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Abstract: Biofuels have become a source of renewable energy to offset the use of fossil fuels and meet
the demand for electricity, heat, and cooling in the industrial sector. This study aims to (a) develop
a simulation of a trigeneration system based on a gas turbine cycle and an absorption chiller unit,
using biomass and syngas from spent coffee grounds (SCGs) to replace the conventional system
currently supplying the energy requirements of an instant coffee plant located in Guayaquil, Ecuador,
and (b) carry out an exergoeconomic analysis of the simulated system to compare the effects of
different fuels. The results showed an increase in the exergetic efficiency from 51.9% to 84.5% when
using a trigeneration system based on biomass instead of the conventional non-integrated system.
Furthermore, the biomass-based system was found to have the lowest operating costs ($154.7 /h)
and the lowest heating, cooling, and power costs ($10.3/GJ, $20.2/GJ, and $23.4/G]J, respectively).
Therefore, the results of this analysis reveal that using SCGs as biofuel in this instant coffee plant is
feasible for producing steam, chilled water, and power.

Keywords: syngas; biomass; spent coffee grounds; trigeneration system; exergy destruction cost rate

1. Introduction

Around the world, it is estimated that 14% of factories use trigeneration systems
(CCHP) to provide services for their production processes [1]. However, in Ecuador, the
factories still use non-integrated systems based on fossil fuels (vapor compression cycles
and power generators), which has become a serious economic and environmental problem,
especially for energy-intensive processes, such as instant coffee production.

The production process of instant coffee requires vast amounts of steam, chilled water,
and electricity for unit operations such as coffee extraction, evaporation, spray drying,
and lyophilization. At the same time, this process generates approximately 40% of its
raw material as spent coffee grounds (SCGs), which is an agro-industrial waste that has
the potential to be converted into different biofuels; however, it is discarded in landfills.
Currently, different organic wastes generated in factories have been studied as a source of
biofuels [2-4], specially syngas. Sadi et al. [5] concluded that the use of sugarcane bagasse
as biofuel for heating and cooling systems is economically and environmentally feasible. In
addition, they demonstrated that other organic waste such as prosopis, wood chips, and rice
husks [6] could be used in large-scale cooling systems. Abdel et al. [7] determined that it is
economically feasible to use municipal solid waste for power generation in Saudi Arabia.

Giuliano et al. [8] proposed the use of digestate-derived syngas to produce dimethyl
ether from municipal solid waste. The results highlighted the importance of H, /CO/CO;,
ratios in order to optimize the process.
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Sofia et al. [9] demonstrated the technical and economic feasibility of an Integrated
Gasification Combined Cycle for power generation using a mixture of olive husks and
grape seed meal. They found that the use of syngas reduced emissions by 16% compared
to the system fueled by coal and petcoke.

Exergy-based methods are useful for evaluating the performance of energy conversion
systems because they integrate the first and second laws of thermodynamics. The exergy
analysis allows the allocation and quantification of the irreversibilities (exergy destruction
rate) of a system. Furthermore, the exergoeconomic analysis is a method that combines
exergy analysis with economic analysis. The method determines the cost of thermodynamic
inefficiencies in a system [10].

Some exergy and exergoeconomic analyses have been performed on biofuel-based
power generation systems in order to evaluate how to increase the exergetic efficiency and
reduce operational costs.

Wu et al. [11] performed an exergoeconomic analysis on a CCHP system coupled with
biomass—steam gasification assisted by solar heat. The exergy analysis results show that
the exergy efficiency of the system is higher in the heating mode than in the cooling mode.
They also identified that the internal combustion engine caused 49.2% of the overall exergy
destruction and loss.

Gholizadeh et al. [12] performed an exergoeconomic analysis on a cooling/ electricity
cogeneration system based on an organic Rankine cycle (ORC), an ejector cooling cycle
(ECC), and a humidification-dehumidification unit. Toluene was suggested as the best
working fluid because the exergetic efficiency was increased by 13.26% and the unit cost of
trigeneration was decreased by 6.71%.

Li et al. [13] carried out an exergy and environmental analysis of a trigeneration
system coupled with rice husk gasification and solar thermal process. They found that
the gasifier destroyed 39.85% of the overall exergy destruction rate. However, they esti-
mated that the CO, emissions in the CCHP system decreased by 2.95% compared to the
non-integrated system.

Zhang et al. [14] found that the exergy efficiency of a bio-gas and natural gas co-firing
in a CCHP system integrated with a ground source heat pump increased by 10% when using
a higher amount of natural gas. Additionally, the unit exergy cost of electricity generated
by gas turbine, chilled water, and hot water decreased from 11.26 $/G]J, 92.21 $/G]J, and
69.92 $/GJ t0 3.84 $/GJ, 43.52 $/G]J, and 23.73 $/GJ, respectively.

