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Research efforts have switched to increasing the efficiency of systems that convert thermal energy
into mechanical labor due to the rise in the cost of oil and fuel gas over the past 20 years and the
risks of environmental contamination.. Combined gas/steam power plants (CGSPP) are becoming
more widespread due to their excellent thermal efficiency, higher capacity, and low environmental
impact. The current research focuses on the theoretical analysis of CGSPP, which uses a single-
pressure heat recovery boiler without supplemental fire. A computer program for the studied
combined cycle based on the burning of 1 kmoles of natural gas in the combustor of the gas
turbine is built utilizing the conservation equations for mass and energy, as well as combustion
calculations. Each component of the combined cycle is assigned a unique subprogram using
Engineering Equation Solver (EES). The results reveal that the combined cycle's maximum
efficiency may be obtained at around 47.24 7 as long as the boiler pressure remains constant. Since
improved combined-cycle efficiency is the goal, modest compressor pressure ratios must be used.
At a high compressor pressure ratio, the boiler pressure must be reduced to maintain a positive
temperature differential at the pinch point. To minimize a loss in combined cycle efficiency at high
compressor pressure ratios, we propose using a dual-pressure boiler.
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Introduction

driven by population increase and technological improvement

Energy (in all its forms) is the major driving force behind  [2]. By the end of 2025, worldwide electricity generation will
human society's growth. According to statistics, fossil fuels ~ have reached roughly 30,850 TWh, with fossil fuels (coal,
account for approximately 80% of primary energy utilized ~ 9as, and oil) accounting for 58%, renewables (hydro, wind,
globally [1]. It is expected that the amount of electrical ~ solar, bioenergy, and geothermal) accounting for 32%, and
energy consumed would double over the next 20 years, nuclear accounting for 10%. Global power consumption is

rapidly increasing, with a predicted 4.5% rise by 2025;
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ensuring that future generations have enough energy is a big
problem for any country attempting to expand sustainably
[3]. On the other side, this will result in greater
environmental degradation and a dramatic shift in the
ecosystem, leading to a slew of environmental issues such as
global warming, climate change, disease spread, starvation,
drought, and desertification The situation is similar in Libya,
where rising population and economic growth have increased
energy consumption, necessitating more electric power plants
and distribution networks. Figure 1 depicts the growing
demand for power in Libya. In Libya, electricity production
in 2024 reached approximately 33,980 gigawatt-hours. Libya
relies almost entirely on fossil fuels (natural gas and liquid
fuels) for electricity generation, with estimates indicating a
dependence rate exceeding 99% (Countryeconomy.com,
2025). Steam power plants contributed 13.7%, gas-fired
power plants 59.3%, and combined-cycle power plants
26.1%, while renewable energy sources accounted for less
than 1% of the energy mix. Libya generates electricity from
fossil fuels as follows: heavy oil 19.4%, light oil 35.3%,
natural gas 38.2%, and crude oil 7.1% [5]. The emissions
associated with electricity generation in Libya are estimated
at approximately 32.871 million tons of CO, per year [6,7].
By 2025, Libya hopes to enhance electricity capacity by
adding 10% of total capacity using renewable sources.
However, due to the country's security situation, this plan
was stopped in 2011. Following the country's relative
security in 2020, the state revised its strategic plan, which it
revealed during the COP27 summit held in Sharm EI-Sheikh,
Egypt, from 8-14 November 2022, with the goal of increasing
the contribution of renewable energy in the mix of electric
power generation in Libya to 30% by 2030 and 50% by 2050.
This will be accomplished by the application of concentrated
solar, solar photovoltaic, and wind energy [8-10].
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Figure 1: Development of rising demand for electricity in Libya

Sustainable energy production necessitates meticulous
actions toward efficiency improvement (resource
management) and produces environmentally benign energies.
Thermal power plants are the most prevalent in various
power generation locations across the world. These sectors
are being driven to change their technology, adopt more
environmentally friendly practices, and implement high-
efficiency cycles. As a result, multi-objective optimization of
a combined cycle power plant in terms of cost, efficiency,
and environmental impact is one step closer to resolving this
issue. A power plant is an important part of the energy
production process. Among many types of power plants,
CCPPs have received a lot of attention because they are more
desirable in the power production area than individual steam
or gas turbine power plants and have a lower environmental
effect [11-14]. Under these conditions, improving the

