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Abstract: In this study, the performance of a novel trigeneration system with a gas turbine prime
mover, an ammonia—water refrigeration system, and a hot water generation system is investigated
from thermodynamic and economic standpoints. The effects of various operating conditions on
energy efficiency and the levelized cost of energy are investigated. The proposed system has a pro-
duction capacity of 45.4 kW power, 14.07 kW cooling rate, and 16.32 kW heat rate. The efficiency of
the gas turbine cycle is 49.7%, and it becomes 83.0% after the implementation of the trigeneration
system. Through combined heating, cooling, and power generation, primary energy input and the
CO; emissions will be 49% lower compared to separate production. According to the exergy analy-
sis, the combustion chamber is the main component where the greatest exergy destruction occurs.
Sensitivity analysis revealed that an increase in the ambient temperature results in a decrease in the
energy utilization factor and the net power output. The LCOE of the system is around 0.02 $/kWh,
whereas the unit price of the local electricity from the grid is 0.09 $/kWh. The payback period of the
absorption sub-cycle is between 4 months and 4 years, depending on the annual operation time of
the chiller.

Keywords: trigeneration; absorption; ammonia—water; gas turbine

1. Introduction

With technological development and the rise of industry, energy demand has increased.
In recent years, combined energy system technologies have gained increasing attention due
to their better performance, low production cost, energy security and reliability, and high
efficiency. Integrated systems take advantage of the waste heat of an engine or a turbine
that produces electricity [1]. A combined cooling, heating, and power system (CCHP)
is the integration of a prime mover, an absorption or compression chiller, a waste heat
recovery system, and a heating unit. CCHP systems can produce heating, cooling, and
electricity and have better performance compared to conventional systems. The energy
efficiency of these systems can reach up to 60 to 90%, which is a 35% better performance
than traditional plants [1]. Furthermore, CCHP systems can be designed for different
applications on diverse scales [2]. Cogeneration and trigeneration systems are regarded
as sustainable and environmentally friendly energy systems; therefore, the application of
these systems has been promoted by the European Union and many other countries, along
with the use of sustainable energy systems to achieve environmental targets and energy
supply security [3].

The prime mover in combined systems can take various forms, such as fuel cells [4],
the organic Rankine cycle [5,6], gas turbines [7,8], reciprocating engines, or a combination
of them [9,10]. In addjition, the system can be utilized using different types of fuel such as
hydrocarbons and renewable energy sources [11] or both [12]. Many scholars have studied
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combined systems. Mohammadi et al. [13] investigated the performance of an integrated
system composed of an ORC cycle, an absorption refrigeration cycle, and a gas turbine.
The proposed system provided 30 kW net power and 8 kW cooling with 67.6% efficiency.
Javanshir et al. [14] proposed a cycle that is a combination of a modified Kalina cycle and
an absorption refrigeration cycle using an ammonia—water solution as the working fluid.
The system was modelled, and the performance of the system was optimized for maximum
exergy efficiency and minimum total product cost. Urbanucci and Testi [15] proposed
a trigeneration system that consisted of an internal combustion engine and an absorption
heat pump that uses a water-ammonia mixture as the working pair. In order to investigate
financial feasibility, a levelized cost of energy analysis was conducted.

Gas turbine prime movers are one of the favorable power utilization systems because
of their low initial investment cost, lower environmental impacts, and acceleration in start-
up [16,17]. Gas turbines are also known for having fuel flexibility. Among fuels, natural gas
has a much lower impact on the environment in terms of greenhouse gas emissions [18]. In
addition to fossil fuels such as natural gas, cleaner energy sources such as biogas [19-21] and
hydrogen [22,23] can be used in gas turbines. Gas turbines experience a power drop and
excessive increase in fuel consumption when working under partial load or high ambient
temperatures [24]. These two drawbacks can be overcome by cogeneration/trigeneration
applications and inlet air cooling.

Gas turbines’ thermal efficiency is low due to significant heat loss through the high-
temperature exhaust gas. The temperature of the exhaust gas is in the range of 450 to 600 °C,
and it has great potential to be recovered [16]. The development of thermodynamic cycles
plays a vital role in enhancing the performance of power plants. For example, recuperation,
intercooling, and various combined cycles have promoted gas turbine development [25].
Simple gas turbine cycles are less efficient due to excessive heat loss through the exhaust
gas. The work required to compress air between two specified pressures can be decreased
by carrying out the compression process in multiple stages and cooling the gas between
the processes [26]. To reduce the energy loss and increase the power output, the intercooler
between the compressing stages and the regeneration heat exchanger, which preheats
the compressed air before the combustion process, can be utilized in gas turbine power
cycles. The working fluid exits from the compressor at a lower temperature and enters
the turbine at a higher temperature when intercooling and reheating are utilized [26].
Various researchers investigated the performance enhancement of gas-turbine-cycle and
combined-cycle power plants [24,27-29].

An extensive amount of primary energy can be saved with the use of integrated
systems with gas turbine prime movers. These systems can produce thermal energy in the
form of steam or hot water or cooling and electricity. Therefore, some scholars investigated
integrated systems with gas turbine prime movers to recover the exhaust heat [16,30-33].
Adhami et al. [2] designed a portable micro-CCHP system based on a micro-gas turbine
and micro-absorption chiller. The authors evaluated the proposed system under extremely
hot and cold weather conditions. Ebrahimi and Majidi [34] suggested a CCHP system
based on a gas turbine prime mover. A LiBr-water absorption chiller was used for cooling
production. A parametric analysis was conducted to understand the influence of the main
design parameters on the system performance.