Ding et al. [15] conducted an exergy analysis of a cogeneration system and evaluated
the effect of using different biomass feedstocks (paper, wood, paddy husks, and municipal
solid waste) in the gasifier on system performance. They concluded that using municipal
solid waste as the input biomass resulted in the highest exergy efficiency, 41.36%, and the
lowest CO, emission, 0.9021 t/MWh. They also identified that the first and second highest
exergy destruction rates were found in a combustion chamber and gas turbine.

Yang et al. [16], through the exergoeconomic analysis of a dual-fuel CCHP system
based on biomass and natural gas, determined that the unit exergy cost of the products
is more sensitive to the price of natural gas than to the price of biomass. In addition, they
found that the exergetic efficiency increased by 5%, and the unit exergy costs of the products
decreased by 2% when using only biomass.

The exergoeconomic analyses cited above have demonstrated that the operational
costs and emissions can be reduced and the exergetic efficiencies increased when biofuels,
instead of fossil fuels, are used in trigeneration systems. However, we have not found in
the literature any study that analyzes the thermoeconomic advantages, for a particular
company, of using their own waste as biofuel in a trigeneration system whose products
(steam, chilled water, and power) are to be used by the plant.

In this context, this study aims to perform an exergoeconomic analysis of the system
that provides steam, chilled water, and power to an instant coffee plant in Guayaquil,
Ecuador. Two scenarios are considered: first, the non-integrated conventional system based
on fossil fuels currently in operation at the plant, and second, a simulated CCHP system
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based on a GT cycle and biofuels produced by the plant waste (SCGs). Furthermore, the
impact of using different biofuels (syngas and biomass) from SCGs and fossil fuels (natural
gas and fuel oil No.6) on the performance of the plant is discussed. For the analysis of the
conventional system, real operational data are used.

The novelty of this paper consists of:

e The application of the exergoeconomic analysis to the heating, cooling, and power
generation system of an instant coffee plant in operation.

e  The evaluation of the economic and technical feasibility to replace the fossil fuels of a
factory with its own agro-industrial waste.

e  The analysis of the economic and exergetic effects of replacing a non-integrated system
for the generation of heating, cooling, and power with a trigeneration system in the
instant coffee plant in operation.

Compared with the conventional non-integrated system for generating steam, chilled
water, and power, the proposed trigeneration system based on syngas and a biomass-
fueled GT cycle can be more advantageous in terms of exergetic efficiency and cost of
services. The findings obtained herein can be useful for re-designing similar services in
agro-industrial factories with organic wastes. Additionally, this analysis can be considered
a decision-making tool for choosing a fuel that increases the sustainability of the plant.

2. Materials and Methods
2.1. Conventional System Description

The conventional system of the instant coffee factory is a non-integrated system that
includes a steam generator, a vapor-compression refrigeration cycle, and a diesel generator
unit. A systematic diagram of the non-integrated system is presented in Figure 1. Saturated
ammonia liquid enters (stream S1) the expansion valve (V-101) at 3965 kPa and leaves at
450 kPa as a liquid—vapor mixture. This mixture enters the separator (FS-101) and the liquid
phase (state S3) enters the tube evaporator (HX-101), absorbs the water fluid (stream S5)
heat, and exits from the evaporator as saturated steam (stream S4). The chilled water
(stream S6) exits at 2 °C. The saturated steam (stream S7) is divided in to two reciprocating
compressors (C-101 and C-102). The compressors have a compression ratio of 2.7 and an
isentropic efficiency of 85%. The superheated steams (stream S10 and S11) enter the mixer
(MX-101), and then the mixture (stream S12) enters the evaporative condenser (HX-102)
and leaves as a saturated liquid.
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Figure 1. The non-integrated system of the instant coffee factory.

The diesel generator operates with an air/diesel mass ratio of 172.8 to produce
558.7 kW. The engine runs with a speed of 3000 rpm.

The steam generator is powered by fuel oil No. 6 and operates with an air/fuel mass
ratio of 16 to produce 39,387 kg/h of superheated steam at 190 °C y 12,500 kPa.
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2.2. CCHP System Description

The proposed CCHP system is based on a gas turbine (GT) cycle, a steam generator,
and an absorption chiller unit. The effect of using different fuels in the proposed energy
conversion system is evaluated as shown in Table 1.

Table 1. Four scenarios for the proposed CCHP system.