thermodynamic efficiency of existing thermal power plants is
both an economic demand to reduce fuel consumption and an
environmental requirement to limit emissions [15].To
maximize the efficiency, cost effectiveness, and
environmental impact of such plants, it is vital to know the
locations, kinds, and magnitudes of genuine inefficiencies
(irreversibilities) beforehand. Various power supply system's
exist and are described in literature, including nuclear energy,
wind energy, water energy, steam turbines (ST), and gas
turbines (GT). In this aspect, steam serves as the primary
source of power for a variety of operations such as heating,
chemical reactions, and power generation. As fuel costs
continue to climb, researchers and development engineers
must create innovative ways for maximizing energy supply
and generation, enhancing efficiency, reducing fuel
consumption, and optimizing power plant costs. Despite
advances in alternative energy technologies, the bulk of the
world's electricity is still generated in thermal power plants
using burning boilers and steam turbines. Recently, combined
cycle gas turbines (CCGT) have been regarded as more
efficient for power generation [16]. CCGT typically provides
the maximum efficiency for power generation [17]. Thermal
approaches continue to dominate the technological mix in the
enhanced oil recovery (EOR) sector, indicating continued
steam-intensive recovery activities. [18].A CCGT's thermal
efficiency can surpass 60%, depending on the circumstances
and the design of the cycle's components [19]. The combined
cycle gas turbine (CCGT) is made up of two major
components: the gas turbine [20] and the steam turbine [21].
A gas turbine (GT) is an internal combustion engine that
converts the chemical energy of fuel into mechanical energy
by using gaseous energy from the air. The steam turbine is a
device that captures thermal energy from pressured steam and
converts it into mechanical work. The thermodynamic
integration of these two systems to act as a single system is
known as "cogeneration,” which refers to the simultaneous
generation of work (shaft power) and heat (steam).
Cogeneration systems may operate at high capacity and
efficiency almost all year. Cogeneration systems are 30%
more energy efficient than standard energy systems [22].
Thermodynamically, combining two thermal cycles in a
single power plant increases efficiency and conserves energy
[23]. GT exhaust temperatures may vary from 500 to 6000C
[24]. The combination of cycles with different working
medium is quite fascinating since their benefits can
compliment one another. When two cycles are combined, the
cycle with the greater temperature is typically referred to as
the "topping cycle". The waste heat produced is then
employed in a second process known as the "bottoming
cycle" [25], which runs at a lower temperature level. It
consequently makes technical sense to take use of the gas-
turbine cycle's highly desired properties at high temperatures
and use the high-temperature exhaust gases as an energy
source for the steam power cycle [26]. The most frequently
recognized combination for commercial power generation
and marine propulsion applications is a gas topping cycle
followed by a steam bottoming cycle [27]. Along with its
widespread and successful use in land-based power plants,
the combined gas and steam turbine (COGAS) idea is being
expanded to provide an alternative kind of power plant for
ships [28]. COGAS is not to be confused with combined
steam and gas power plants, which use oil-fired boilers for
steam turbine propulsion during normal sailing and add gas
turbines for high speed and faster response/reaction times.
The COGAS plant uses heat from the gas turbine's exhaust
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gas to heat water via a series of tubes in a heat exchanger
under high pressure, producing superheated steam. In this
plant, the network is a mix of work done in gas and steam
turbines, all from a single source of heat supply [29]. These
systems' flexibility makes them suitable for utility power
generation, industrial cogeneration, and ship propulsion
applications, where their efficiency can surpass 60% [30].
Modeling and simulation of coupled cycles has long been an
effective approach for improving their performance.
However, the requirement to construct accurate and
dependable COGAS models for wvarious purposes and
applications has provided tremendous motivation for
academics to continue working in this exciting field [31].
According to the International Energy Agency (IEA), global
electricity output is predicted to rise faster than any other
source of energy, with demand for power potentially
exceeding 2.2% each year between 2008 and 2035 [32].As a
result, there is a rising requirement for additional resources
and innovative technology to sustain expansion and ensure
universal access to power services. In reality, fossil fuel
power plants generate more than 65% of the world's electrical
energy [33,34]. The worldwide energy supply sector agrees
that Combined Cycle Gas Turbine facilities (CCGT) are the
preferred production technology for private investors. CCGT
represent the link between fossil fuel-based energy
production technologies and the transition to renewable and
innovative sources of energy. As a result, energy production
will continue to rely on fossil fuels for the foreseeable future,
and combined cycle plants are expected to see significant
development in the coming years. In recent years, there has
been an increased interest in the combined cycle gas turbine
(CCGT), particularly in nations with abundant natural gas
supplies [35]. Furthermore, employing natural gas rather of
fossil fuels can result in significant efficiency gains [36]. The
technological advancement of CCGT plants has occurred in
stages, paralleling the development of the GT and steam
cycles. These advantages are becoming increasingly essential
in today's climate, where operational standards Other
environmental regulations are becoming more rigorous.
Furthermore, because of their reduced environmental effect,
CCGT facilities take up less area than similar coal or nuclear
reactors and have less site limitations. Furthermore, CCGT
plants have minimal operating and maintenance expenses
because to high-quality technology that allows for quick
component inspection. The installation of CCGT is likely to
rise even more rapidly in the next years, as new
environmental criteriaare implemented. As the power system
evolves, modeling and simulation issues arise. Building a
new engine model is time consuming and expensive in the
traditional way, however a successful simulation model may
be built without the requirement for prototypes in the early
phases of design. Modeling is so more than just a
mathematical workout; it also requires a thorough grasp of
the system and its operation. However, modeling is
considerably more difficult since judgments must be made
about which occurrences and dynamics to ignore and which
to mimic. As a result, simplified mathematical models of
CCGTs are required to examine power system stability,
define optimal operating strategies, and build contingency
plans for system disruptions. There have been several
research [37-39] published in this topic on gas turbine
models. Several literature reviews [40,41] demonstrated that
the use of simplified models can be a viable choice for
representing the dynamic behavior of mixed cycle systems
for various applications. However, dynamic simulation is an

essential practice when the systems are operating at the
process's limitations. This need complicated models that are
as near as feasible to the real system. As a result, various
studies have given mathematical models for thermal power
under a variety of disturbance situations. These simulation
models gave a thorough investigation of the power system's
stability. Dynamic modeling enables investigations into the
transient behavior of the complete thermal power plant and
its associated control mechanisms. As a result, significant
efforts have been made to better understand CCGT dynamics
and build appropriate control systems, and there is

tremendous desire to improve power plant performance [42,

43]. Remarkable research has been conducted on modeling

and simulating systems, and a range of analytical and

experimental models have been constructed thus far to gain a

thorough grasp of the nonlinear behavior and dynamics of

these complex systems. The information obtained from the
mathematical model's simulation is extensively utilized to
examine potential future advances and improvements.

