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Abstract: This manuscript presents a thermo-economic analysis for a trigeneration system integrated
by an absorption refrigeration chiller, a gas microturbine, and the heat recovery steam generation
subsystem. The effect of the compressor inlet air temperature on the thermo-economic performance
of the trigeneration system was studied and analyzed in detail based on a validated model. Then,
we determined the critical operating conditions for which the trigeneration system presents the
greatest exergy destruction, producing an increase in the costs associated with loss of exergy, relative
costs, and operation and maintenance costs. The results also show that the combustion chamber of
the gas microturbine is the component with the greatest exergy destruction (29.24%), followed by
the generator of the absorption refrigeration chiller (26.25%). In addition, the compressor inlet air
temperature increases from 305.15 K to 315.15 K, causing a decrease in the relative cost difference of
the evaporator (21.63%). Likewise, the exergo-economic factor in the heat exchanger and generator
presented an increase of 6.53% and 2.84%, respectively.

Keywords: thermo-economic assessment; exergy analysis; trigeneration system; gas microturbine;
absorption chiller

1. Introduction

The increase in global warming, adding to the scarcity of fossil fuels, has motivated the development
of new technologies to improve the efficiency of existing processes in power plants [1,2]. Among the
available options, multi-generation processes such as the trigeneration cycle have been widely used as
they allow for greater efficiency, lower costs, and reduced emissions [3]. Therefore, researchers have
been working to increase the potential of this type of energy generation process through heat recovery
under the steam generator, organic Rankine cycles [3], and absorption chillers [4,5].

Absorption chiller cooling technology is increasingly used because it utilizes refrigerants and
absorbents that do not have a negative effect on the environment. In addition, it is possible to feed
this type of device with waste heat or some other renewable energy source such as solar energy [6].
Therefore, they are systems widely used in the industrial sector because of the lower energy cost
production and potential gas emission reduction [7].

Several studies have developed relevant contributions to the thermo-economic analysis and
optimization of absorption refrigeration systems [8], but few are related to the trigeneration system
working at the different operating conditions. These studies mainly involve the application of the
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thermodynamic second law to conduct the evaluation and thermal analysis of the system, which is
based on the exergy approach [9]. This method allows us to measure the work potential or quality of
different forms of energy with respect to environmental conditions [10,11]. Therefore, the environmental
condition plays a key role in the thermo-economic performance of thermal cycles.

Kaynakli and Kilic [12] analyzed the effect of an H2O-LiBr absorption refrigeration system (ARS)
on operating conditions by means of the first and second laws of thermodynamics. It was observed
that there is an increase in system performance with the increase in generator temperatures and a
decrease in condenser and absorber temperatures. However, the effect of the integration of the ARS
with the exhaust gases of a thermal prime mover was not studied, and the value of the generator
temperature should be determined. In contrast, Martinez and Rivera [13] conducted an energy and
exergy analysis for a dual absorption system using the H2O-LiBr as a working fluid and also concluded
that higher generator and evaporator temperatures and lower absorber temperatures lead to improved
system performance. Then, a change in inlet air temperature means different operation conditions on
the ARS, and a substantial effect on the thermo-economic indicator of the trigeneration systems, such
as the relative cost difference and exergo-economic factor.

Consequently, Kaushik and Arora [14] developed an energetic and exergetic analysis of the single
and double effect of a cooling absorption system with parallel free water flow. According to the
presented results, the coefficient of performance (COP) presented for the single effect ARS was ranging
from 0.6 to 0.75, while in the case of the double effect the COP increased from 1 to 1.28, as a result of
different operating temperatures of the heat source and evaporator.

In order to identify the exergetic improvement potential in the H2O-LiBr double effect, ARS, Gomri
and Hakimi [15] conducted an energetic and exergetic analysis, calculating the exergy destruction
of the system components. They concluded that the absorber and the high-pressure generator are
the components that most influence the total exergy destruction of the system. On the other hand,
renewable energy had been used as a heat source of refrigeration systems to increase global thermal
efficiency. Hence, Rosiek [16] studied a cooling system integrated into a flat plate solar collector, and
the results demonstrated that it is possible to obtain the best results from the exergetic viewpoint
supplying water to the absorption cooler in a temperature range of 70–80 ◦C.

A novel configuration was proposed by Pourfayaz et al. [17], by means of an exergetic analysis to
increase the overall performance of the ARS, for a fuel cell cooling system in which nanofluids were
used as absorbers.

There are different trigeneration systems, which can be classified mainly according to their driving
force, the amount of energy used, and the size of the plant. Each of these classifications has a series
of classifications, which have certain advantages and disadvantages regarding the acquisition cost,
installation, maintenance, operation ranges, necessary conditions, among others [18].