Scenario Fuel LHV (M]/kg)
1 Fuel oil No.6 449 [17]
2 Natural gas 39.3 [18]
3 Biomass 23.4[19]
4 Syngas 13.0 [20]

Figure 2 shows the proposed CCHP system, where power, steam, and chilled water
are produced. Fuel (Stream 1) is transported by the component P-101. This component
represents a pump for Scenario 1, a compressor for Scenario 2 and 4, and a screw conveyor
for Scenario 3. It enters the combustion chamber (CC-101). Air (Stream 3) enters the
compressor (C-101) and then enters CC-101, where complete combustion of the fuel occurs
with an air/fuel mass ratio of 14.

Legend
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Figure 2. CCHP system based on biofuel from SCGs.

The flue gas (Stream 5) enters the gas turbine (T-101) with an expansion ratio of 15 and
an isentropic efficiency of 70%. The turbine has a power output of 558.7 kW. Then, the flue
gas (Stream 6) enters the steam generator (HX-101), where steam is generated at 190 °C
and 12,500 kPa. The exhaust flue gases (Stream 7) enter the generator (HX-102), where the
endothermic separation of water (Stream 11) and lithium bromide (Stream 12) occurs using
the heat supplied from the flue gases. The aqueous solution of lithium bromide (Stream
14) enters the pump (P-102) with an isentropic efficiency of 85%, and then the solution
enters the heat exchanger (HX-103) to absorb heat. The steam produced in the HX-102
(Stream 17) enters the condenser (HX-104). Then, the condensed water (Stream 20) enters
the expansion valve (V-102) to reduce its pressure (Stream 21). Then, it enters the evaporator
(HX-105). In the evaporator, the water (Stream 21) absorbs heat from a stream of water with
a higher temperature (Stream 22). The stream of water that loses heat (Stream 23) leaves
the evaporator as chilled water at 2 °C. The water (Stream 24) enters the absorber A-101,
where it is mixed with the lithium bromide aqueous solution (Stream 13). Cooling water
(Stream 25) is used in the absorber unit since the absorption process is exothermic.

2.3. Process Simulation

The simulation of the CCHP systems was performed in Aspen Plus V12.1. The SCGs
were defined as unconventional components using the enthalpy and density models known
as HCOALGEN and DCOALIGT. The proximate and ultimate analyses were specified



Energies 2023, 16, 1816

50f17

according to a previous study [21]. The chemical composition of natural gas [22] was
obtained from the literature. The chemical composition of syngas (22.3% of hydrogen, 18.8%
of carbon monoxide, 13.8% of carbon dioxide, 1.2% of methane, and 43.4% of nitrogen) was
obtained from Garcia-Freites et al. [23]. Fuel o0il No. 6 was defined as a pseudo component.
The density and molecular weight of the fuel were obtained from the literature [24]. For
the lithium bromide solution, the ELECNRTL thermodynamic model was used. For this
model, it was necessary to use an electrolyte wizard to generate relevant reactions for the
electrolyte solution [25].

The CC-101 combustion chamber was simulated as an adiabatic reactor using the
RStoic reactor. The operational conditions of the CC-101 for each fuel were taken from
previous studies: biomass [26], fuel oil No.6 [24], natural gas [27], and syngas [23]. An
isentropic efficiency of 70% and an expansion ratio of 1:15 were considered for the turbine
T-101 [25]. The HX-101 boiler was simulated as a shell and tube heat exchanger, and the
conditions were established according to the literature for each fuel: biomass [26], fuel oil
No.6 [24], natural gas [27], and syngas [23]. For the HX-101, the required heat exchange
surface area was 3.37 m? and the heat transfer coefficient was 850 Js 'm2K~!. The
conditions of the absorber A-101, such as the temperature, pressure, and lithium bromide
concentration, were taken from Somers et al. [28].

2.4. Model Validation

The outlet temperature, mass flow rate, and chemical composition of the flue gases
obtained in the simulated CC-101, the flue gases’ outlet temperature and the thermal
efficiency obtained in the simulated HX-101, and the temperature and the lithium bromide
concentration in the outlet stream of the simulated A-101 were compared with the results
obtained experimentally by previous studies using the same operating conditions to ensure
the validity of the modeled processes.

For the system based on biomass from SCGs, the operating conditions by Prakash et al. [21]
were used. For the CC-101, the air inlet temperature was 25 °C and the air/fuel mass ratio
was 12. The HX-101 had a water/fuel mass ratio of 2.5, the flue gases’ inlet pressure was
8 kPa, and the flue gases’ inlet temperature was 1711 °C.

For the system based on syngas from SCGs, the operating conditions by
Garcia-Freites et al. [23] were used. For the combustion chamber, the inlet air temper-
ature was 25 °C and the air/fuel mass ratio was 2. The HX-101 had a water/fuel mass ratio
of 2.5, the flue gases’ inlet pressure was 1010 kPa, and the flue gases’ inlet temperature was
1800 °C.

