons/h of steam. It should
be borne in mind that steam for a steam turbine has a higher temperature, which explains a
slightly lower value than for technological needs.

When upgrading with the HRSG installation, the specific fuel consumption to produce
electric energy is 326.39 g per kWh, and for the basic scheme of the GTU, this figure is
equal to 322.62 g per kWh. A slight increase in fuel consumption is due to additional
electricity consumption by the HRSG feed pump. It is obvious that the combined cycle will
have the lowest specific indicators of fuel consumption due to the generation of additional
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electrical energy by a steam turbine. The specific indicator for CCPP is 220.83 g per kWh at
a temperature of 15 ◦C.

CO2 emissions in the HRSG option amount to 0.56 kgCO2/kWh, while in the basic op-
tion, emissions will amount to 0.77 kgCO2/kWh. This indicator for CCPP is 0.53 kgCO2/kWh,
which is close enough to the HRSG option.

Based on the calculated payback period for options with HRSG (4 years) and CCPP
(7 years), it can be concluded that the first option is the most promising for implementation,
while specific CO2 emissions are quite close to each other. However, from the point of view
of electrical efficiency, the CCPP option is the most preferable, but at the same time, more
technically complex and expensive.

5. Conclusions

This study yielded the following outcomes:

• New models of combined cycle gas turbines (CCPP) and gas turbine + heat recov-
ery steam generator (GT + HRSG) were developed, considering the peculiarities of
Kazakhstan’s oil field operations;

• Dependencies of efficiency, power generation, and steam production on temperature
were established;

• Installation of a waste heat boiler for steam production significantly reduces CO2
emissions per kWh by 27%;

• The payback period for the GT + HRSG scheme is 4 years, while that of the CCPP
scheme is 7 years.
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Nomenclature

W power, kW
.

m f fuel mass flow rate; kg/s
LVH lower heating value, kJ/kg
Q heat flow, kJ/s
D mass flow rate, kg/s
h specific enthalpy, kJ/kg
NVP net present value, USD
PB payback period, year
B cash flow, USD
I0 primary capital investments, USD
r interest rate
Greek letters
η efficiency
Subscripts
0 inlet flow
1 primary air flow



Energies 2023, 16, 2704 21 of 22

2 secondary air flow
comp compressor
turb turbine
cc combustion chamber
gt gas
st steam turbine
p pump
f feed water
sat. saturated
s.w. saturated water
boil boiler
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