The availability of sources for electricity generation and global warming are alarming factors
that lead to concern about the sustainability of energy production in the future, which brings with it
the transcendental impact to design more efficient energy systems [19]. Combined Heat, Cold, and
Power (CHCP) are some of the alternative technologies to address problems such as growing energy
demand, rising energy costs, the security of energy supply, and large environmental impact [20]. Thus,
it is presented as a solution with relevant technical potential, economic, and ecological benefits, which
allow reducing the use of primary energy sources to energy generation [21]. The trigeneration system
is composed of five main elements: primary engine, electric generator, waste heat recovery system,
thermal activation equipment, and a control unit [22].

A promising alternative to trigeneration systems that address the energy problem is based on
the use of low-capacity primary sources, also called small-scale technologies, which deliver power
between 28 and 200 kW [23], such as the gas microturbine considered in this study. These systems are
particularly suitable for applications in commercial buildings, hospitals, schools, local industries, office
blocks, and single or multi-family residential buildings [24].
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Although some research results based primarily on exergetic analysis show an increase in the COP
of the ARS, it is not a complete enough analysis to design a thermal system and ignores the economic
part of the system. Therefore, the exergo-economic aspect is necessary to incorporate both exergetic
and economic analysis into the system. In this way, it is possible to have a better guide for the thermal
study of the components [25,26]. Therefore, the optimization of the ARS performance by means of the
thermo-economic assessment was applied [27].

Some trigeneration systems had been studied in industrial and commercial applications. The
thermo-economic potential of a trigeneration biomass plant was studied [28], using different
configurations, parameters, both economic and operational. The exergetic simulation allowed to
determine a 72.8% of the energy efficiency, and the exergetic efficiency ranging from 20.8% to 21.1%,
but a parametric case studied is not presented to determine the relevant parameters of the trigeneration
process. Also, a complete study was conducted considering some performance energetic, economic
and environmental indicators, where the performance of a steam turbine trigeneration system for large
buildings based on the energy demands of the facility was calculated, and the results were compared
with conventional power generation systems [29]. The results show a decrease in the primary energy
saving of 12.1%, CO emission reduction of 2.6%, and CO2 emission reduction of 2.6%. However, a
thermo-economic model was not proposed in this research to identify exergy destruction opportunities.

On the other hand, some thermo-economic studies using a chiller in the trigeneration system have
been considered, but the use of a gas microturbine as prime mover operating in a trigeneration system
is not reported in the literature. Therefore, the integration of an absorption chiller to a trigeneration
system was proposed to generate the required energy, and thus assess energy costs and savings,
obtaining an annual cost of $US 384,300 per year, and a payback period of 1.8 years [30]. In addition,
an economic analysis of a trigeneration system based on a LiBr chiller was developed. The results were
compared with respect to other heat and cold generation systems, and the primary energy consumption
decreased by 26.6% with respect to cogeneration.

In the case of the trigeneration system using gas turbines as a prime mover, Ahmadi et al. [31]
presented energy and exergetic analysis in a trigeneration system with a combined gas turbine cycle.
The results showed a greater exergetic destruction in the combustion chamber, in addition to the
environmental impact assessment, where the thermal energy efficiency increase 75.5%, the thermal
exergetic efficiency increase 47.5%, and the emission of the CO2 decrease to 158 kg/MWh.

To increase the performance of the trigeneration system, an exergo-economic optimization was
conducted using an evolutionary algorithm, where the economic indicators used to optimize the
systems are the total revenue requirement and the total cost of the system [32]. The optimization result
of the system allows an improvement of 0.207 $/s in the objective function studied, which is 15% lower
than the value in the base case.

From this literary review, the main contribution of this paper is to present a parametric study
conducted in a trigeneration system integrated by a Li-Br ARS, a gas microturbine, and a waste
heat recovery, to study the effect of inlet gas compressor temperature on the energy, exergy and
termo-economic indicator. In addition, the analysis includes the application of the energy, exergy
balance, exergy destruction calculation, cost balances application, and the thermo-economic modeling
by components, considering in detail the acquisition, maintenance, and operating costs.

2. Methodology

2.1. Description of the System

The physical structure of the trigeneration system is presented in Figure 1. Starting with the gas
power cycle, where ambient air at atmospheric pressure (state 1) enters to the compressor, where it is
compressed, and its pressure rises, from which it goes out to the preheater (state 2) where it interacts
with the exhaust gases of the turbine to increase its temperature and obtain a better combustion.
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Figure 1. Physical structure of the trigeneration system.

In the combustion chamber, the air flow (state 3) enters from the preheater at high temperature
and pressure, and the methane flow (state 4) enters, which will be burned during mixing with excess
air. The modeling of the combustion chamber is obtained, assuming an expansion process of the air,
which corresponds to an isobaric process inside the system. The resulting combustion gases (state 5)
move the turbine in which the hot gases expand and cool rapidly through an adiabatic expansion,
generating the power required for the compressor and the net power of the system.