For the system based on fuel oil No.6, the operating conditions by Park et al. [24] were
used. For the CC-101, the inlet air temperature was 25 °C and the air/fuel mass ratio was
15. The HX-101 had a water/fuel mass ratio of 2.8:1, the flue gases’ inlet pressure was
800 kPa, and the flue gases’ inlet temperature was 2118 °C.

The operating conditions by Terhan et al. [27] were used for the system based on
natural gas. For the CC-101, the inlet air temperature was 20 °C and the air/fuel mass ratio
was 18. The HX-101 had a water/fuel mass ratio of 2.0, the flue gases’ inlet pressure was
820 kPa, and the flue gases’ inlet temperature was 2044 °C.

The operating conditions for the absorption chiller unit were obtained from a previous
experimental study [28].

2.5. Exergetic Analysis

The exergetic analyses of the CCHP and the conventional systems were developed en-
tirely using the Engineering Equation Solver (EES) V9.944 (developed by F-Chart software).
The enthalpies and entropies of most of the states were calculated using the thermophysical
properties of the different EES libraries. For substances that were not available in these
libraries, such as SCGs, fuel oil No. 6, and diesel, the enthalpy and entropy were deter-
mined using Equations (1) and (2), respectively. The heat capacities of these substances
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L - b\ _ _ b_
eH=HAV - T, [Sfuel + (a + 4) S0, —asCo, — SH?O} +

were taken from the literature: diesel [29], fuel oil No. 6 [30], and SCGs [31]. The dead state
temperature and dead state pressure were 25 °C and 101.3 kPa, respectively.

T
AH = /T Cp dT (1)

ref

T C P /9V
P _ —_
AS_/T 7l /p (BT)PdP @

ref ref
The physical and chemical exergy of each state was calculated using Equations (3) and (4),
respectively. The standard chemical exergies were obtained using Model II [32]. In addition,
the standard chemical exergies of lithium bromide [33] and ammonia [34] were taken from
the literature.
e’ = (hy —hy) — To(s; — o) ©)]

et = Y xef" + RuTo ) xiIn(x;) 4)

The chemical exergies of diesel and fuel oil No.6 were obtained using Equation (5) [10],
valid for pure hydrocarbons.

Q)

_ b_ b\_
5 aeco, + EeHzO —la+ 1 €0,

where a and b represent the number of carbon atoms and hydrogen atoms in the molecule.
The molecular weight of the diesel was determined using the Maxwell chart proposed by
Hidalgo et al. [35]. The molecular weight of fuel oil No.6 was obtained from an estimation
of an elementary analysis performed by Park et al. [24]. The HHV of the diesel [36] and
fuel oil No.6 [17] were obtained from the literature. The lower heating value for SCGs [19],
syngas [20], natural gas [18], diesel [36], and fuel o0il No. 6 [17] were obtained from
previous studies.

The chemical exergy of dry biomass was determined using Equation (6), obtained by
Song et al. [37].

eSét = 1812+ 296-C + 587-H + 18-0 + 18:N + 96:S — 32-A (6)

where H, C, N, O, S, and A represent the mass fractions on a dry basis of hydrogen,
carbon, oxygen, sulfur, and ash, respectively. The composition of the SCGs was determined
according to the results of a previous study conducted by Vardon et al. [19].

The exergetic balance of each component presented in the process was developed
according to Bejan et al. [10] using Equation (7).

Epx — Epy = Epx — Epx (7)

where EF’k corresponds to the fuel exergy, EP,k is the product exergy, ED,k is the destroyed

exergy, and Ey  is the exergy loss.
The exergetic efficiency for each component was determined according to Equation (8) [10].

Epy
Nex, k = (."' )-100 ®)
Egx

Table 2 shows the definitions used to determine the fuel and product exergy rate for
each component of the process.
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Table 2. Definitions of fuel and product exergy for the system components.

Component EF Ep
Pump (P-101) Wp_101 E, — E;
Compressor (C-101) We_101 E, —E3
Combustion chamber (CC-101) E, + By Es
Turbine (T-101) Es — Eq Wr_101
Steam generator (HX-101) E6 — E7 Eg — Eg
Generator (HX-102) E; — Eqo (E17 +Eq11)— Egg
Heat exchanger (HX-103) E;p —Epp Ei — Ei5
Condenser (HX-104) E17 — E20 E19 — E18
Evaporator (HX-105) Ey — By Eys — Epo
Pump (P-102) Wp_102 Ei5 — Eqy
Absorber (A-101) (E26 - E25) + E24 E13 — E14

2.6. Economic Analysis

The economic analysis of the proposed system was carried out following the revenue
requirement method for thermal systems offered by Bejan et al. [10]. The purchase equip-
ment costs (PEC) were determined based on the specific characteristics of each component
in the system. The chemical engineering plant cost index (CEPCI) of 607.5 was used in this
study to adjust the PEC of each component for 2019.

