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Abstract: As environmental regulations increase, the need for a clean and inexpensive energy is becoming
necessary these days using an available raw material with high efficiency and low emissions of toxic gases. This
paper presents a study on modifying a gas turbine power plant fired by diesel, which is located in Saudi Arabia
in order to increase the efficiency and capacity of the station as well as decrease the rate of emissions. The
studied power plant consists of 30 units with different capacities and total net power is 1470 MW. The study was
conducted on unit number 25 (GT-25) which produces 72.3 MW with 30.44% efficiency. In the beginning, the
unit was modeled and simulated by using Design Il software. In this step, actual unit data were used in order to
test the validity of the model. The net power and efficiency obtained from software were 76.4 MW and 32.2%
respectively. A difference of about 6% was found in the simulated power plant compared to the actual station
which means that the model is valid. After the validation of model, the simple gas turbine power plant was
converted to a combined cycle power plant (CCPP). In this case, the exhausted gas released from the gas turbine
was introduced to a heat recovery steam generator (HRSG), which consists of three heat exchangers: an
economizer, an evaporator and a super heater. In this proposed model, optimal operating conditions were used
in order to get the highest net power and efficiency. The net power of CCPP was increased to 116.4 MW whereas
the overall efficiency of the unit was reached to 49.02%, consuming the same amount of fuel for the gas turbine
power plant. For the purpose of comparing the rate of emissions of carbon dioxide on each model. It was found
that the rate of CO, emissions was decreased from 15.94 kg/s to 11.61 kg/s by using the combined cycle power
model as a result of reducing of the amount of diesel from 5.08 kg/s to 3.7 kg/s needed to produce 76.4 MW. The
results indicate that the rate of emissions of carbon dioxide was decreased by 27.2% in CCPP compared to the
simple gas turbine power plant.

Keywords: Combined cycle power plant, efficiency, heat recovery steam generator, simulation, design II
software.

1. Introduction

Among all of inventions that showed in the history of human being, electricity is considered as one of the
most important inventions that served the humanity for what it has provided of facilitating the life and increasing
the yield. Electricity can be produced in several ways, such as thermal power plants (TPP), which are regarded
as one of the most popular methods of generating electricity [1]. TPP can be classified according to the type of
fuel into: nuclear power plants, solar thermal electric plants, fossil fueled power plants (FFPP), etc. [2], where
FFPP is a power plant that generates electricity by burning fuel such as natural gas, coal, diesel, etc. Diesel is
considered as a commonly used fuel in fossil fuel power plants due to its low price and good performance [3].
There are many techniques of FFPP are applied these days such as simple gas turbine power plant and combined
cycle power plant (CCPP), where the gas turbine power plant consists of a compressor, combustion chamber and
turbine [4], [5]. The temperature of the combusted gas to the gas turbine is relatively high (900 to 1400°C), as
well as the temperature of the exhaust gas (flue gas) is also high (450 to 650°C) [6]. The efficiency of this cycle
is about 30-35% [7], [8]. The combined cycle power plant is a combination of gas turbine and steam turbine,
where the exhaust gas produced from the gas turbine is entered to Heat Recovery Steam Generator (HRSG) in
order to produce steam that used as working medium in the steam turbine [9], [10]. In this case the thermal
efficiency ranges from 40 % to 60%, depending on the output power of the station [11], [12].
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This paper aims to study and analyze a modification of gas turbine power plant fired by diesel to a
combined cycle power plant using Design Il software and then summarize the difference in efficiency and net
power in each technique. Various studies have been conducted by using simple gas turbine power plants and
combined cycle power plants for different purposes. These studies could be classified into two sections:

Studies that are interested in efficiency of power plants such as Hossain et al. [6], who studied the possibility
of constructing combined cycle power plant over the simple gas turbine power plants in Bangladesh. To achieve
his objective, real data of simple and combined cycles were collected from Chandpur 163 MW power plant and
have been simulated by using “RETScreen” software. The results showed that when the combined cycle power
plant was used, the average efficiency of simple gas turbine power plant was increased from about (25-35) % to
about (40-50) % in case of combined cycle power plant. Mokhtar et al. [13], conducted a thermodynamic
analysis of GARRI (1) combined cycle power plant working with efficiency 27.4 %. The simulation and
optimization were done by using ASPEN HYSYS. Different scenarios of operating parameters were made by
assuming some assumptions. At the end, they concluded that efficiency obtained from ASPEN HYSYS
simulator is 31.89%, whereas the optimum efficiency obtained also from ASPEN HYSYS simulator is 33.88%.
Another comprehensive study of combined cycle gas turbine CCGT system has been conducted by Ibrahim et al.
[14], modeling analysis has been offered in order to develop the performance of CCGT power plant. MATLAB
10A software was used for the simulation. In order to estimate the results, a statistical tool named ANOVA was
used. At the end, they found out that the highest thermal efficiency is 61%. Polyzakis et al. [15], studied four
different gas turbines cycles in order to optimize a combined cycle power plant with total net power is 300 MW
(200 MW from the gas turbine and 100 MW from the steam turbine). The highest thermal efficiency was
obtained in reheated gas turbine as a result of high temperature of the exhaust gas. The overall efficiency of
combined cycle power plant reached to 53.5%. Ersayin and Ozgener [16], have analyzed the performance of
combined cycle power plant in Turkey named ATAER Energy Power Plant, which gives 119.2 MW. The
analysis has been done by using first and second laws of the thermodynamics. Finally, they found that the
efficiency of the power plant was 56%. Another deep study for the purpose of optimization of combined cycle
power plant conducted by Xiang and Chen, [17]. The study aimed to increase the efficiency of a CCPP. To
achieve this purpose, the study suggested optimizing the HRSG. The results showed that the efficiency of steam
cycle rose from 38.6% to 39.2%, when the high pressure (HP) and intermediate pressure (IP) were reached to the
optimal value.