The output gases of the turbine (state 6) are directed to the preheater equipment where its
temperature decreases, and then in the Heat Recovery Steam Generator (HRSG) the heat transfer
process allows us to generate the steam (state 10), from the water at ambient temperature (state 9).
The exhaust gases (state 8), as an energy source, enters the generator where it separates the solution
resulting in an H2O-LiBr mixture with a low concentration (state 11) and the generation of refrigerant
saturated steam (state 12). The mixture is modeled as a sub-cooled liquid type (state 19), which expands
through a flow valve and arrives at the absorber as a low concentration H2O-LiBr mixture (state 20).
On the other hand, the heat is removed inside the condenser heat exchanger from the refrigerant to the
environment (state 23), going from a gaseous to a liquid phase (state 13).

In the evaporator heat exchanger, the fluid takes heat from the refrigerated space or room, and
induces a phase change in the refrigerant producing a pressure difference between the evaporator and
the absorber, where the refrigerant exits as saturated steam (state 15) directly to the absorber, in which
there is an energy change between the external water (state 27) and lithium bromide (state 20). As
a result, a loop of the lithium bromide mixture is obtained to give a saturated liquid solution (state
16). The pressure of this solution is increased and entered into the heat exchanger by the flow energy
supplied by the motor of the pump (state 17) through a counter-current configuration, which increases
the temperature to improve efficiency. Finally, the fluid arrives at the generator to continue with the
system cycle (state 18).



Energies 2019, 12, 4643 5 of 18

2.2. Thermodynamic Modeling

In the thermodynamic modeling of the trigeneration system [33], the components of the system
are considered as open systems where a steady-state mass balance is applied according to Equation (1).
For the case of constant flow systems, such as the generator and absorber, this balance results as shown
in Equation (2). ∑ .

mout =
∑ .

min (1)∑ .
mout·xout =

∑ .
min·xin (2)

where x is the concentration,
.

mout and
.

min are the output and input mass flows to the system in kg/s.
Also, the energy balance applied to each component of the trigeneration system based on the first

law of thermodynamics is expressed in Equation (3).∑ .
Q−

∑ .
W =

∑ .
mout·hout −

∑ .
min·hin (3)

where h is the specific enthalpy in kJ/kg,
.

Q is heat flow rate in kW, and
.

W is the power rate in kW.
The performance coefficient of the ARS (COPARS) is expressed by Equation (4), which is defined

as the ratio of the heat transfer of the evaporator (
.

QEvaporator) in kW, and the amount of heat transfer in

the generator (
.

QGener) plus the energy rate of the pump (
.

WP), both in kW.

COPARS =

.
QEvaporator

.
QGener +

.
WP

(4)

Applying the energy balance to each of the components of the trigeneration system gives the
equations shown in Table 1.

Table 1. Energy balance equations by components of the trigeneration system.

Component Energy Balance

Compressor .
m1·h1 +

.
Wcomp −

.
m2·h2 = 0

Combustion Chamber
( .
m3·h3 +

.
m4·h4

)
·ncc −

.
m5·h5 = 0

Turbine .
m5·h5 −

.
Wturb −

.
m6·h6 = 0

Pre-heater
.

m7·h7 −
.

m6·h6 =
.

m3·h3 −
.

m2·h2
HRSG .

m7·h7 −
.

QHRSG +
.

m8·h8 = 0
Generator .

m18·h18 +
.

Qgener −
.

m12·h12 −
.

m11·h11 = 0
Condenser .

m12·h12 −
.

m13·h13 +
.

Qcond = 0
Evaporator .

m13·h13 +
.

Qevap −
.

m15·h15 = 0
Absorber .

m15·h15 +
.

m20·h20 −
.

m16·h16 +
.

Qabs = 0
Heat exchanger

.
m17·h17 +

.
m11·h11 −

.
m18·h18 +

.
m20·h20 = 0

To calculate the specific physical exergy (
.
E

Ph
) was not considered the kinetic and potential energy,

resulting in the Equation (5).
.
E

Ph
= (h− h0) − T0·(s− s0) (5)

where h is the specific enthalpy in kJ/kg, s is the specific entropy in kJ/kg ·K of the working fluid flow, h0

and s0 are the state enthalpy and entropy at reference condition (T0 = 298.15 K and P0 = 101.325 kPa).
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On the other hand, the chemical exergy for water (
.
E

Ch
water) was calculated using Equation (6), while

for the microturbine exhaust gases (states 6, 7, 8, and 21) was used the Equation (6) since the change of
chemical exergy for lithium bromide was not considered.

.
E

Ch
water =

.
m·

( zwater

Mwater

)
·

.
E

0
Ch, water (6)

.
E

ch
=

n∑
k=1

xk·
.
E

chk
+ R·T0

n∑
k=1

xk·lnxk (7)

where (
.
E

0
Q, water) is the standard chemical exergy of the water, xk is the molar fraction, and exchk is the

exergy per mol unit for the k gas.
The exergy balance was applied to each component of the trigeneration system according to

Equation (8) [34]. ∑ .
min·

.
Ein −

∑ .
mout·

.
Eout +

.
Q·

(
1−

T0

T

)
−

.
W −

.
ED = 0 (8)

where
.

min·
.
Ein is the inflow exergy,

.
mout·

.
Eout is the outflow exergy, and

.
ED is the destroyed exergy.