Equation (9) [34] was used to calculate the PEC in the case of the evaporators, pumps,
and heat exchangers.

PEC = a+b-S" )

where a, b, and n are the cost constants and S is the size parameter of each component.
Table 3 shows the values of the constants and parameters for each component for the year
2010; the CEPCI for this year was 532.9 [38].

Table 3. Cost constants and size parameters.

Components A b n S
Evaporators 330 36,000 0.55 0.36 (m?)
Pumps 8000 240 0.9 2.22(L/s)
Heat exchangers 28,000 54 1.2 3.15 (m?)

The equations used for the determination of the PEC of the turbine [39], the compres-
sor [10], the combustion chamber [40], and the condenser [41] are presented in Table 4.

Table 4. Mathematical equations for the purchase equipment costs.

PEC Equation Year CEPCI Equation No.
loglo(PECT,wl) =2.2476 + 1.4965 - loglO(Ai) — 0.1618 - [loglO(Ai)]Z 2001 397 (10)
7111 Pou Py,
PEC. 101 = (Wmﬁ) (Pf) 1n(ﬁt> 1982 315 (11)
PECcc_10; = —2898Mair_. (1 | (0.015(Tow—1540)) 2003 402 12
ce-101 0.995(%) ( te ) (12)
PEChx_ 104 = 281 Qix-101 + 746 Thout 1982 315 (13)
2200 (Tin,hs. ’TO\;}./CS ) i(I_Tou ths. ~ Tin,cs. )
(e )

The natural gas and diesel costs were $0.0894/kg [18] and $0.6381/kg [42]. The cost of
water and power electricity in Guayaquil, Ecuador, were $0.72/m?3 [43] and $0.0756/kWh [44].
The cost of syngas and the biomass from SCGs were obtained from a previous study by
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the authors [45]. The fuel oil No. 6, lithium bromide, and ammonia costs were $0.257/kg,
$0.30/kg, and $0.60/kg, respectively, which were obtained directly from different suppliers.

The total operating and maintenance cost rate was determined for each component
present in the system using Equation (14) [10].

. - O&M - CI
Zi=2Zy +7Zy (14)

-Cl - O&M
where 7, refers to the cost rate associated with the capital investment and Z;, ~ refers to
the cost rate for operation and maintenance. The economic indicators used to calculate the
total operating and maintenance cost rates [10] are specified in Table 5.

Table 5. Economic parameters for the economic analysis.

Component Fuel Cost
Average general inflation rate 0.05
Average nominal escalation rate of all costs 0.05
Average nominal escalation rate of fuel costs 0.06
Plant economic life in years (n) 20
Plant life for tax purposes in years 15
Combined average income tax rate 0.38
Average property tax rate (%PFI) 0.015
Average insurance rate (%PFI) 0.5
Average capacity factor 0.85
Labor positions for O&M 20
Average labor cost ($/h) 18

2.7. Exergoeconomic Analysis

The exergoeconomic analysis was performed for each of the components of the system
using Equation (15) [10]:
Cr,k + 2k = Cp,x (15)

where Cg 1 and CP, k represent the fuel and product cost rates, respectively. The exergy

destroyed in the k-th component has an associated cost rate CD, k that can be calculated in
terms of the cost of the additional fuel (cg ) that needs to be supplied to this component
to cover the exergy destruction and to generate the same exergy flow rate of the product,

when Ep i stay constant (Equation (16)).

Cp, k = crx Epx (16)

The fuel and product cost equations and the auxiliary equations for the proposed
system are presented in Table 6.

Table 6. Cost balance equations and auxiliary equations for exergy costs of the system.