Advanced control systems, new simulators, and precise

simulation models that represent the whole functioning of

CCGT plants are extremely important and required.

Converting the Derna steam power plant into a mixed

gas/steam power plant with a single-stage heat recovery

boiler is the aim of this research. The combined plant's
performance will be evaluated in connection with gas cycle
features (gas turbine inlet temperature and gas cycle pressure
ratio). The molar composition, molecular weight, and
calorific value of the fuel—natural gas—as provided by the

National Oil Corporation (Libyan Petroleum Institute) are

shown in Table 1. The information used in this study is

shown in Table 2.

Methodology

An air compressor, a combustion chamber, and a gas turbine

make up the basic open gas turbine cycle that is employed in

this work as a combined gas/steam cycle. The components of
the steam turbine cycle are identical to those of the Derna
steam power plant; however, a single-stage heat recovery
boiler that uses the flue gases leaving the gas turbine to
generate steam takes the place of the boiler and burner. The
other parts of the steam power plant in Derna are still in
place. A four-stage expansion steam turbine, a condenser,
pumps, a low-pressure superheater, an open deaerator, and a
high-pressure superheater comprise the Derna steam power
plant .The economizer, boiler or evaporator, and superheater
are the three parts of the heat recovery boiler. The exhaust
gases from the heat recovery boiler are released into the
atmosphere through a chimney, and an energy generator is
powered by both the gas and steam turbines. The combined
gas/steam cycle design is shown in Figure 2, while the
temperature-entropy graphs for the gas and steam plants are
shown in Figure 3. Every component of a combined
gas/steam power plant needs to go through a thermodynamic
study in order to examine its performance. The following
assumptions are made in order to conduct this

thermodynamic analysis [44-46].

1. The specific heat of air and combustion gases varies with
temperature.

2. Fixed values of atmospheric pressure, air temperature,
and relative humidity (1 bar, 25°C, 70%) are used,
ignoring changes in atmospheric conditions.

3. Assumed values for gas turbine, steam turbine,
compressor, breakout chamber combustion efficiency,
pump, mechanical, and generator efficiencies.
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4. Neglect pressure losses in combustion chambers, heat
recovery boilers, condensers, and pipelines.

P,+N,) = Pat — Pv 3)

5. The impact of pump operation is considered

6. The steam cycle characteristics will be the same as the
Derna steam plant, with flue gases at 125°C.

7. The minimum temperature differential at the pinch point
will be set at 15°C.

1 Fuel H, [’Fu‘::‘

2 oc 3

AC

1 Alr

15 (- pr- )

\ Ryl

Figure 2: Schematic illustration of the combined gas and steam
power plant

Gas turbine unit calculations

The gas-fired power plant uses the Brayton gas cycle, in
which the compressor compression and turbine expansion are
irreversible adiabatic processes. The gas-fired power plant
calculations require the pressure ratio of the compressor
ncand the temperature of the combustion gases departing the
combustion chamber and entering the turbine Ts,
Compression procedure in the compressor

The mole fraction of the components of humid atmospheric
air, which include oxygen, nitrogen, and water vapor, is
calculated as follows [44-46]:

The partial pressure of water vapor present in humid air is

@ :relative humidity.
The pressure of dry air, which consists of (oxygen

+nitrogen), is calculated from the atmospheric pressure
(total

Where: p,.. is the atmospheric air pressure.

Figure 3: Temperature - Entropy of the Combined Station

Since the molar composition of dry air is 21% oxygen and
79% nitrogen, the partial pressure of both oxygen and
nitrogen in humid atmospheric air is calculated as follows:

Po, = 0.21 X p(o,+n,) 4
Py, = 0.79 X peo,+n,) %)

The mole fraction of oxygen, nitrogen, and water vapor in
humid air is calculated as follows:

Po,
(noz)air = %: (6)
(n,),, = ﬁ )
p
(nH2+0) =— 3)

ar patm

Where:
Do, 1S the partial pressure of oxygen in humid atmospheric air.

Pw, 1S the partial pressure of nitrogen in humid atmospheric
air.

Referring to Figure (2), we see that the humid air from the
outside atmosphere enters the compressor at condition 1,
where it increases in pressure and temperature before exiting
at condition 2. The temperature of the air leaving the
compressor is estimated using the compressor's isotropic
efficiency as follows:

-1
TZS — T17T((:y )Y

calculated from the relative humidity of the air (¢): ©)

Ty =Ty + (Tos — T1)/nc
¢ = Pv )
ps(Ty) Where:
Py = Ops(T1) (2)  Ty:isthe air temperature in (K),

Where: mc: IS the compressor pressure ratio,

py: partial pressure of water vapor present in humid air. T,: is the temperature after isentropic compression (K),

D, pressure at atmospheric air temperature.
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y: is the isentropic exponent of air (y = Cpa [Sva)
nc: 1S the isentropic efficiency of the compressor.