The exergetic efficiency (ηex) based on the second law of thermodynamics, is expressed by the
Equation (9).

ηex =

.
EP
.
EF

(9)

where the amount of fuel exergy (
.
EF) to the system, and the exergy produced (

.
EP) per system are

related to the destroyed exergy (
.
ED), and the lost exergy (

.
EL), as shown in Equation (10).

.
EF =

.
EP +

.
ED +

.
EL (10)

The Fuel and Product structure in each component of the trigeneration system was calculated, as
shown in Table 2.

Table 2. Fuel and Product exergy equations.

Component
.
EF

.
EP

.
EL

Compressor
.

Wcomp
.
E2 −

.
E1 -

Air pre-heater
.
E6 −

.
E7

.
E3 −

.
E2 -

Combustion Chamber
.
E4

.
E5 −

.
E3 -

Turbine
.
E5 −

.
E6

.
Wturb -

HRSG
.
E7 −

.
E8

.
E9 −

.
E10 -

Generator
.
E8 −

.
E21

.
E12 +

.
E11 −

.
E18

.
E21

Condenser - -
.
E23

Evaporator
.
E14 −

.
E15

.
E24 −

.
E25 -

Absorber
.
E16 −

.
E15 −

.
E20

.
E27 −

.
E26 -

Heat exchanger
.
E11 −

.
E19

.
E18 −

.
E17 -

2.3. Thermo-Economic Analysis

To calculate the total production cost, it is considered the capital investment costs (
.
ZCI), operation

and maintenance (
.
ZOM), as shown in Equation (11).

.
Z =

.
ZCI +

.
ZOM (11)
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The equations used to calculate the Purchase Equipment Costs (PEC) for the components of the
ARS were: heat exchangers (Equation (12)), pump (Equation (13)), motor (Equation (14)), where the
sub-index “0” represents the reference of the studied component [35–37].

PECK = PEC0, K·

(
Ak
A0

)0.6

(12)

where the reference area (A0) is 100 m2, the reference costs (PEC0, K) considered are Evaporator
(16,000 USD), Condenser (8000 USD), Absorber (16,500 USD), and Heat Exchanger (12,000 USD) [26].
Also, the PEC for the pump is calculated based on Equation (13).

PECpump = PEC0,pump·


.

Wpump
.

W0,pump


mB

·

(
1− ηpump

ηpump

)npump

(13)

where the pump efficiency (ηpump) is 75%, the pump size power ratio (mB) is 0.26, and the reference
cost (PEC0,pump) is 2100USD. In addition, the model used to estimate the PEC of the pump motor is
presented in Equation (14).

PECmot = PEC0,mot·


.

Wmot
.

W0,mot

mmot

·

(
1− ηmot

ηmot

)nmot

(14)

where the motor size power ratio (mmot) is 0.87, the motor reference power (
.

W0, mot) is 10 kW, the motor
efficiency (ηmot) is 90%, the efficiency ratio of motor size (nmot) is 1, and the reference cost (PEC0,mot) is
500 USD [26].

The components of the gas microturbine were used some well-known models [26]. For the PEC
of the compressor was used the Equation (15), combustion chamber (Equation (16)), and turbine
(Equation (17)).

PECcomp =

(
C11·

.
mair

C12 − ncomp

)
·

(
Pa2

Pa1

)
·ln

(
Pa2

Pa1

)
(15)

where the compressor coefficients C11 and C12 are 71.10 and 0.9 USD/(kg/s), respectively. In addition,
the PEC of the combustion chamber was calculated according to Equation 16.

PECcc =

 C21
.
·mCH4

C22 −
Pgc4
Pa3

·[1 + e(C23·T4−C24)
]

(16)

where C21 is 46.08 USD/(kg/s), C22 is 0.995, C23 is 0.018 K−1 and C24 is 26.4 [26]. Also, for the case of
the turbine, Equation (17) was used to calculate the PEC, which is a relevant cost of the microturbine
equipment.

PECturb =

(
C31·

.
mcomb

C32 − nturb

)
· ln

(Pgc4

Pgc5

)[
1 + e(C33·T4−C34)

]
(17)

where the model turbine coefficients are, C31 in 479.34 USD/(kg/s), C32 is 0.92, C33 is 0.036 K−1 and
C34 is 54.4 [26].

On the other hand, the values of the leveled costs (PECL) by components were calculated by the
mean of the Equation (18), which consider the money transactions occur at the end of each year in the
economic life of the trigeneration system.