Component Fuel Cost Product Cost Auxiliary Equations
Pump (P-101) Wp-101-Cep C -G -
Compressor (C-101) Wea01-Cep Cy—GCs -
Combustion chamber (CC-101) Cy +Cy Cs -
Turbine (T-101) Cs —Cq WT_101Cep -
Steam generator (HX-101) Cg — Cy Cy—Cg C6 = C7
Generator (HX-102) C; — Cyo (C17 + C1]> — Cm €7 = C10
Heat exchanger (HX-103) Cll — Clz C16 — C15 €11 = C12
Condenser (HX-104) C17 — CZO Clg - Clg €18 = C19
Evaporator (HX-105) Co1 — Co Ca3 — Cop C21 = C24
Pump (P-102) Wp-102-Cep Ci5— Cua -

Absorber (A-101) (Ca6 — Cas) + Cos Ci3 —Cua 25 = C26
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3. Results and Discussion
3.1. Model Validation

The values of the main operating parameters obtained in this work have been com-
pared with those reported in experimental studies from other literature to verify the validity
of the proposed model for each scenario. In Table 7, the outlet temperature, the CO, and O,
concentration of flue gases of the combustion chamber (CC-101), the outlet mass flow rate
and temperature of flue gases, the thermal efficiency of the steam generator (HX-101), and
the outlet temperature and LiBr concentration of the absorber are presented and compared.

Table 7. Results of model validation.

Fuel Component Parameter This Work Literature Relative Error (%)
Outlet temperature of flue gases (°C) 2252 2248 [27] 0.18
CC-101 CO, (%mol) 8.7 8.5 [27] 2.35
Natural Gas Mass flow rate of flue gases (kg/s) 1.85 1.90 [27] 2.63
HX-101 Outlet temperature of flue gases (°C) 774.7 770 [27] 0.61
Thermal efficiency (%) 89.0 94 53
Outlet temperature of flue gases (°C) 2338 2340 [24] 0.08
CC-101 CO; (%mol) 13 12 [24] 8.30
Fuel oil No.6 Mass flow rate of flue gases (kg/s) 1.82 2.01 [24] 9.45
HX-101 Outlet temperature of flue gases (°C) 775.7 780 [24] 0.55
Thermal efficiency (%) 81.8 93 12.0
cc-101 Outlet temperature of flue gases (°C) 1987 1985 [23] 0.10
i} CO; (%mol) 16.4 13 [23] 20.7
Syngas Mass flow rate of flue gases (kg/s) 211 1.47 [23] 30.3
HX-101 Outlet temperature of flue gases (°C) 645 649.5 [23] 0.69
Thermal efficiency (%) 94.4 95 0.6
Outlet temperature of flue gases (°C) 1908 1910 [21] 0.10
CC-101 CO, (Y%mol) 9.2 10.5 [21] 124
Biomass Mass flow rate of flue gases (kg/s) 2.17 1.5[21] 30.8
HX-101 Outlet temperature of flue gases (°C) 508.6 512 [21] 0.66
Thermal efficiency (%) 91.1 95 4.1
} A-101 Outlet temperature (°C) 32.7 32.7 [28] 0
i Outlet LiBr concentration (%) 0.574 0.574 [28] 0

It can be seen that the results of the model for each fuel are close to the results reported
in the experimental studies. Hence, the model can be used successfully to describe the
CCHP system applying different fuels such as natural gas, fuel oil No.6, syngas, and
biomass under established operational conditions.

3.2. Exergetic Analysis

The exergetic analysis was performed on the conventional system based on fuel oil
No.6 (base case) and the CCHP systems based on different fuels. The overall exergy
destruction rate of each case is presented in Figure 3a. It can be seen that the CCHP system
based on fuel oil No.6 shows a lower exergy destruction rate than the base case based on
the same fuel. Furthermore, the CCHP based on syngas has the lowest exergy destruction
rate. The CCHP system based on biomass from SCGs also has a low exergy destruction
rate compared with the same system based on natural gas. Similar results were obtained
by Gholizadeh et al. [12], who concluded that using biomass (from crop straw) reduced the
exergy destruction rate of a CCHP system.
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Figure 3. Comparisons of (a) the exergy destruction rate and (b) the exergy efficiency of the base case
and the CCHP using different fuels.

Figure 3b shows the overall exergetic efficiency of the conventional system (base
case) and CCHP systems based on different fuels. It is observed that the CCHP systems
based on syngas and biomass have the highest exergetic efficiency (84.4% and 82.9%,
respectively). The base case and the CCHP systems based on fossil fuels have the lowest
exergetic efficiency (51.9%). Similar findings were found by Yang et al. [16], who concluded
that a mixture of fuel (sugarcane bagasse and natural gas) increased the exergetic efficiency
by 4.1% and that the exergy costs decreased by 2%.