Cpra s the specific heat of air at constant pressure
(kJ/(kmol.K))

Cva s the specific heat of air at constant volume
(kJ/(kmol.K))

The work required by the compressor per kilomole of air is
calculated from the following equation:

_ C~Pa (TZS - Tl)

mcC

; kJ/kmol (10)

W¢

Where:
Nme 1S the compressor's mechanical efficiency
The process of combustion within the combustion chamber.
The most important thermodynamic process in mixed
gas/steam power plants is burning. The energy needed to
produce electricity in the gas power plant is produced by
burning fuel in the combustion chamber. This energy is then
transferred to the steam power plant through a heat recovery
boiler. The molar analysis of natural gas, the fuel used in this
study, is shown in Table 1). The compressor delivers oxygen
into the combustion chamber, which is necessary for the
combustion process to be completed. The bare minimum of
air required for the complete combustion of natural gas
components is known as the theoretical air quantity. The
theoretical air quantity. The following chemical combustion
formulae for natural gas components are used to calculate the
theoretical air quantity [44-46].

ey, CHy + 2n¢y, (05 + 3.76N,) -

Nen, COy + 20y, HyO + 7.52ncy, N,
n¢,n,CaHe + 3.5n¢,, (05 + 3.76N,) >
2n¢,u,CO5 + 30,y Hy0 + 13.16n¢, 4 Ny
Ne,n, C3Hg + 5nc,p, (0, + 3.76N,) —

3n¢,u, CO; + 4nc py, Hy0 + 18.8nc . Ny )
N, Cabro + 6.5C4Hio (05 + 3.76N,) -
4ng,,,COy + 5nc,u, Hy0 + 244404, N,
N, CsHyy + 8CsHyz (0, + 3.76N,) -
S, COs + 6n¢ p,, Hy0 + 30.08n¢ 4, Ny
N, CoHia + 9.5CsH14 (05 + 3.76N,) -
6nc,,,CO2 + T, HoO + 35.72nc 4, Ny

Where Ny, , N,y NeyHg » Meaqgr Meshy, @Nd Negpy, A€
the mole fraction ofCH,, C,H,, C3Hg, C,H,,, CsH,, and
C¢H,, in the natural gas (0.8147, 0.1115,0.027, 0.0111,
0.0032, and 0.0003, respectively)
The amount of air needed to burn 1 kgmol of natural gas is
calculated as follows:

(A/F)en

= 4.76(2ncy, + 3.5n¢,n, + 5nc,, + 6C4Hio

+ 8C5H,, 9.5C¢H,4)
The actual amount of air required to burn 1 kg of natural gas
is calculated as follows:

(A/F)act

Aee = A )m
(A/F)act = (A/F)th Acc

(12)

(13)

Where:
Acc: 18 the excess air coefficient that is calculated by trial and
error through the flowchart shown in Figure (4).

Given: , specific heat of
air at compressor exit,

, natural gas heating value,
Hu, and composition of
natural gas

Guess Acc

Combustion calculation
to calculate (A/F)act

I

A=n.. Hu
B = (41 F) e CpoTs

Output: Result of the

excess air factor

Figure 4: Flowchart for calculating the excess air coefficient for the
combustion process inside the combustion chamber.

The mole fraction of combustion products per kilomole of
natural gas is calculated as follows:
Xco, = Nen, + 2n¢,n, + 3¢y, +40c,1,, T SnCSH12 + (14)
6Nc.y,, +Nco, s kmol/kmolg,,
Where n,, is the mole fraction of carbon dioxide present in
natural gas.

Xm0 = 2n¢y, + 3n¢,n, + 4nc,y, + 50y, + 6Ncen,,

e, + Mu,0)air (A/F)ace s kmol/kmolp,q

Where (ny,0)qir is the mole fraction of water vapor present
in the atmosphere:
XO2 = (nOZ)aiT + (Acc - 1) (A/F)act ; kmOZ/kmOIfuel (16)
Where(noz)airis the mole fraction of oxygen present in moist

atmospheric air.
Xn, = (nw,) .+ (A/F)ace + n,; kmol/kmolyye, 17

Where(nNZ)air is the mole fraction of nitrogen present in

natural gas.
The number of moles of combustion products per kilomole of
natural gas is calculated as follows:

Xy = Xco, + Xn,0 + Xo, + X, (18)
The mole fraction of each component of the combustion
gases (i) per kilomole of combustion gases is calculated as
follows:

(1)

kmol

Yo =Xi/Xg; (19)

kmozcombustion gases

The molecular weight of combustion gases is calculated
using the following equation:

Mg = E XiMi 5
kmozcombustion gases

The specific heat of combustion gases is calculated as
follows:

Cpg = § XiCpy; kmol
MOl combustion gases

The heat balance equation for the combustion process inside
the combustion chamber is written as follows: The heat
balance equation for the combustion process states that the
rate of heat energy produced by burning the fuel plus the rate
of heat energy of the air entering the combustion process and
coming from the compressor equals the rate of heat energy of
the combustion gases.

kmol

(20)

kmol

21
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HM'JIC'.C'
(4/F),, Cp, T, 4| Combuston Chamber R
XgéPgT3 = nc.c.Hu + (A/F)act C~Pa,2 T2 (22)

Where:

Cpg ,Cpq : The specific heat of air and combustion gases can
be calculated from the equations in the appendices.