PECL = CRF·
n∑

j=1

PECJ(
1 + ie f f

) j (18)
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where CRF is the Capital Return Factor, ie f f is the interest rate and PEC j is the value of the Purchase
Equipment Costs in the year j. Also, the CRF is calculated using the Equation (19).

CRF =
ie f f

(
1 + ie f f

)n(
1 + ie f f

)n
− 1

(19)

where n is the lifetime of the equipment.
To obtain the value of the capital investment in term of unit cost per time (

.
Zk), without having to

calculate leveled costs, the Equation (20) can be used.

.
Zk =

PECk·CRF·ϕ
τ

(20)

where τ is the total operation time in hours of the system at full load, and ϕ is the maintenance
factor [38].

2.4. Exergy Cost Balance and Thermo-Economic Indicators

The exergetic cost balance, as shown in Equation (21), the inefficiencies presented in the equipment
are evaluated, and the intermediate and final cost of the streams of the thermal process. This analysis
allowed us to estimate all exergies of stream in the trigeneration cycle, considering the total costs
(acquisition costs, operating costs, and maintenance costs) [39–41].

n∑
i=1

.
Cout,i +

.
CW,i =

n∑
i=1

.
Cin,i +

.
CQ,i +

.
Zk (21)

where the terms
.
Cin,i, and

.
Cout,i are the exergy costs associated with the inlet and outlet flow, which are

calculated using the Equation (22). The terms
.
CW,i and

.
CQ,i are the costs associated with the power and

heat transfer exergy cost, which are calculated by the mean of the Equations (23) and (24), respectively.

.
Ci = ci·

.
Ei (22)

.
CW,i = cW

.
·W (23)

.
CQ,i = cQ·

.
EQ (24)

where ci, cW and cQ are the specific costs per unit of exergy expressed in dollars per Gigajoules
(USD/GJ).

The equations presented in Table 3 are obtained, applying the general cost balances to each
component of the trigeneration system. The cost balance can be expressed as shown in Equation (25),
as a function of the cost rates of the exergy lost (

.
CL,i), product cost rate (

.
CP,i) according to Equation (26),

fuel cost rate (
.
CF,i) attending to Equation (27), and the cost rate of exergy destruction (

.
CD,i) by means

of Equation (28).
.
CP,i =

.
CF,i −

.
CL,i +

.
Zi (25)

cP,i =

.
CP,i
.
EP,i

(26)

cF,i =

.
CF,i
.
EF,i

(27)

.
CD,i = cF,i

.
ED,i (28)
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Table 3. Cost balance equation by components.

Component Cost Balance Equations Auxiliary Equations

Compressor
.
C1 +

.
Ccomp +

.
Zcomp =

.
C2

.
C1 = 0

Air preheater
.
C2 +

.
C6 +

.
Zph =

.
C3 +

.
C7

.
C7.
E7

=
.
C7.
E6

Combustion chamber
.
C3 +

.
C4 +

.
Zcc =

.
C5

.
C4 = 139.18

Turbine
.
C5 +

.
Zturb =

.
C6 +

.
Ccomp +

.
Cturb

.
C6.
E6

=
.
C5.
E5

,
.
Ccomp
.

Wcomp
=

.
Cturb.
Wturb

HRSG
.
C7 +

.
C10 +

.
ZHRSG =

.
C8 +

.
C9

.
C8.
E8

=
.
C7.
E7.

C10 = 0

Generator

.
Cgen +

.
C18 +

.
Zgen =

.
C12 +

.
C11

.
C12.

mwater (ex12−ex18)
−

.
C18(ex11−ex12)

.
mt (ex12−ex18)(ex11−ex18)

−

.
C11.

mpump (ex11−ex18)
= 0

-

Heat exchanger
.
C17 +

.
C11 +

.
Zhe =

.
C18 +

.
C19

.
C11.
E11

=
.
C19.
E19

Pump
.
Cpump +

.
C16 +

.
Zpump =

.
C17 -

Condenser
.
C12 +

.
Zcond =

.
C13 + ∆

.
Ccond

.
C12.
E12

=
.
C13.
E13

Absorber
.
C20 +

.
C15 +

.
Zabs =

.
C16 + ∆

.
Cabs

.
C20+

.
C15.

E20+
.
E15

=
.
C16.
E16

Evaporator -
.
C14.
E14

=
.
C15.
E15

Solution expansion valve -
.
C19.
E19

=
.
C20.
E20

Coolant expansion valve -
.
C13.
E13

=
.
C14.
E14

The relative cost difference (r) is calculated from the specific fuel and product cost, which shows
the average relative cost increase per exergetic unit between the input power and the product, as
shown in Equation (29).

r =
cP,i − cF,i

cF,i
(29)

Likewise, another thermo-economic indicator studied is the exergo-economic factor ( f ), which
measures the relation between the capital cost investment compared to the loss costs rate and exergy
destruction, and it is calculated using Equation (30).

f =

.
Zi

.
Zi +

.
CL,i +

.
CD,i

(30)

A high value of this factor reflects a decrease in investment costs by improving energy efficiency, in
contrast to low rates of this factor, which suggests saving costs throughout the system for improvement
in efficiency.