Figure 4a shows the exergy destruction rate for the eight components, with the highest
exergy destruction rate seen in the CCHP system based on different fuels. It can be seen that
the combustion chambers based on syngas and biomass have a lower exergy destruction
rate than the combustion chamber based on fuel oil No.6. In addition, the exergy destruction
rate of the combustion chamber (CC-101) from the CCHP system based on fuel oil No.6
represents 62.7% of the overall exergy destruction rate. The low exergetic efficiency of the
combustion chamber based on fuel oil No.6 is due, mostly, to the high concentration of
impurities in this fuel oil. Similar results were obtained by Miar et al. [46] when analyzing
a CCHP system based on natural gas. Additionally, Marques et al. [47] determined that the
combustion engine in the CCHP system based on natural gas was the component with the
highest irreversibilities, around 87.8% of the overall system.
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Figure 4. Comparison of (a) exergy destruction rate at a level component and (b) CO, and SO,
emissions from the CCHP system based on different fuels.
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It is observed that the components HX-101 (boiler) and HX-102 (generator) employing
fuel oil No.6 also have high exergy destruction rates than other components of the system;
985 kW and 1090 kW, respectively. Similar findings were obtained by Miar et al. [48], who
concluded that the exergy destruction rate of the boiler represented 61.57% of the overall
CHP system based on sugarcane bagasse (biomass). Furthermore, the components with the
lowest exergy destruction rate were the turbine T-101 and the pumps.

Furthermore, the CO, and SO, emissions are reported in Figure 4b. The results were
obtained from the simulation of the combustion process. It is observed that the base case
has the highest CO, and SO, emissions, while the systems based on biofuels have reduced
CO; emissions by 61.1% and SO, emissions by 85%. These findings are in line with previous
studies where high values of greenhouse gas emissions were observed when using fossil
fuels in a CCHP system [49].

3.3. Exergoeconomic Analysis

The exergoeconomic analysis was performed on the conventional system based on
fuel oil No.6 (base case) and the CCHP systems based on different fuels. Figure 5a shows
the total investment cost for each plant. The initial investment cost for the plant was
5.17 million dollars, while for the proposed CCHP systems, the costs are between 2.34 and
2.49 million dollars. The most expensive components of the plant are the compressor of the
conventional refrigeration system, the diesel generator, and the steam generator. The initial
investment cost for the systems based on biofuels is 6% less than the investment cost for
the proposed system based on Fuel No.6.
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Figure 5. Comparison of (a) Total investment cost of the plant and (b) Exergy destruction, investment,
and O&M cost rates of the CCHP system based on different fuels.

Figure 5b shows the relation between the overall exergy destruction cost rates and the
capital investment and O&M cost rates for each system based on different fuels. In general
terms, the exergy destruction cost rate represents between 48.5% and 78.5% of the overall
cost. The irreversibilities in the biomass-based CCHP system have a low impact on the
overall cost rate; however, the destroyed exergy in the base case has the highest impact on
the operational cost rate. In addition, it is observed that the investment and O&M cost rate
is higher in the conventional system than in the CCHP systems. The compressor, the diesel
generator, and the steam generator of the conventional system are responsible for 92.6% of
the overall investment and O&M cost rate. However, using fossil fuels in the CCHP system
has not significantly reduced the cost rates of the systems based on biofuels.

Figure 6 shows the distribution of the exergy destruction cost rate (CD/ k) at a level
component for the CCHP system based on different fuels and the base case. It can be seen
in the system based on fuel oil No. 6 that the components with the highest total operational
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cost rates, in decreasing order, are combustion chamber CC-101 (21.6%), condenser HX-
104 (17.2%), generator HX-102 (16.8%), and steam generator HX-101 (15.5%), while for
the system based on syngas, these components have low exergy destruction cost rates.
Similarly, Marques et al. [47] determined in a CCHP system based on natural gas that
the component with the highest cost rates was the internal combustion engine (63.7%),
followed by the steam generator (19.8%). Additionally, Wang et al. [50] found that the
combustion chamber and the steam generator were the components with the highest exergy
destruction cost rate in a trigeneration system based on biomass from wood.
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Figure 6. Exergy destruction cost rate of the CCHP system at a component level based on: (a) Fuel oil
No. 6, (b) Natural gas, (c) Biomass, (d) Syngas, and (e) Base case.
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For the conventional system, the scenario is different. The component with the highest
exergy destruction cost rate is the condenser HX-102 of the vapor compression refrigeration
cycle, followed by the evaporator HX-101 that produced the chilled water for the factory.
The steam generator B-101 is the third component with the highest exergy destruction cost
rate. These results show that a non-integrated system increases the cost of facilities for
the plant.

Table 8 shows the cost of the steam, chilled water, and power for each CCHP system
based on different fuels and the conventional system obtained from the exergoeconomic
analysis. The conventional and CCHP systems based on fuel 0il No.6 have the highest cost
for most services. It is observed that when natural gas is used instead of syngas, the cost of
the services is reduced. This occurs because the specific cost of natural gas is lower than
the cost of syngas. In addition, the LHV of syngas is lower than that of natural gas.