Xy The number of moles of combustion products per
kilomole of natural gas.

Gas Turbine Calculations

The combustion gases enter the gas turbine at temperature T3
and expand adiabatically with isotropic efficiency #r, exiting
the turbine at temperature Ta4., T4 is calculated using the
following equations:

1 (Vg_l)/yg
Tys =T (—) (23)
e
Ty =Tz + (Tys — Ta)-N7 (24)
Where:
. . . . _Cpq,/Cy
% is the isentropic exponent of air (yg= ~P.9/—Vv.9)
nr is the isentropic efficiency of the turbine.
Cpr.g s the specific heat of product gas at constant

pressure (kJ/ (kmol. K))

Cv.g isthe specific heat of product gas at constant volume
(kJ/ (kmol. K))
The work produced by the gas turbine per mole of natural gas
is calculated using the following equation

kJ
kmol,, 4
Where n,,r mechanical efficiency of the turbine
The net electrical work produced by the gas plant per
kilomole of natural gas is calculated as follows:

kJ
kmol,, 4
Where 7. is the efficiency of the electric generator.
The thermal efficiency of the gas station is calculated as
follows:

wr = Xy Cp o (Ty = T3)- Ny (25)

Wy er = wr + (A/F)ace -welne; (26)

w

Ner = II_\;ST (27)
Steam plant calculations
Referring to the steam station diagram in Figure (3), the
steam station follows the following processes:
Heat addition process in a heat recovery boiler
The heat exchange process in the heat recovery boiler, as is
clear from Figure (5), is expressed by the following equation,
in reference to the symbols in Figure (5) [44-46].

Qg = Xg éP,g (Ty — Ts) = Xs(hys — hass) (28)
Where:
Qs : is the total heat recovered in the heat recovery boiler
(kJ/kmolfuel).

X, :is the amount of steam generated in the heat recovery
boiler per kilomole of natural gas

(kg/ kmolsye).

The temperature difference between the water and the
exhaust gases at the pinch point (ATpp) is calculated in terms
of the T-Q diagram in Figure (3) by calculating the
temperature of the exhaust gases at the pinch point through

the following equations:

XgéP,g (T4 - Tg,pp) = Xs (hls - hf (pb)) (29)
) ATpp = Typp ~ Tsar ) (30)
Where: T, ,,,,is the exhaust gas temperature at the pinch point.
T 1S the saturation temperature at the boiler pressure.
4
« /HSE:T'ESR EXHAUST GAS
b=
é EVAPORATOR
& <
= Tsat
E 5
ECONOMIZER /
115
_—
HEAT TRANSFER
Figure 5: Temperature-heat exchange diagram of a heat recovery
boiler

Heat exchange equation for the economizer
Q;co = Xs [hf(PB) - hll] = XgC~P,g (Tg.pp - TS);k]/kmOIfuel (31)
Evaporator heat exchange equation

Qzevp+sup) =X [hlS - hf(PB)] = XQCP.Q(T‘* - TQ-PP)

kJ /kmolgye

Expansion process in the turbine
The steam turbine work per kilomole of natural gas is
calculated using the following equation:
wsr = Xs[(hys — has) + (1 — py) (hos — hag) + (1 — g — 33)
t2)(hss — has) + (1 — g — ) (hss — hes) I; k]/km()lfuel
Where:
U, . The fraction of exhaust steam for the high-pressure
surface heater.
U,: The fraction of exhaust steam for the open deaerator.
Us . The fraction of exhaust steam for the low-pressure
surface heater.
Uy, Uy, Usare calculated during the thermal equilibrium of the
heaters as follows:
Thermal equilibrium of a high-pressure surface heater

P1h2sl

hyye [TH
L Fae 1 Piliinel

1’%(1’;2)

talhas =1 = hygs — hyos (34

(32)

Where
hios = he(Ds3) + Wi p (35)
Where wy » the work of the boiler feed pump is calculated
using the following equation:
Ps1 — DPs3
Wgp =———— 36
_ P pwnp _ _ (39
Where p,, is the density of water, n, is the pluripotent

efficiency of the pump.
Thermal equilibrium of the open heater (deaerator)
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l Mazhg,

ho (1 — py + 1z dhyg,
< [ —
E J I tyhe(pgz)
Uzhss + (1 —py + pp)hgs + #1hf(Psz) = hos (37)
Where:
h8s = hf (ps4-) (38)
h‘)s = hf (ps3) (39)

Thermal equilibrium of a low-pressure surface heater

1(1 — by,

Hahyg

l c

(1 — py + pp)hg, cP
1 M3hs(D.4)
=<
Mzl (Dss)
Ughas + (1 — pq + po — uzdhe(pc) + wep (40)

] =(1-w+ #2)_}185
Where w,, is the work of the condensation pump per kg of
steam generated from the boiler, which is calculated using the
following equation:
Ps3 — Pc
wep =1 —py+pp) ——— (41)
. Pwlp

Where p, is the condenser pressure.

Special equations for combined gas/steam power plant
The goal of any combined gas/steam power plant is to
increase the thermal efficiency value [44-46].