3. Results and Discussion

This section presents the results of the energetic, exergetic, and thermo-economic analysis of the
base case of the trigeneration system, and the parametric study result at different inlet air compressor
temperatures. Table 4 presents the thermodynamic properties, physical and chemical exergy of the
trigeneration system obtained from the energy balance.
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Table 4. Thermodynamic properties, physical and chemical exergy of the trigeneration system.

State
.

m
[kg/s]

T
[K]

P
[bar]

h
[kJ/kg]

s
[kJ/kg·K]

.
E

Ph

[kJ/s]

.
E

ch

[kJ/s]

1 0.30 298.15 1.013 298.60 5.69 0 0
2 0.30 452.10 3.64 454.31 6.16 46.71 0
3 0.30 673.20 3.61 684.83 6.16 73.83 0
4 0.50 298.15 3.70 -3.62 −0.68 99.72 2.5919
5 0.80 829.10 3.61 216.40 7.69 305.40 4.24
6 0.80 745.20 1.081 120.81 7.92 174.60 4.24
7 0.80 540 1.051 −108.10 7.57 75.11 4.24
8 0.80 346.50 1.021 −314.90 7.10 20.54 4.24
9 0.065 372.30 0.98 2651 7.36 29.85 617.50

10 0.065 298.15 1.013 104.81 0.36 0 0
11 0.57 346.50 0.059 167.91 0.44 23.60 0.62
12 0.019 346.50 0.059 2637 8.54 1.84 0.049
13 0.019 309.20 0.059 150.81 0.52 0.014 0.049
14 0.019 278.20 0.0087 150.80 0.54 −0.13 0.049
15 0.019 278.20 0.0087 2510 9.024 −3.49 0.049
16 0.59 307.20 0.0087 81.38 0.20 14.19 0.66
17 0.59 307.20 0.059 81.38 0.20 14.19 0.66
18 0.59 331.50 0.059 131.20 0.36 16.081 0.66
19 0.57 322.90 0.059 120.20 0.29 20.63 0.62
20 0.57 310.90 0.0087 120.20 0.22 33.51 0.62

These values allow conducting the exergy balance to calculate the exergy destruction in each
component of the system, obtaining the values shown in Figure 2, which presents the percentage of the
exergy destruction fraction by equipment and/or components of the system studied.
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The exergy destruction represents a loss of useful work that can be taken advantage of by the
components of the trigeneration system for the improvement of the operating and thermo-economic
conditions. This translates into a great inefficiency and a considerable quantity of energy that must be
minimized just when it is needed to maximize the overall thermal efficiency of the process. However,
it represents an opportunity to optimize and develop innovate techniques based on new proposals and
alternatives of operation and manufacture to design and to rate the devices, all with the purpose of
reducing the investment cost associated with the components and, therefore, to the general system.
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The results show that the combustion chamber of the gas microturbine is the component with the
greatest exergy destruction (29.24%), followed by the generator of the ARS (26.25%). The compressor
has a contribution of 0.08% due to the low heat transfer irreversibility presented in this device as a result
of the high operating temperature. The greatest amount of exergy destroyed (72%) is located in the
combustion chamber, generator and absorber, which suggests a greater technological and operational
effort focused on the design of these heat exchange, allowing us to reduce the temperature difference
between the fluids. Likewise, from the component cost balances, the exergetic costs of the stream in
the system were calculated, as shown in Table 5.

Table 5. Exergetic cost rates (
.
C) in USD/s, and the costs per unit of exergy of the stream (c) in USD/GJ.

State
.
C [10−3 USD/s] c [USD/GJ] State

.
C [10−3 USD/s] c [USD/GJ]

1 0 0 11 3.18 25.73
2 89.53 532.4 12 0.42 24.27
3 198.50 746.9 13 0.014 24.27
4 139.21 1.48 14 0.017 24.27
5 338.70 303.88 15 0.75 24.27
6 195.61 303.87 16 1.39 26.14
7 86.81 303.89 17 1.48 27.80
8 27.12 303.88 18 1.86 30.89
9 60.67 303.90 19 2.85 25.73

10 0 0 20 3.61 25.73

These costs allow us to determine the cost of raw materials, products, and destruction, besides the
thermo-economic indicators shown in Table 6. The highest costs are associated with the pre-heater
assembly (532.40 USD/GJ), which exceeds the cost of the products obtained by the turbine.

Table 6. Average costs per unit of fuel (
.
CF,i ) and product (

.
CP,i ), destruction cost (

.
CD,i), relative cost

difference (r), and exergo-economic factor (f ) for each component of the trigeneration system.