Since the world population continues to grow, refrigeration is essential to preserve
perishable products such as vaccines and food [35]. The most common refrigeration tech-
nologies are vapor compression cycles and absorption cycles. Since they are thermally
driven, absorption refrigeration systems are commonly preferred for combined systems.
One of the benefits of an ammonia-water absorption system is that water has a strong affin-
ity for ammonia, and it works under broad operating conditions, such as low evaporating
temperatures [36]. However, LiBr-water systems could not work below 4-7 °C evaporator
temperatures, since the water freezes. Therefore, for refrigeration applications, choosing
an ammonia—-water pair is more appropriate. Furthermore, an ammonia-water solution is
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highly stable. Ammonia does not harm the ozone layer. Unlike the LiBr—water pair, it has
no crystallization or vacuum problem.

After the pandemic, the importance of refrigeration increased due to the vital need to
preserve perishable products such as vaccines and food products that need to be stored
below zero degrees. Ammonia—water absorption refrigeration systems can be used to keep
perishable products, since they can work below zero degrees. Ammonia—water solutions
are preferred in many energy conversion systems because of their variable boiling point
(=60 to —10 °C), which results in lower exergy destructions in components [14]. Therefore,
integrating an absorption refrigeration system with a power cycle is beneficial for increasing
energy efficiency and sustainability as well as reducing CO, emissions in the environment.
However, there is no study in the literature regarding combined systems with ammonia
refrigeration and a gas turbine prime mover with an intercooler.

To the best of the author’s knowledge, there is not any published research on a com-
bined system with ammonia refrigeration and a power sub-cycle with a gas turbine prime
mover with double-stage compression and an intercooler. A novel trigeneration system
is proposed in this study to produce electricity, refrigeration, and hot water. The system
consists of a gas turbine, low-pressure and high-pressure compressors with an intercooler
heat exchanger, a single-effect NHz—water absorption refrigeration unit, heat exchangers,
a combustion chamber, and a cooling tower. The double-stage compression process with an
intercooler is carried out to decrease the compression work and increase thermal efficiency.
A portion of the released high-temperature exhaust gases from the turbine is used to heat
the air at the combustion chamber inlet. The remaining part is used to drive the generator of
the absorption refrigeration unit. Additionally, hot gases at the generator outlet are used to
generate hot water. The thermodynamic states of every point in the cycle are presented. The
thermodynamic performance of the whole system as well as each component of the system
is analyzed. Design conditions and factors influencing the sub-cycles and the system as
a whole are also examined.

The high initial investment cost is often a drawback behind the widespread adoption of
the combined systems. The economy of combined systems may change drastically depending
on many factors. Even though many studies in the literature regarding integrated energy
systems have high energy efficiency, most of them do not evaluate the systems in terms of
economic feasibility. However, financial feasibility is an important consideration and some-
times a drawback for real-world applications. Therefore, in addition to energy—environmental
aspects, economic feasibility evaluations cannot be underestimated, presenting financial ben-
efits to investors. In the present study, a financial analysis is also performed to investigate
the levelized energy cost of the proposed system. Finally, a sensitivity study is conducted to
understand the impact of operational parameters on the system performance.

2. System Description

The scheme of the designed power/refrigeration/hot water trigeneration system
is presented in Figure 1. The system consists of a turbine to produce power, a single-
effect ammonia-water absorption chiller for refrigeration, and an additional waste heat
recovery heat exchanger for hot water production. The complete system was modelled
using the Engineering Equation Solver (EES) software. EES is an equation solver program
with a thermodynamic database for hundreds of substances. EES automatically finds
groups of equations that must be solved simultaneously. In addition, EES has many
thermophysical property functions, so any thermodynamic property can be found from
a built-in function call when two other properties are given. EES uses a variant of Newton’s
method to solve systems of non-linear algebraic equations [37]. The Jacobian matrix
needed in Newton’s method is evaluated numerically at each iteration. The efficiency
and convergence properties of the solution method are further improved by the step-size
alteration and implementation of the Tarjan blocking algorithm, which breaks the problems
into a number of more minor issues that are easier to solve [37].
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The power cycle part of the system consists of a low-pressure compressor, a high-
pressure compressor, an intercooler heat exchanger between the two compressors, a com-
bustion chamber, a turbine, and a generator coupled to the turbine. The fuel used in the
system is natural gas. A recuperator is used to preheat the inlet air to the combustion cham-
ber to reduce fuel consumption. Dry air at the ambient temperature enters the low-pressure
compressor. After the initial compression, the air enters the intercooler, and its temperature
is decreased. After that, the air enters the high-pressure compressor, and after the second
compression process, the air enters the recuperator. In the recuperator, the air is heated by
the hot flue gases coming from the turbine. Then, the air enters the combustion chamber,
where the air and the fuel are combusted. The gases at high temperatures coming out of
the combustion chamber run the turbine to convert kinetic energy into mechanical energy.