The total work produced by the combined gas/steam power
plant is the sum of the work produced by the gas power plant
and the work produced by the steam power plant:

kJ
kmols,
The overall thermal efficiency of the combined gas/steam
power plant is calculated as follows:

(42)

Weomb = Wer + Wsr ;

w,

Necomp = ;;Zlb (43)
Figure (6) shows the flowchart of the computer program used
in the calculations for the combined gas/steam power plant,
which is based on the ees language.
Results and discussion
The Both a basic gas power plant with a combustion
chamber, air compressor, and gas turbine, as well as a steam
power plant with specifications similar to one of the units of
the Derna steam power plant, are included in the proposals
for the combined gas/steam power plant. In the Derna steam
power plant, the conventional combustion boiler is replaced
with a heat recovery boiler that uses the gas turbine's
combustion gases as a heat source for the heat recovery
system. boiler to generate steam that meets the same
specifications as those of the Derna steam power plant boiler,
which are 87 bar and 520°C. The steam turbine is the same as
the one used in the Derna steam plant's four expansion stages.
In order to heat the feedwater for the heat recovery boiler,
steam is released in between the turbine stages, as shown in
Figure 3. After the initial expansion stage, the steam is

expelled at a pressure of 21.8 bar, which heats the feedwater
in the high-pressure superheater. After the second expansion
stage, the steam is released from the turbine at a pressure of
6.02 bar to heat the feedwater through the open deaerator.
After the third expansion stage, the steam is released from the
steam turbine at a pressure of 1.15 bar to heat the feedwater
through the low-pressure superheater. Condensed and
released steam from the high-pressure superheater can return
to the rear and enter the open deaerator through an expansion
valve. Figure 3 shows the evacuated low-pressure
superheater.

GT-cycle input data:
Natural gas composition and heating value,
ambient air conditions, 7, T3, 71, 7c

v

GT-cycle Calculations:zet, Wert, (A/F)
act, €XCesS air factor, mg, Tg.

4 ST-cycle input data:
Pe, Tis, Pc, Pas, Pas, Pas, ATpp.
L MLp/MHp, 75T, 7P, 1Jm, 77G.

Calculation of steam
mass per kmole of natural gas

Calculation of gas temperature at different points in
heat recovery boiler and stack gas temperature

!

ST-cycle Calculations:
MscrWsts Has Uz K3 -

A4

Combined power Plant
Calculations:

ﬂcomb' Weomb -

Figure 6: Flowchart of the joint station accounting program

Effect of the pressure ratio 7z of the compressor and the
temperature Ts at the gas turbine inlet on the efficiency of
the gas cycle

The efficiency of the gas cycle is influenced by the
compressor pressure ratio . and the temperature of the
combustion gases leaving the combustion chamber and
entering the turbine T3, as shown in Figure 7.

The graph indicates that for any value of =, the value of gas
cycle efficiency increases in tandem with T3. Additionally,
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we can see from the figure that the gas cycle efficiency rises
for each value of T3 until it reaches its maximum, after which
it falls as the value of m. grows. It is also observed that when
T3 grows, the value of ri., at which the gas cycle's maximum
efficiency rises increases. This leads us to the conclusion that
in order to have a high gas cycle efficiency, T3 must rise to
the greatest value feasible and =, must be at a certain value
that corresponds to T3, which provides the gas cycle's
maximum efficiency.

0.40
- T, =1200°C
0.35 0°C
00°C
0.30
o ] 900°C
c
0.25 -
0.20
015 71T T T

0 4 8 12 16 20 24 28 32 36

Compressor pressure ratio, T,
Figure 7: The impact of both and T3 on the gas station's efficiency

Effect of pressure ratio = and temperature Tz on gas
turbine outlet temperature Ty

The temperature change of the gases leaving the gas turbine
as both 7. and T3 vary is seen in Figure 9. As can be seen
from Figure (8), it is well known that the temperature of the
gases leaving the gas turbine drops as the pressure ratio of the
gas turbine increases to equal the compressor's pressure ratio,
ignoring the pressure losses in the combustion chamber and
the pressure differential from the atmospheric pressure at the
gas turbine's exit. Figure (8) makes it evident that when the
temperature of the gases entering the gas turbine rises at all
**values, the temperature of the gases leaving the gas turbine
also rises. It is observed that the highest The efficiency of the

900

300 L N LA B B B BELEN B B
0 4 8 12 16 20 24 28 32 36

Compressor pressure ratio, 7t
Figure 8: The effect of both & Ts on the temperature exiting the
gas turbine Ts

gas cycle at T3 = 9000C is 0.268 at m, =12 and, the
maximum efficiency of the gas cycle at T3 = 10000C is 0.292

atn, = 16, , and the maximum efficiency of the gas cycle at
T3 = 11000C is 0.314 at m, = 24, and the maximum
efficiency of the gas cycle at T3 = 12000C is 0.334 at n, =
28, The temperature of the gases leaving the gas turbine must
be higher than the temperature of the steam produced by the
heat recovery boiler because the gases leaving the gas turbine
are the heat source that creates steam in the boiler.