Equipment
.
CF,i [USD/s]

.
CP,i [USD/s]

.
CD,i[USD/s] r f

Compressor 24.80 24.87 0 0.0031 1
Pre-heater 30.22 30.27 79.13 2.67 0.0024

Combustion chamber 38.66 38.95 137.91 110.20 0.0072
Turbine 39.75 15.80 110.50 0.75 0.027
HRSG 16.58 16.85 648.51 0.91 0.0015

Generator 12.94 22.031 0.43 0.70 0.41
Assembly evaporator 26.35 132.70 1.11 4.30 0.28

Heat exchanger 27.15 65.77 0.15 1.42 0.41

3.1. Energy and Exergy Analysis

This section presents the parametric study results applied in the trigeneration system, through the
variation in compressor inlet temperature (T1) from 293.15 K to 328.15 K. The energy performance
was evaluated for the microturbine subsystem, HRSG, and the evaporator of the ARS, which will be
analyzed and discussed in detail below.

Figure 3a shows that the increase in temperature causes a decrease in the net power supplied
by the turbine with respect to the heat absorbed by the evaporator at different air flow ratio, because
of the enhancement in the heat removed in the evaporator as a consequence of the increase in the
air flow temperature in the inlet compressor. For a given inlet compressor temperature of 313.15 K,
the Trigeneration System delivers almost 236.2% power per unit of heat in the evaporator with an
air-fuel ratio of 0.7 with respect to 0.5. This means that an increase in the air-fuel ratio causes the
microturbine to deliver more power, given the higher airflow. However, the decreasing trend among
the studied energy coefficient is preserved, so the inlet compressor temperature is a basic parameter that
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significantly affects the energy performance of the trigeneration system. On the other hand, the steam
energy supplied by the HRGS (Figure 3b) increases with the increase of the air flow inlet compressor
temperature, which is due to the improvement of the combustion chamber thermal efficiency, having a
combustion with an oxidant both at higher temperature, and more air mass flow by increasing the
air-fuel ratio, which increases the thermal capacitance in the HRSG.Energies 2019, 12, x FOR PEER REVIEW 12 of 19 
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Figure 3. Energy performance of the trigeneration system at different compressor inlet air temperatures,
(a) Net Power/Evaporator heat, and (b) Heat in the Heat Recovery Steam Generator (HRSG).

3.2. Exergy Destruction

The exergy destruction analysis by component represents an opportunity for the improvement of
the operative and thermo-economic of the thermal system. With this parameter, some alternatives can
be developed to reduce the effects of both economic and operational losses. It is important to know the
behavior of the minimum and maximum values that can be presented in a device with the purpose of
obtaining the possible exergy losses in the trigeneration system and the effect of the increase of the inlet
air compressor temperature in the devices of the system that is studied here. The exergy destroyed in
the trigeneration system at different compressor inlet air temperatures is shown in Figure 4.
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For the exergy destroyed fraction in terms of components, a tendency was observed. We used
an accumulation of the percentage losses to obtain a graphical model that describes the behavior of
the exergy losses of the general system. With the exclusion of the combustion chamber in the study,
we observed a 12% reduction in the exergy destroyed in the turbine until 300 K. Then, it remained at
its lowest values while the inlet air compressor temperature increased. Another relevant result is the
behavior of the exergy destruction in the generator and condenser, which both present the same range
of variation of exergy destroyed (4% to 5%). In this case, below the temperature of 300 K, the exergy
destroyed in the generator is greater than the values presented. After this, an increase in temperature
caused a significant enhancement of the exergy efficiency of this device at higher compressor inlet
air temperature. Therefore, the highest values of exergy destroyed in the devices of the trigeneration
system happen when the air temperature is lower than 300 K. However, there are exceptions such as
the HRSG and the evaporator, because a higher air temperature limits their functionality in the system.

3.3. Cost Rate of Exergy Destruction

The costs related to the exergy destruction represent the economic losses in dollars with respect to
the operating time of the system and, therefore, of each one of the components. A comparative analysis
of the costs per component of the microturbine is proposed for the variation of the inlet air compressor
temperature, while simultaneously analyzing the behavior of the costs related to the exergy destruction
in the assembly and different components both in the ARS and microturbine. Figure 5 presents the
trends of the cost rate of exergy destruction of the trigeneration system at different compressor inlet
air temperatures.
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The results show that for the ARS (Figure 5b), both the generator and the heat exchanger decrease
their costs as the temperature increases, while in the evaporator assembly there is an unusual behavior
which suggests that the variation in the compressor air temperature does not infer exergy destruction
or, therefore, related costs. In addition, it is evident that both the evaporator assembly and the heat
exchanger have lower costs in the microturbine than in the ARS, which can be explained by the operating
conditions of the refrigerant fluids, which directly influence the efficiency of the general system.