The absorption chillers are thermally driven chillers, which are very convenient for the
use of exhaust heat from the prime movers [38]. The main components of the refrigeration
cycle are an evaporator, a generator, an absorber, a condenser, a pump, a refrigerant heat
exchanger (RHX), a solution heat exchanger (SHX), expansion valves, and a rectifier. In the
absorption chiller, ammonia is used as the refrigerant, and water is used as the absorbent.
The chiller can work at two pressure levels. Gas turbine exhaust gas is the primary energy
source for utilizing the absorption chiller.

‘Combustion
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Figure 1. The scheme of the proposed system.

3. Mathematical Modelling
3.1. Thermodynamic Analysis

Each component of the system is formulated. The assumptions below were considered
in this work:

The proposed system works in a steady-state condition
The pressure losses are negligible in heat exchangers.
The ammonia—-water solution leaving the absorber and condenser is saturated liquid.

The mass balance equation for any component can be written as:

Zmin = Zmout @
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where m is the mass flow rate in [kg/s]. Subscripts in and out refer to inlet and outlet,
respectively. Energy and exergy conservation equations for any system can be given as:

Zminhin + ch; - Zmouthout - ch =0 2)

Z E.:in - 2 Eout + ZEheat + 2 W - E1/‘lesifrucifion =0 (3)

In Equation (2), Q is the heat transfer rate in [kKW], W is the power in [kW], and exergy

term E is the sum of physical and chemical exergies. & is the enthalpy in [k]/kg]. Physical
exergy can be expressed by the following equation:

E = mt[(h — ho) — To(s — so)] (4)

T is the temperature in Kelvin, and s is the entropy in [kJ/kg.K]. Subscript 0 refers
to the reference state. Air is compressed in the first and second compression stages. The
compression ratio (r,) of both compressors is the same. The following equations show the
pressure of the air [kPa] at different points:

Py = Prs X1 @)

Pyg = Py7 X1 (6)

The temperature and enthalpy at each cycle point during the first compression stage
is given below:

(=)
Taojis _ (1’26) ‘ %)
T>s Prs
hogic — h
hoe = —225 "B | 8)
Heomp

In Equations (7) and (8), is stands for the isentropic efficiency, #¢omp is the compressor
efficiency, and k is the air specific heat ratio. In the designed system, cooled air enters in the
second compression stage. The temperature and enthalpy of the air can be calculated as below:

(&4
Tagis _ <st ) k ©)
Ty7 P>7
hogic —h
hog = 25727 4y (10)
Meomp

The heat transfer in the intercooler is calculated as below:
Tos — To7 = €jc X (Tag — Th9) (11)

In Equation (11), ¢;. is the effectiveness of the intercooler heat exchanger. After the
second compression stage, the compressed air enters a recuperator and is preheated by
the hot flue gases exiting the gas turbine. Pressure drop throughout the recuperator is
neglected. The preheating process has some benefits, such as decreasing fuel consumption
and increasing overall efficiency. The heat transfer process of the recuperator can be
expressed as below:

Tog — Tog = €rec X (T32 — Tg) (12)

In Equation (12), € is the recuperator effectiveness. After the preheating process, the
air enters the combustion chamber. The heat transfer process in the combustion chamber

Qcp [kW] can be presented as below:

Qe = 1ty x LHVNG X 1gp (13)
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In Equation (13), cb stands for combustion. m r [kg/s] stands for the mass flow rate
of the fuel. LHV is the lower heating value of natural gas, and it is taken as 50,043 kJ /kg.
After the combustion process, the hot gases enter the gas turbine and produce power. The
gas turbine can be modelled as below:

T [N
32,is )
L 14
T3 ( P3; ) (14
hzp — h3y
i) 15
T h3p is — ha1 (15)

In Equation (15), 4 is the adiabatic turbine efficiency. The net power produced by the
system, Wnet [kW], can be found below:

Waet = Wr — Wipe — Wipe (16)
Equations related to absorption modelling can be found in [39]. The energy and exergy
relation of each system component is presented in Tables 1-3, and the main assumptions

regarding the system modelling are given.

Table 1. Energy relation of the system components.

Component Energy Relation

Absorption refrigeration system

Evaporator Qeoap = tiyes X (13 = h1o)
Absorber Qups = (mmf x h14) + (titgen X he) — (tigps X hy)
Solution Heat Exchanger (SHX) Qstx = €sHX X Cin X Ta — To
Generator Qgen = (7 X h7) 4 (tigen X hg) — (11gps % h3)
— (g x hg)

Rectifier Qrect = (117 x Ii7) — (m,ef X h9> — (g x hg)

Condenser Qeond = Myer X (hg — hg)

Refrigerant Heat Exchanger (RHX) Qrex = ermx X Cpin X Tio — Ti;

Ciin = min(Cos, Cys)

Solution Pump Wpump = mgbs X (hz - hl)

Power cycle

Low-Pressure Compressor Wipc = Mg x (g — hos)
High-Pressure Compressor Weape = faipx(hog — hoy)
Intercooler Q;. = titng X (hpg — hoy) = 19 X (hpg — hy9)
Recuperator Qyec = g X (hao — hag) = 1it3p x (h3p — h33)
Combustion Chamber ch = LHVNG X mf X 1y
Turbine Wr = 1131 x (h31 — h32)

Hot water system

Heat Recovery Heat Exchanger (HRHX) Onrix = fiag X (h34 — h35)
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Table 2. Exergy relation of the system components.