The second section of the literature review is concerned in papers that are interested in emissions of power
plants such as Hossain et al. [6], who found that the CO, emissions of the gas-fired power plant were only 40%
of the coal-fired power plant. In the same field, Ray [18], studied the combined cycle plants in north America.
Ray mentioned that combined cycle plants emitted significantly fewer emissions of carbon dioxide (CO,), sulfur
dioxides (SO,), nitrogen oxides (NO,) and other air emissions. CO, emissions from power plants using
combined cycle technology were about 50 percent lower than most coal-fired plants.

2. Theory and Methodology

2.1. Case Study: Power Plant Unit in Saudi Arabia 72.3 MW

The studied power plant is located in the southern of the country and consists of 30 units. The station fired
by diesel fuel and the total net power produce is 1470 MW. The study was conducted in unit number 25 (GT-25),
which produces 72.3 MW with 29.5% efficiency. The schematic diagram of the model is shown in Fig.1.

This technique consists of one simple cycle starts with a compressor, where the air is compressed to high
pressure. The air is then mixed with a compressed diesel in the mixer before burning. The fuel and air are then
fed together to a combustor chamber. The high temperature products resulting from combustion are then entered
to a gas turbine called GT expander, where the turbine is rotated and converts the thermal energy of the fuel to
mechanical energy. Therefore, the attached generator to the turbine converts the mechanical energy to an
electrical energy.
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Fig. 1: Simple gas turbine power plant

2.2. Proposed Model

With the weakness of efficiency of GT-25 power plant and raising of the emission rates, it has become
necessary to improve this system. It was suggested to develop the simple gas turbine power plant by designing
new technologies that consume the same amount of raw material and produce higher efficiency and net power as
well as lower emission rates. The suggestion was to modify the existing unit (GT-25) from a simple gas turbine
power plant to a combined cycle power plant which is considered as the best way of generating electricity by
using fossil fuel. The proposed model is shown in Fig. 2.
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Fig. 2: Combined cycle power plant

In this case, the existing gas turbine power plant is modified, where the exhaust gas from the gas turbine is
introduced to the heat recovery steam generator (HRSG) which consists of three heat exchangers: an economizer,
an evaporator and a super heater. Water is fed to HRSG, and as a result of the high temperature of the exhaust
gas, the water is converted into steam with high temperature and pressure. The steam is first introduced to a
high-pressure steam turbine (HP) and then to a low-pressure steam turbine (LP), where more electricity is
produced. The steam released from the LP steam turbine is condensed through a steam condenser and pumped to
a flash tank called deaerator using hot well pump. Boiler feed pump is then used to pump the water to a heat
exchanger called economizer, which is the first unit of HRSG. This water is recycled in the HRSG for reusing
again in the cycle. The efficiency of the cycle in this case is about 49.02 %, which matches the efficiencies
obtained from the literature.
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3. Results and Discussion

3.1. Design Il Software

Design Il is a process simulator that designed specifically for Windows computing. It runs both dynamic and
steady-state simulation. The software is powerful, comprehensive and easy to use. It offers many features such
as Inline FORTRAN. The software database contains 1200 pure components. There is also a crude library that
contains 38 world crudes. [21]

3.2. Simulation of Studied Power Plant (GT-25)
The actual operating parameters were collected from GT-25 power plant. These data are listed in Table I.

TABLE I: Operating parameters of GT-25 model

Parameter (unit) Value
Air inlet temperature (K) 304.15
Air inlet pressure (atm) 1
Air mass flow rate (kg/s) 309.214
Fuel inlet temperature (K) 306.15
Fuel inlet pressure (atm) 9.87
Mass flow rate of fuel (kg/s) 5.08
Pressure out of compressor (atm) 10.476
Pressure out of gas turbine (atm) 1
Isentropic efficiency of compressor 0.86
Isentropic efficiency of gas turbine 0.9

The results of simulation for GT-25 model were obtained and summarized in Table II.