The temperature of the gases leaving the gas turbine must not
be lower than 520 °C since the steam produced by the heat
recovery boiler has a temperature of 520 °C. The dotted line
in Figure 9 indicates that the temperature of the gases leaving
the gas turbine must not be lower than 550 °C, assuming that
there is a minimum difference of 30 °C between the
temperature of the gases leaving the gas turbine and the
steam produced by the heat recovery boiler. From the figure,
we conclude that if T3 = 9000C, the value =, must not
exceed 6. If T3 = 10000C, the value n, must not exceed 10.
If T3 = 11000C, the value 7, must not exceed 14. If T3 =
12000C, the value m.must not exceed 20.

Efficiency of gas cycle & steam cycle & combined cycle
The efficiency change of each gas cycle, steam cycle, and
combination cycle station is depicted in Figure 9 at a gas
turbine inlet temperature T3=12000C and with the
compressor's pressure ratio restrictions permitted for the
combined cycle operation. Because the statistics from the
steam cycle are constant, we may conclude that the thermal
efficiency of the steam cycle remains constant despite
changes in the compressor's pressure ratio, but the gas cycle's
efficiency does not. rises steadily as the compressor's
pressure ratio rises, and the combined cycle station's
efficiency rises as well, peaking at 0.4724 at a compressor
pressure ratio m, = 12 before slightly declining as the
compressor's pressure ratio rises.

0.50 i MNcomb

0.45 ﬁ_\

0.40 - Nsr

0.35 - fer
=0.30 -

0.25 -

0.20 -

0.15 —- T, =1200°C

010 T T7T 71—

0 4 8 12 16 20 24

Compressor pressure ratio, 7T,
Figure 9: Change in efficiency of the gas, steam, and combined
cycle with the pressure ratio of the compressor

Gas & Steam Power Plant & Combined Plant Capacity

With a gas turbine inlet temperature of T3 = 12000C, Figure
10 illustrates how the power of each gas cycle, steam cycle,
and combined cycle power plant varies in response to
variations in the compressor pressure ratio. The gas cycle
power stays constant at 65 MW, which is the same design
power as one of the units at the Derna steam plant, because
the combined cycle power design in this study is based on the
combined cycle power producing the same design power as
one of the units at the Derna steam plant. Figure (10) makes it
evident that when the compressor pressure ratio rises, the gas
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cycle power and combined cycle power, which equals the
total of the gas cycle and steam cycle powers, continue to
rise. At the highest efficiency of the combined cycle power
plant, the gas cycle's electrical power value . =12 is
119.215 MW.

225
200 4
175 4
150

3 125

2 100 -

75 - Py

PCOH’]

|:)GT

50 - ///
25 ]

T, =1200°C

0

0 4 8 12 16 20 24

Compressor pressure ratio, Tt.
Figure 10: Change in the capacity of the gas cycle, steam, and
combined cycle with the pressure ratio of the compressor

Natural gas mass ratio and air ratio required increase

As the compressor pressure ratio changes, Figure 11
illustrates how the natural gas mass ratio and the extra air
ratio both vary. It is observed that when the compressor
pressure ratio rises, the surplus air ratio A the ratio of the
actual air mass to the theoretical air mass needed to burn the
combustible components of natural gas, increases by a small
percentage. This is because the temperature of the air exiting
the compressor and entering the combustion chamber rises as
the compressor pressure ratio does. The value of A rises as
the compressor pressure ratio rises because the temperature
of the gases produced by combustion is constant at T3 =
12000C.

2 L L L L R
0 4 8 12 16 20 24

Compressor pressure ratio, 7T,
Figure 11: Change in the percentage of excess air and the required
natural gas rate with the pressure ratio of the compressor

Figure (11) shows that when the compressor pressure ratio
rises, the mass rate of natural gas needed for combustion rises
noticeably. The reason for this is that when the compressor
pressure ratio increases, the temperature of the gases leaving
the gas turbine, the heat source for the heat recovery boiler,
decreases, and the temperature rate needed for the heat

recovery boiler remains constant. The steam cycle capacity
and its parameters are fixed and are the same as those of the
Derna steam station.

Air mass ratio and combustion gases

At the gas turbine inlet temperature T3 = 12000C, Figure
(12) illustrates how the change in compressor pressure ratio
value affects the rate of combustion gases produced by the
combustion process as well as the rate of air mass required
for the combustion process. The higher the compressor
pressure ratio value, the higher the mass rate of the air
leaving the compressor and the mass rate of the combustion
gases produced by the fire. The reason for this is that as the
compressor pressure ratio value changes, the heat rate needed
by the heat recovery boiler stays constant. This is because
changes in the compressor pressure ratio have no effect on
the steam cycle data or the electricity produced by the steam
plant. The temperature of the gases leaving the gas turbine
and entering the heat recovery boiler drops as the compressor
pressure ratio rises. In order to make up for the drop in
temperature of the gases leaving the gas turbine, the mass rate
of the air entering the combustion process as well as the
natural gas needed for the combustion process, both rise.

600

mass flow rate, kg/s
w
o
(e}
|

200 -
100 j T,=1200°C
0 L B B B B B
0 4 8 12 16 20 24

Compressor pressure ratio, 7.