Component Exergy Relation

Absorption refrigeration system

Evaporator Eevap = (E21 - Ezz) + (Elz - E13>
Absorber Eps = (E15 - E16> + (E14 +Eg— E1>
Solution Heat Exchanger (SHX) E SHX— (Ez — E3> + (E4 — E5>
Generator Ege,,: (E3 — E4> + (Eg - E7) + <E33 - E34>
Rectifier Erect— <E18 - E19> + <E7 —Eg— ES)
Condenser Econd = <E17 — E18> + (Eg — Elo)
Refrigerant Heat Exchanger (RHX) ERHX: (Elo - En) + <E13 - E14>
Solution Pump Epump =(E1—E) +Wp
Refrigerant Expansion Valve (REV) Erey = ( Eiq — Elz)
Solution Expansion Valve (SEV) Espy = (E5 - Eé)
Power cycle
Low-Pressure Compressor Erpc = —Wipc 4 Eos — Exg
High-Pressure Compressor Enpc = —Wape + Eo7 — Eog
Intercooler Eic = (Eze - E27) + (E19 - Ezo)
Recuperator ERec = (E28 - Ezg) + (E32 — E33)
Combustion Chamber Ecp = Ex9 — Es1 + Exp
Turbine Er =E3 —Ep — Wr

Hot water system

Heat Recovery Heat Exchanger (HRHX) EHRHX = <E34 — E35> + <E24 — E23>

Table 3. Main assumptions for the combined system.

Parameter Value
Ambient temperature (°C) 25
The temperature at the turbine inlet (°C) 1000
Pump isentropic efficiency (%) 0.5
Isentropic efficiency of the compressor 0.85
The mass flow rate of the air at the LPC (kg/s) 0.2
The mass flow rate of the domestic hot water (kg/s) 0.1
Isentropic efficiency of the turbine (-) 0.9
The pressure ratio of the compressors (-) 2
Effectiveness of the intercooler (-) 0.9

Effectiveness of the recuperator (-) 0.9
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Table 3. Cont.

Parameter Value

Effectiveness of the RHX (-) 0.95

Effectiveness of the SHX (-) 0.95

Combustion efficiency (-) 0.95
Evaporation temperature in cooling cycle (°C) 0
Absorption temperature in cooling cycle (°C) 40

Desorption temperature in the cooling cycle (°C) 120
The temperature of the air at the HRHX exit (°C) 50

3.2. System Evaluation

The system performance is evaluated by the coefficient of performance (COP), energy
utilization factor, and thermal efficiency.
The COP is an essential parameter for absorption chillers, and it is presented below:

COP = — Q‘“’“.”

— (17)
Qgen + Wpump

In order to investigate the performance of combined systems, energy utilization factor
(EUF) is a commonly used term.

Wnet + Qevap + QHRHX

EUF = (18)
ch
The efficiency of the power cycle can be expressed as below:
W
n=— net (19)
Qe

3.3. Economic Analysis

It is very important to evaluate combined systems financially to decide whether they
are feasible investments or not. The levelized cost of energy (LCOE) is a beneficial economic
parameter and has been used by various researchers in previous studies [40—45]. It is
defined as the cost of the annual generated amount of energy of all types. Annualized price
includes annualized initial cost, annual fuel cost, and annual operational and maintenance
cost. Thus, the LCOE is given by [46,47]:

Cann tot
LCOE = ——— 20
Etotal Xn ( )

In Equation (20), E;y,; is the generated energy in terms of heat, cooling, and power
(kWh), Capun,tor is the total annualized cost of the system ($/year), and # is the operation
time (h) of the system for a year. Cyup,tor can be calculated as below:

Canntot = (CRF. Ciyitiar) + Cogem + Cruel (21)

In Equation (21), Cj,itiar is the initial investment cost of the system, Cpogas is the
operation and maintenance cost, and Cg, is the fuel cost. The cost equations used for the
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system components are given in Table 4. In Table 4, R corresponds to the reference state.
The capital recovery cost (CRF) can be calculated using the following equation [28]:
. ~N
1
L= % (22)
1+ -1

To calculate the investment costs of the heat exchangers, the surface area should be
known. The surface area of the heat exchangers can be computed using the logarithmic
mean temperature difference method:

Q
A =
UATjoq

(23)

where Q is the heat rate of the heat exchangers in kW. U is the heat transfer coefficient

in kW/m? K. The heat transfer coefficient values that are accepted for heat exchangers

are given in Table 5. AT}, is the logarithmic mean temperature difference, and it can be

computed as below:

ATyax — ATyin
In 4lmax

min

ATjoq = (24)

In Equation (24), AT,,;, and AT,y present the minimum and the maximum tempera-
ture difference in the heat exchangers.
The payback period (PBP) of the sub-cycles can be calculated by using the follow-
ing equation:
log (Esc-1-Celec) —Cogm
PBP — (Esc11-Cetec) —Cogem — (i-Cinitial) (25)
log(1+1)

All of the economic parameters accepted for the study are given in Table 6.

Table 4. Cost equations are used for the system components.