TABLE Il: Simulation results of GT-25 model

Property (unit) Value

Outlet temperature of compressor (K) 632.21
Outlet temperature of gas turbine (K) 774.59
Compressor used power (MW) 105.36
Gas turbine produced power (MW) 181.72

The results show that the net output power of GT-25 power plant is 76.4 MW, which is the difference
between the power produced in the gas turbine and the power used in the compressor. The efficiency of the
model was obtained from dividing the net power by the heat of combustion of the diesel (237.5 MJ/s). The
efficiency of this model is 32.2%.

3.3. Validation of GT-25 Model

In order to test the validity of the model, the actual results of GT-25 power plant were compared with the
simulation results. The net output power of the actual GT-25 power plant was 72.3 MW, whereas the efficiency
was 30.44%. The software results of the simulated power plant were 76.4 MW and efficiency 32.2%. The
difference of results (DR) between the actual model and the simulated model was calculated according to Eq. (1),
where SR is simulation results and AR is the actual results of the net output power.

SR- AR
Re—n

x100

The difference was about 6% between the actual results and simulation results of GT-25 model, which
mean that the model is valid. This difference is clarified in Fig. 3.
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3.4. Simulation of the Proposed Model

After the validation of the GT-25 model, the model was extended from a simple gas turbine power plant to a
combined cycle power plant. The operating parameters of the gas turbine part were the same as GT-25 model,
whereas the operating parameters of the combined cycle are given in Table IlI.

TABLE I11: Operating parameters of the combined cycle model

Parameters(unit) Value
Temperature of super heater (K) 763.15
Temperature of condenser (K) 298.15
Pressure out of HP steam turbine (atm) 2.8621
Pressure out of LP steam turbine (atm) 0.0395
Pressure out of boiler feed pump (atm) 59.22
Mass flow rate of steam (kg/s) 34.91
Mass flow rate of deaerting steam (kg/s) 25
Isentropic efficiency of HP turbine 0.9
Isentropic efficiency of LP turbine 0.9
Isentropic efficiency of pump 0.75

The obtained results from software in Table IV show that the properties of combined cycle power plant were
more desirable than those obtained in case of simple gas turbine power plant. The total net output power
increased from 76.4 MW in case of simple gas turbine power plant to 116.4 MW in CCPP, whereas the
efficiency of the CCPP reached to 49.02%.

TABLE II: Operating parameters of the combined cycle model

Property (unit) Value
Outlet temperature of economizer (K) 458.8646
Compressor used power (MW) 105.36
Hotwell pump used power (MW) 0.04304
Boiler feed pump used power (MW) 0.271411
Gas turbine produced power (MW) 181.72
HP turbine produced power (MW) 22.02
LP turbine produced power (MW) 18.396
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3.5. Carbon Dioxide Emissions in both Models

The emissions of carbon dioxide were obtained in each model in order to compare the difference between
both models. The emissions of CO2 in case of simple gas turbine were 15.94 kg/s, when the station produced
76.4 MW. To obtain the emissions in combined cycle power plant, the amount of diesel of CCPP was decreased
in order to acquire the same net output power of the simple gas turbine power plant. When the CCPP consumes
3.7 kg/s, the net output power decreased to 76.4 MW which is the same of the simple gas turbine power plant. In
this case, the emissions of CO2 were diminished to 11.61 kg/s. In order to compare the difference between both
models, Eq. (2) was used, where DOE represents the difference of emissions, GTE is the gas turbine emissions
and CCE means the combined cycle emissions.

DOE = GTE - CCE @)

The difference of emissions in case of establishing the proposed model was 4.33 kg/s, which represents the
reduction of emissions in CCPP. The percentage of reduction could be calculated according to Eqg. (3) in which
POR means the percentage of reduction, symbols DOE and GTE have the same meaning as in Eq. (2).

POR - (DQE00) (3)

According to Eq. (3), the percentage of reduction of CO, in CCPP was 27.2 %. This reduction of emissions
could be illustrated in Fig. 4.
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Fig. 4 Comparison the emissions of CO, in gas turbine power plant and CCPP

The performance of each model could be illustrated in Fig. 5, which represents the differences in total net
power, efficiency and the emissions of carbon dioxide in each model.

The results also showed that the amount of fuel used in case of combined cycle power plant is even lower
than that needed in simple gas turbine to produce the same total net power. The diesel needed to produce 76.4
MW in gas turbine cycle was 5.08 kg/s, whereas it consumed 3.7 kg/s to produces the same total net power in
case of gas turbine cycle.
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Fig. 5 Comparisons of the performance of simple gas turbine power plant and CCPP

4. Conclusion

To analyze the effects of modifying a simple gas power plant to a combined cycle power plant,, a simple gas
turbine power plant located in Saudi Arabia was chosen as a case study. The results of the study can be
summarized in the following points:

e The net power and efficiency of establishing a combined cycle power plant were increased from 76.4
MW, 32.2% to 116.4 MW and 49.02% respectively.

o The rate of emissions of carbon dioxide was reduced from 15.49 kg/s in case of a simple gas turbine
power plant to 11.61 kg/s in the combined cycle power plant with a percent of 27.2%.
e It was recommended to study the rates of (NOx) and (SOx) and a method of treating the exhaust gas.
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