3.4. Relative Cost Difference and Exergo-Economic Factor

The exergo-economic factor results evidenced that, in the systems, there are values of 100% for the
compressor and this remains constant for changes of temperature as shown in Figure 6 because the
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flow energy input in microturbine is free and the destroyed exergy cost rate of the compressor is equal
to zero.
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Therefore, in the microturbine, the compressor is the equipment in the microturbine with the
lowest exergo-economic values, which implies that destruction costs and maintenance costs are relevant
in the system. On the other hand, in the ARS system, both the generator and the heat exchanger have
high values compared to the microturbine system, which is the same in the relative cost behavior
of the evaporator assembly with a very high exergo-economic factor of around 26%. Thus, the ARS
has a higher exergo-economic factor than the microturbine system, which is a consequence of high
acquisition costs, which are more relevant than the costs for exergy destruction and maintenance,
which suggests a reduction of non-fixed costs that can be modified.

In this case, the relative costs increase as the compressor air temperature increases, which
indicates a thermodynamic limitation in the system due to the temperature limits allowed. However, a
temperature increase of 10 K provides improvements in the overall performance of the microturbine
components, while the other subsystem suffers increases of 6.53% and 2.84% of the exergo-economic
factor in the heat exchanger and generator, respectively, as shown in Figure 6b.

Figure 7 enables the analysis of the relative cost difference of the main components of the
trigeneration systems in this study. Thus, we obtained the tendency of this thermo-economic indicator
in a wide range of operations, which allows us to determine the critical equipment that represents the
main construction cost of the system and, subsequently, to reduce these costs through design strategies
or operational changes of the general thermal system.

In the microturbine subsystem (Figure 7a), the results show a very little effect of the inlet air
compressor temperature on the relative costs associated with the different components, which is a
consequence of the law variation presented in the exergy destroyed by component and similar values
of product and fuel cost in the range of the evaluated temperature.

The results show that, in the case of the ARS, the variation of the compressor inlet temperature
causes a decrease in the relative cost of the evaporator assembly (21.63%) with increasing temperature
from 305.15 K to 315.15 K, as shown in Figure 7b. However, this behavior does not occur in the entire
range studied, which allows us to predict the thermo-economic indicator of the trigeneration system
under different ambient temperatures.
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4. Conclusions

This study has been carried out considering a trigeneration system with defined limits and
considerations. The modification of these considerations and extension of the limits of this process will
require an evaluation of some exergetic costs in the exergo-economic model that were not considered,
in addition to the exergy required in the condenser, evaporator and absorber currents. The exergetic
costs not considered, if evaluated, could compromise the thermo-economic viability of the system,
which must be evaluated in detail by means of thermo-economic indicators such as the recovery period
of the investment, the specific investment cost and the leveled cost of the energy since this was not
defined in the scope of the present study.

The study allowed us to undertake a thermo-economics approach to evaluate energy conversion
systems from the energy perspective, and in a broad way, in complement with economic considerations.
It also enabled us to verify the real viability of the trigeneration system when it operates with different
air temperatures at the inlet of the compressor.

The thermo-economic parametric was developed based on a gas microturbine-ARS–HRSG
trigeneration system model, evaluating the different exergy destroyed cost, exergo-economic factor, and
relative cost according to each component. The result also showed the opportunities for improvement
in components, and the amount of useful energy available that can be recovered from the exhaust
gases of the gas microturbine. However, there is an operation condition where the exergy is highly
destroyed due to the exergy inefficiencies of the equipment, and a greater purchase equipment cost is
presented with a high exergo-economic factor.

In addition, it is concluded that the system is technically and economically viable, which represents
a considerable alternative for the implementation in the secondary energy sector, where the cooling
and power generation is required, such as the operation of shopping malls, supermarkets, and hotels.
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Abbreviations

The following abbreviations are used in this manuscript:

HRSG Heat Recovery Steam Generator
ARS Absorption Refrigeration System
CRF Capital Recovery Factor
DC Direct cost
CI Capital Investment
PEC Purchase Equipment Cost
CC Combustion Chamber
TCI Total Capital Investment
OM Operation and Maintenance
Nomenclature
c Specific cost (USD/GJ)
s Entropy (kJ/kgK)
.
C Associated cost (USD/s)
.
E Exergy (kJ/s)
h Specific enthalpy (kJ/kg)
.

m Mass flow (kg/s)
.

Q Heat transfer (kJ/s)
R Universal gas constant (atm L/mol K)

P Pressure (bar)
rpm Rotational engine speed (rpm)
T Temperature (K)

t Time (s)
.

W Power (kW)
X fraction
A Area

(
m2

)
COP Performance coefficient
ie f f Annual interest rate
n Equipment’s lifetime (year)
.
Z capital investment cost (USD/s)
r Relative cost
f The exergoeconomic factor
Greek Letters
ϕ Maintenance factor
η Heat recovery efficiency
τ Total operation time (Hr)
Subscripts
ex Exergetic
mot Motor
k Molar
cond Condenser
abs Absorber
evap Evaporator
ch Chemical
ph Physical
o Standard or reference
D Destruction
L Lost
P Produced
k Molar
F Supplied
B Pump size
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