Equipment Cost Equation ($) Reference
Absorption refrigeration subsystem
0.6
_ A _ 2
Evaporator Cevap = CRoeonp <A7R> AR =100m Behnam et al. [48]
CRevap = 16,0008
6
_ A _ 2
Condenser Ceond = CR cond (TR> Ag =100 m Behnam et al. [48]
CR,cond = 8000$
0.6
_ A _ 2
Generator Cgen = CR gen <A7R> Ag =100 m Behnam et al. [48]
Crgen = 17,5008
_ A 0.6 _ ’
SHX Cshx = CR/SHX<TR> Ag =100m Behnam et al. [48]
Cr,sHx = 12,000%
0.6
_ A _ 2
RHX Crux = CRRHX (TR> Ag =100 m Behnam et al. [48]
Cr,rHx = 12,000%
0.6
_ A _ 2
Absorber Cabs = CRabs (TR) Ag =100 m Behnam et al. [48]

Croaps = 16,500$
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Table 4. Cont.
Equipment Cost Equation ($) Reference
Absorption refrigeration subsystem
0.6
_ A _ 2
Rectifier Cree = CRyrec <TR> Ag =100 m Behnam et al. [48]
CRrec = 12,000%
Wpum 026 11 pum Mpum
Cpump = CR,pumP (WRF;“,:V ) < 17;7,4}:,,;, . ) "
Pump WR pump = 10 KW Behnam et al. [48]
Cgr = 2100%
Power subsystem
Ct = 479.34 x m 1 )
Turbine ' 31 <0 92— ur ) (P ) Abedi et al. [49]
[1+exp(0.036 x T3 —54.4)]
LP Compressor Crpc = 71.1 X 15 (0 T, ) (T) In Pi) Abedi et al. [49]
. Pag P .
HP Compressor Chypc =71.1 X myy < 09 ooy ) (Pi) In Pi) Abedi et al. [49]
Combustion Chamber Cor = Liu et al. [50]
u 46.08 x 71 iu 5
<70'995_ i ) [1+ exp(0.018Ty; ) — 26.4]
co—c 4 \06 Ao )
Intercooler ic = “R,ic (ﬁ) R =100m Behnam et al. [48]
Cr,ic = 12,000%
_ A 0.6 A =1 2
Recuperator Crec = CRrec (TR> R =100m Behnam et al. [48]
CR recup = 12,0008
Heating subsystem
0.6
_ _ 2
Heat Recovery Heat Exchanger ChrHX = CRHRHX (fTR) Ar =100m Behnam et al. [48]
CR,HRHX = 12,000%
Table 5. Heat transfer coefficients of the heat exchangers used in this study.
Component U (kW/m? °C) Reference
Generator 2 [48]
Condenser 45 [48]
Evaporator 24 [48]
Absorber 2.3 [48]
Other heat exchangers 1 [48]
Table 6. The parameters used in the economic analysis.
Parameters Definition Value Reference
i Interest rate 15% [46]
n Annual operation time 8000 h
N The lifetime of the system 20 years [46]
Cne The unit price of the natural gas 0.14 $/m3
CoaM Operation and maintenance cost of the system components 1.5% of the initial cost [46]
Colec The unit price of the electricity 0.09 $/kWh
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3.4. Sensitivity Analysis

Sensitivity analysis determines the variation in the decision-making evaluation by
altering one or more uncertainties. There are several crucial design parameters that can
seriously influence the behaviour of the proposed system. These include turbine inlet tem-
perature, compressor pressure ratio, exhaust air, and ambient temperature. To investigate
the effects of these parameters on the system performance, a sensitivity analysis is carried
out. Furthermore, the unit price of the fuel fluctuates due to changes in demand. Therefore,
the effect of fluctuations in natural gas price is also investigated parametrically. All other
parameters remain constant except the parameter that is being studied. In Table 7, all of the
investigated cases are given.

Table 7. Investigated cases in the present study.

Simulation Case Investigated Value Ranges
Ambient temperature (T,) 15-39 °C
Turbine inlet temperature (T31) 500-1100 °C
Exhaust temperature (T35) 30-110 °C
Pressure ratio () 2-11
Natural gas prices (Cng) 0.12-0.28 $/m?

4. Discussion
4.1. Model Validation

The thermodynamic models of the sub-cycles, absorption refrigeration cycle, and
power sub-cycle are validated separately using the data reported in the literature. The
comparison results for the absorption refrigeration cycle between the present study and
the work reported by Adewusi and Zubair [39] are presented in Table 8. It can be seen that
there is a good agreement between the data of the present model and the data published in
the literature.

In Table 9, the comparison of the present model and a data sheet of a manufacturer
is presented for a microturbine having a recuperator and a single compressor and with-
out an intercooler. The simulation results of the current model and the producer data
show a good agreement. Therefore, both absorption sub-cycle and gas turbine sub-cycle
thermodynamic models are validated.

Table 8. Comparison of the present model calculation results with the study of Adewusi and Zubair
(2004) [39].

Component Heat Transfer Rate or Power [kW] Entropy Generation [kW/K]
AdeZvlvlgzii:nd Present Study Dliiftzr(e; ;e Adewusi and Zubair P;;jfl;t Difference
Generator 267.9 263.9 1.51 0.0128 0.0127 0.78
Rectifier 50.7 49.2 3.04 0.0304 0.0302 0.66
Absorber 231.0 227.2 1.67 0.0774 0.0777 0.38
Pump 3.0 3.04 1.31 0.0048 0.0048 0
Condenser 151.0 156.0 3.2 0.0341 0.0358 47
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Table 9. Comparison of the present model calculation results with the C65 Microturbine product data.