Figure 12: Change in the mass rate of air and combustion gases
with the pressure ratio of the compressor

Temperature of exhaust gases exiting the chimney

As the compressor pressure ratio changes, Figure (13)
illustrates how the temperature of the exhaust gases leaving
the chimney changes. Assuming a temperature differential of
15°C at the pinch point—the temperature of the gases
entering the economizer section of the heat recovery boiler—
the temperature of the combustion gases at the pinch point is
315.9°C because the heat recovery boiler has a single
pressure of 87 bar, which translates to a saturation (boiling)
temperature of 300.9°C. Figure (13) illustrates how the mass
rate of the exhaust gases rises as the compressor's pressure
ratio increases. Due to the unaltered parameters of the steam
cycle, the temperature of the exhaust gases leaving the
chimney rises to correspond with the increase in the mass rate
of the combustion gases as the compressor pressure ratio
rises. This is because the temperature needed for the
economizer remains constant.
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Compressor pressure ratio, T
Figure 13: Change in the temperature of the exhaust gases coming
out of the chimney with the pressure ratio of the compressor

Conclusions

The aim of this research is to determine if it is feasible to
convert a 65 MW unit of the Derna steam power plant into a
combined gas/steam power plant with the same design
parameters and a steam cycle that generates the same amount
of power as the Derna steam power plant. It was evident from
the theoretical computations' outcomes that:

For the combined plant to function with the steam cycle
characteristics for every value of the T3 temperature at the
gas turbine inlet, the pressure ratio of the gas cycle
compressor must be limited.(if T3 = 900°C, the value of
ncshould not exceed 6; if T3 = 1000°C, the value of r.should
not exceed 10; if T3 = 1100°C, the value of m.should not
exceed 14; and if T3 = 1200°C, the value of n.should not
exceed 20).

Since the steam cycle parameters are fixed at T3 = 1200°C,
we discover that the steam cycle's thermal efficiency stays
constant and is unaffected by variations in the compressor
pressure ratio. Nonetheless, when the compressor pressure
ratio rises, the gas cycle's efficiency keeps improving. As the
compressor pressure ratio rises, the combined cycle's
efficiency improves as well, peaking at 47.24% at n.= 12.
After that, it somewhat drops as the compressor pressure ratio
rises.

The electrical power produced by the gas cycle is 119.215
MW at T3 = 1200°C, and the electrical power produced by
the combined cycle is 184.215 MW at the maximum
efficiency of the combined cycle.

The mass ratio of the air leaving the compressor, the natural
gas needed for combustion, and the gases generated during
combustion all rise when the compressor pressure ratio is
raised. Additionally, the air-excess coefficient rises.

The temperature of the exhaust gases leaving the chimney
rises as the compressor pressure ratio is increased, which
accelerates the pace at which the exhaust gases lose heat.
With a maximum thermal efficiency of 47.24%, a combined
gas/steam power plant that produces 65 MW of electrical
power and consists of a steam power plant that meets the
same specifications as one of the units of the Derna steam
power plant needs a gas turbine cycle with a compressor
pressure ratio of 12, an air mass rate of 397.75 kg/s going
through the compressor, an electrical power output from the
gas cycle of 119.215 MW, and a flue gas temperature of
249.5°C.

The exhaust gases squander a lot of heat since, in this study,
the minimum temperature of the exhaust gases leaving the
chimney is at least 164°C. This is due to the single-pressure

nature of the heat recovery boiler that was employed in this
investigation. As a result, research on a combined gas/steam
plant with a dual-pressure or triple-pressure heat recovery
boiler is advised.

Given that every steam cycle parameter was determined in
this study, it is advised to investigate how these parameters
affect the combined plant's performance.

An economic feasibility study is recommended for the project
to assess the financial viability of converting the station,
including implementation costs, fuel savings, and payback
period.
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Appendix
Table Al: The composition, molecular weight, and heating value of
natural gas
No. Component’s name Mole fraction, %
1 Nitrogen, N2 0.52
2 Carbon Dioxide, CO2 2.7
3 Hydrogen Sulphide N/D
4 Methane, CHa 81.47
5 Ethane, C2Hs 11.15
6 Propane, CsHs 2.7
7 iso-Butane, CaHao 0.5
8 n-Butane, C4Hao 0.61
9 iso-Pentane, CsHiz 0.19
10 n-Pentane, CsHi2 0.13
11 Hexane, CeHi4 0.03
12 Total 100
13 Molecular weight 19.848 kg/kmol
14 Heating value, Hu 1,141.15 MJ/kmol

No. | Parameter Value
1 Ambient air conditions 25°C, 1 bar, 60% relative humidity
2 Live steam conditions 87 bar, 550°C, 66.815 kg/s
3 Pressure of extracted steam for HP feed water heater 21.8 bar
4 Deaerator pressure 6.02 bar
5 Pressure of extracted steam for HP feed water heater 1.15bar
6 Conditions pressure 0.062 bar
7 Steam turbine adiabatic efficiency, nr 85%
8 Pump polytropic efficiency, np 75%
9 Mechanical efficiency, n,, 97%
10 Generator efficiency, n¢ 98%
11 Boiler efficiency, 1, 98.5%
12 Compressor pressure ratio 4-36
31 GT-inlet temperature 900-1200°C
41 Compressor adiabatic efficiency 89%
51 GT-adiabatic efficiency 89%
61 Temperature difference (T4 — Tis) 45°C
17 Temperature difference at pinch point 15°C
81 Pump adiabatic efficiency 75%
91 Mechanical efficiency 98%
20 Generator efficiency 99%
21 Stack gas temperature 125°C
22 Air mass flow rate 150 kg/s
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