Parameter Unit Present Study Ref. [51] Error
Turbine power output kW 65 65 0
Efficiency - 0.2819 0.28 0.68
Air mass flow rate kg/s 0.4785 0.4800 0.31
Exhaust mass flow rate kg/s 0.4908 0.4900 0.16
Exhaust gas temperature C 329 329 0

4.2. Simulation Results for the Base Case

After the validation, the mathematical models can be used to obtain simulation outputs
for the operating conditions given in Table 3. In this section, the results of the thermody-
namic analysis are presented for the proposed system. All thermodynamic states were
calculated for the state points given in Figure 1. For the base case, the turbine inlet temper-
ature (T31) is 1000 °C. The temperature of the air leaving the heat recovery heat exchanger
(HRHX) is 50 °C. The evaporator temperature and the generator temperature are fixed
at 0 °C and 120 °C, respectively. Considering the absorber unit is being cooled with an
air-to-air cooling tower, the absorber temperature is set at 40 °C. The inlet temperature of
the low-pressure compressor (T75) is equal to the environmental temperature. With the help
of an intercooler, the temperature of the air at the HP compressor inlet (T5y) is decreased to
37.17 °C. The thermodynamic properties of air, water, and ammonia-water solution are
calculated for each state point, and the results are listed in Table 10. By using the results
calculated, power generated and required by each system component can be calculated.

Table 10. The CCHP thermodynamic state in T, = 20 °C.

State T (O P (kPa) h (kJ/kg) m (kg/s) s (kJ/kg K)
1 40 409.2 —59.42 0.05694 0.4434
2 40.41 1556 —56.65 0.05694 0.4478
3 100.3 1556 214.3 0.05694 1.239
4 120 1556 333.3 0.04494 1.509
5 44.39 1556 —10.04 0.04494 0.5385
6 43.08 409.2 —10.04 0.04494 0.5426
7 89.47 1556 1462 0.01249 4.668
8 89.47 1556 166.5 0.0004918 1.109
9 45.13 1556 1311 0.012 4223
10 40 1556 190.7 0.012 0.6579
11 18.88 1556 88.31 0.012 0.3194
12 —-1.273 409.2 88.31 0.012 0.3367
13 0 409.2 1261 0.012 4.629
14 38 409.2 1363 0.012 4.981
15 25 400 105.2 0.9228 0.3671
16 30 400 126.1 0.9228 0.4366
17 25 400 105.2 0.4225 0.3671
18 32.61 400 137 0.4225 0.4724
19 34 400 142.8 0.4225 0.4914
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Table 10. Cont.
State T (°O) P (kPa) h (kJ/kg) m (kg/s) s (kJ/kg K)
20 40.97 400 171.9 0.4225 0.5851
21 15 400 63.36 0.336 0.2244
22 5 400 21.42 0.336 0.07625
23 64.05 400 268.4 0.1 0.8816
24 25 400 105.2 1.545 0.3671
25 25 298.4 298.4 0.2 6.86
26 101.7 375.5 375.5 0.2 6.891
27 37.17 3104 310.4 0.2 6.7
28 116.9 390.7 390.7 0.2 6.732
29 615.5 920.7 920.7 0.2 7.601
30 25 500 - 0.001923 -
31 1000 1365 1365 0.2019 8.021
32 670.9 982.9 982.9 0.2019 8.067
33 231.6 508.2 508.2 0.2019 7.394
34 130 404.4 404.4 0.2019 7.164
35 50 3235 3235 0.2019 6.941

In Table 11, the performance of the combined system is given. Results show that the
power output of the gas turbine is 77.09 kW. After subtracting the power consumption
of the compressors, the net power output can be calculated. The required power of the
high-pressure compressor is slightly higher than that of the low-pressure compressor. This
is due to the inlet temperature of the high-pressure compressor being higher and the
density of air being lower. The net power output of the designed system is 45.4 kW. The
system has a 14.07 kW refrigeration capability based on the design conditions. The hot
water production capacity of the heat recovery heat exchanger is 16.32 kW. The thermal
efficiency and the energy utilization factor of the system are estimated as 49.72% and
83.01%, respectively.

Table 11. Performance of the combined system.

Term Value Unit
The power output of the turbine 77.09 kW
Power consumption of the LP compressor 15.43 kW
Power consumption of the HP compressor 16.25 kw
The net power output of the system 454 kW
Cooling rate 14.07 kW
The mass flow rate of the fuel (mf) 6.916 kg/h
The capacity of the HRHX 16.32 kw
Energy utilization factor (EUF) 0.8301 -
The thermal efficiency of the power cycle (77¢) 0.4972 -

cor

0.6662
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Annual energy
input
1,222,400
kWh

Annual energy
loss
616,080
kwh

Figure 2 presents a comparison scheme for separate energy production and the pro-
posed trigeneration system. The annual energy consumption of the trigeneration plant is
616,000 kWh. If the energy utilization were separate (1, = 40%, COP = 0.7, #100t = 85%),
the yearly energy consumption of the system would be 1,222,400 kWh. Through combined
heating, cooling, and power routes, the primary energy input in the power plant and the
CO; emissions will be 49% lower than the separate production. It can be observed that the
energy loss is 616,080 kWh in the case of separate energy production. The energy loss can
be reduced to 104,842 kWh in trigeneration mode.

Separate Production Trigeneration

Power Station

40% efficiency CCHP Plant

EUF: 83%

Annual energy

input
Heating Boiler 616,000
85% efficiency kwh

Annual energy

Refrigeration Unit loss
COP:0.7 104,842
kWh

Figure 2. Comparison of the separate energy production and trigeneration.

Through the exergy destruction analysis, the exergy destruction rate of each piece
of equipment can be identified to see the potential for improvement [52]. In Table 12, the
exergy destruction of the system components is given. In Figure 3, the exergy destruction
percentage of the system components is depicted. Results show that the greatest irreversibil-
ities were related to fuel combustion in the power cycle. Of the total exergy destruction,
68% takes place in the power cycle part of the system. It is mainly caused by the combustion
process. Another 18% of the total exergy destruction takes place in the heat recovery heat
exchanger. The total exergy destruction in the absorption refrigeration cycle is relatively
lower. The total exergy destruction of the absorption refrigeration cycle is 13.4% of the
total system. The largest exergy destruction of the absorption cycle occurs in the generator.
Some measures can be taken to decrease the exergy destruction of the components and
improve their efficiencies, such as employing optimized design methodologies.

Table 12. Exergy destruction of the components.

Component E dest [KW]
Power cycle

HP compressor 1.871
LP compressor 1.870
Intercooler 1.130
Combustion chamber 26.260
Recuperator 1.306
Turbine 2.760

TOTAL 35.197
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Table 12. Cont.

Component Ealest (kW]
Absorption refrigeration cycle

Rectifier 0.1692

RHX 0.04902

SHX 0.4291
Condenser 0.516
Evaporator 0.5385

Pump 0.07484
Generator 4.833
Absorber 0.1746

Solution expansion valve 0.05533

Refrigerant expansion valve 0.06172
TOTAL 6.901

Hot water cycle

Heat recovery heat exchanger 9.282

® HP compressor m LP Compressor

i Intercooler Combustion chamber

B Recuperator H Turbine

B Absorption refrigeration cycle B Heat recovery heat exchanger

Figure 3. The exergy destruction percentage of the system components.

4.3. Sensitivity Analysis

The impact of ambient air temperature on the net power production and the total
power consumption of the compressors is depicted in Figure 4. The density of air is
inversely proportional to the temperature. Results reveal that increasing the air temperature
raises the power consumption of the air compressors. When the T, changes from 15 to
39 °C, the total power consumption of the compressors increases by 8.22%. The net power
output of the system decreases at higher ambient temperatures. From 15 to 39 °C ambient
temperature, the net power output changes from 46.45 kW to 43.93 kW. Therefore, the
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cooling of the inlet compressor air with various technologies is an important consideration
to improve the efficiency of gas turbine systems.

In Figure 5, system efficiency parameters were presented for different ambient temper-
atures. Results show that the EUF and the #; decrease with increasing ambient temperatures.
At 15 and 39 °C ambient temperature, the EUF and the thermal efficiency of the system
decreased by 2.5% and 4.7%, respectively. In Figure 6, the LCOE versus the ambient tem-
perature is given. As can be seen from the results, the LCOE of the system is around
0.02 $/kWh. The unit cost of local electricity from the grid is 0.09 $/kWh. The results of the
economic analysis show that the unit price of the energy generated by the trigeneration
system is 77% lower compared to the local grid. The LCOE is inversely proportional to the
total energy output; therefore, higher ambient temperatures result in an increase in the cost
of energy. It can be seen that by varying the ambient temperature between 15 and 39 °C,
the LCOE increases by 2.73%.

50

»
(2]

"_"_‘_’—0—0-—-0—.._.._.._.___._.
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o

===\ net
Wc,total
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15 17 19 21 23 25 27 29 31 33 3 37 39
Ambient Temperature (T,) [°C]

Figure 4. The net power generation (Wmt) of the system and the total power consumption of the
compressors (W 1 ) against different ambient temperatures.
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Figure 5. The EUF and the thermal efficiency of the power cycle (#;) against different ambient

temperatures.
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Figure 6. The LCOE of the system against varying ambient temperatures.

Up to this point, analysis was conducted with turbine inlet temperature set at 1000 °C.
In this part, the turbine inlet temperature is varied to understand its influence on the system
performance. The results of the analysis are depicted in Figure 7. It is observed that the fuel
mass flow rate and the net power generation are increased with the increase in the turbine
inlet temperature.

60 20

18
— 50 <=
16 35
2 2

= 14
5 40 =

=

© 12 fos
o 3
S 30 10 &=
oo a
cT) 8 ©
£ .
o 2

Z 10 4

==@==\\net == mf 2

0 0

500 600 700 800 900 1000 1100

Turbine Inlet Temperature (T;,) [°C]
Figure 7. Impact of turbine inlet temperature on net power generation (Wet) and fuel consumption (1 ).

The EUF and the LCOE are plotted in Figure 8§ against varying exhaust temperatures
(T35). The EUF shows a decreasing tendency, and the LCOE shows an increasing trend for
higher values of exhaust gas temperature. For this reason, it is essential to benefit as much
as possible from the useful energy of the high-temperature exhaust gas.
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Figure 8. Impact of exhaust temperature on the EUF and the LCOE.

Figure 9 shows the impact of the pressure ratio (r,) on the net power utilization and
power consumption/generation of the compressors and the turbine. According to the
results, when the 7, increases, both turbine and compressor power increases, but after
a specific r, value, increments in the compressor power consumption are higher than those
for the turbine power; therefore, the net power output decreases. The net power utilization
of the system is maximum when the r, is 4, and it starts to fall after.
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Figure 9. Impact of pressure ratio on the net power generation (Wet) and the capacity of the turbine
(W;) and the compressors (W ¢41 )-

Figure 10 illustrates the effects of the annual operation hours of the absorption chiller
on the payback period of the absorption chiller. It is observed that a lower payback period is
attained as the yearly operation time of the chiller increases. Therefore, it can be concluded
that the integration of an absorption chiller is more beneficial financially when the cooling re-
quirement is high, stable, and continuous. It is a valuable investment, particularly for facilities
to continue their cooling, heating, and electrical energy consumption without interruption.



Sustainability 2022, 14, 11820

19 of 22

3.5

2.5

PBP [years]
N

1.5

0.5

1000 2000 3000 4000 5000 6000 7000 8000
Annual operation hours of the Absorption chiller

Figure 10. The payback period (PBP) of the absorption chiller against the annual operation hours.

Natural gas prices fluctuate depending on many factors. Therefore, it is important to
analyze the effects of natural gas rates on the LCOE of the system. In Figure 11, the natural
gas rates are varied from 0.12 to 0.28 $/m3. Results show that the LCOE of the combined
cycle is very sensitive to the cost of natural gas. The LCOE shows an increasing trend for
greater values of unit natural gas cost. However, the current local electricity rate is much
higher (0.09 $/kWh) even for the most expensive unit natural gas case (0.28 $/m3, LCOE:
0.04 $/kWh).

0.045
0.04
0.035
0.03
0.025

0.02

LCOE [$/kWh]

0.015
0.01
0.005
0

012 014 016 018 02 022 024 026 028
Cyg [6/m3]

Figure 11. The LCOE of the system for varying natural gas rates.

5. Conclusions

Energy-efficient technologies such as trigeneration systems are among the solutions for
transitioning to decarbonization. Ammonia refrigeration systems are crucial to preserving
delicate products such as vaccines, since they can work below zero degrees. A novel
trigeneration system with a regenerative gas turbine prime mover, a single-effect ammonia—
water absorption refrigeration cycle, and a hot water production system is proposed and
analyzed from thermodynamic and economic viewpoints. The energy required by the
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compressors is decreased by carrying out the compression process in multiple stages and
cooling the air between the processes. Energy discharged from the gas turbine is utilized in
the generator part of the absorption chiller and a hot water heat recovery heat exchanger.
Such integration results in much higher efficiencies compared to a sole gas turbine cycle.

For the base case, the cycle efficiency of the gas turbine is 49.7%; on the other hand,
the EUF of the trigeneration system is 83.0%. A major economic benefit for the application
of trigeneration technology is generating energy at a lower cost than the cost of purchase
from the local energy supplier. Results of the economic analysis show that with the
implementation of the proposed combined system, the unit cost of the energy becomes
much lower compared to the local grid. The LCOE of the system is around 0.02 $/kWh,
whereas the unit price of the local electricity from the grid is 0.09 $/kWh. Compared to
a separate production plant, a trigeneration system has 49% lower fuel input. In addition,
energy losses through the plant with individual energy and power production are much
higher compared to the trigeneration plant. The results of the exergy analysis show that
the combustion chamber is the primary source of exergy destruction. Therefore, some
measures can be taken to decrease the exergy destruction of that component.

A parametric study was also carried out to investigate the influence of some essential
parameters on the system performance. The main findings are summarized below:

e  Results show that as the ambient temperature rises, the EUF and ant decrease, and
the LCOE of the system increases. The LCOE of the system changes from 0.0219 to
0.0225 $/kWh between 15 and 39 °C ambient temperatures. Therefore, cooling the inlet
compressor air with various technologies is an important consideration to improve
the thermodynamic performance and financial feasibility of the system.

e Athigher turbine inlet temperatures, fuel mass flow rate and the net power genera-
tion increase.

e Increasing the exhaust temperature decreases the EUF and increases the LCOE. At
30 °C exhaust temperature, the LCOE is at 0.0210 $/kWh, and at 110 °C exhaust
temperature, it is at 0.0264 $/kWh. As a result, it is necessary to benefit from the
potential of the high-temperature exhaust gas before rejecting it.

e  When the pressure ratio increases, both turbine and compressor power increase, but
after a specific r, value, increments in the compressors” power consumption are more
significant than those for the turbine; as a result, the net power output decreases. The
net power utilization of the system is maximum when the 7, is 4, for each compressor.

e  The effect of the annual operation hours of the absorption chiller on the payback
period of the chiller is investigated. Results show that the integration of an absorption
chiller is more beneficial financially when the cooling requirement is high, stable,
and continuous. When the annual operation time is 1000 h, the PBP of the chiller is
3.6 years, and it decreases to 4 months when the operation time becomes 8000 h.

e  Fuel costs have a larger uncertainty in the future market. To reduce the risks, it is
important to make accurate fuel price predictions. The effect of the natural gas cost
on the LCOE is analyzed. Results show that the LCOE of the combined cycle is very
sensitive to the price fluctuations of natural gas. However, even for the most expensive
natural gas cost rate scenario, the LCOE of the system is much lower compared to the
local electricity rate.

e  Local incentives should be enhanced by regulations to broaden the combined system
applications, as the high investment cost is an economic barrier.
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