Table 8. Comparison of the exergy costs for the base case and CCHP systems with different fuels.

Fuel Steam Cost ($/G]) Chilled Water Cost ($/G])) Power Cost ($/G]J)
Base case 24.60 30.20 89.92
Fuel oil No.6 17.97 40.35 29.41
Natural gas 11.75 22.30 24.40
Syngas 16.49 25.77 30.07
Biomass 10.26 20.22 23.43

However, it is shown that the use of biomass allows for reducing steam costs by
58.3%, chilled water by 33.1%, and power costs by 73.9%. These results are consistent
with the previous literature. For example, Ghaebi et al. [51] analyzed a CCHP system
based on liquified natural gas, finding that the cost of power, heating output, and cooling
output were 45.62 $/GJ, 193.3 $/GJ, and 62.88 $/G], respectively. In addition, Wu et al. [11]
determined that when using straw as biomass in a CCHP system, the power, heating, and
cooling outputs were 45.55 $/G]J, 185.0 $/GJ, and 236.6 $/G]J, respectively. The costs when
using straw as biomass are higher than reported in this study because straw had a higher
specific cost (0.051 $/kg). This shows the importance of having organic waste as a source
of biomass, since the cost is considerably reduced.

4. Conclusions

A trigeneration system for heating, power, and cooling production was devised based
on a biofuel-fueled GT cycle and absorption chiller unit. The system was simulated using
different fuels such as syngas and biomass from SCGs, natural gas, and fuel oil No.6. All
the models were validated with experimental data, achieving a maximum relative error
of 9.45%. In addition, the feasibility of the systems was investigated from exergy and
economic viewpoints. The main conclusions obtained from this study are presented below:

e  The overall exergetic efficiency of the conventional system is 51.9% and the total exergy
destruction rate is 8.5 MJ/s. Over 59.2% of the total exergy destruction rate in the
conventional system occurs in the steam generator. The CCHP systems increased
exergetic efficiency between 62.6% and 84.5%, and reduced the exergy destruction rate
between 1.66 MJ/s and 6.81 MJ/s.

e The exergy destruction cost rate of the conventional system ($660.8/h) represents
78.5% of the total cost rate of the plant. Among all components, the condenser has the
highest exergy destruction cost rate ($412.2 /h). By contrast, the CCHP system based
on biomass obtained the lowest overall exergy destruction cost rate ($75.4/h).

e  Furthermore, the CO; and SO, emissions of the conventional system are 23,283 and
1.8 tons per year, respectively. However, the CCHP reduced the CO, and SO, emis-
sions by 65.1% and 93.5%, respectively.

e  Compared with the conventional non-integrated system for the generation of steam,
chilled water, and power, the results show that the proposed trigeneration system
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based on syngas and biomass-fueled GT cycle is more advantageous in terms of the
exergy efficiency, the CO, and SO, emissions, and the cost of services.

e Inaddition, out of the four fuels screened through the trigeneration systems, biomass
is considered economically feasible due to its lower investment and operating costs
($2.49 million and $8.04/h, respectively).

e Using biomass as fuel instead of syngas in the trigeneration system reduces the steam,
chilled water, and power costs by around 37.8%, 21.5%, and 22.1%, respectively.

This study demonstrates that is economically and technically feasible to operate a
CCHP system instead of a non-integrated system in a factory for heating, power, and
cooling production. The reduction in greenhouse gas emissions is also a benefit for the
industrial sector because it could reduce their carbon footprint. Furthermore, the use of
biofuels such as syngas or biomass from agro-industrial waste contributes to reducing the
environmental impact of the industrial processes.

In order to optimize the proposed systems, future research should focus on the anal-
ysis of dual systems to integrate different sources of energy. Furthermore, an advanced
exergoeconomic analysis should be performed to quantify the avoidable exergy destruction
cost rate, mainly in the steam generator and the condenser. In addition, experimental
research at a pilot scale would be recommendable to develop an extended validation of the
proposed model of the CCHP system based on biomass from SCGs.
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Nomenclature
Symbol
A ash mass fraction on a dry basis
C carbon mass fraction on a dry basis
C the cost associated with an exergy stream ($/h)
Cp specific heat at constant pressure (kJ/kg-K)
c unit exergy cost ($/k]J)
: exergy rate (kW)
e specific exergy rate (kJ/kg)
HHV higher heating value (mol/k])
H hydrogen mass fraction on a dry basis
h specific enthalpy (k] /kg)
m mass flowrate (kg/s)
N nitrogen mass fraction on a dry basis
n lifetime of the system (years)
O oxygen mass fraction on a dry basis
P pressure (kPa)
Q rate of heat (W)
R ideal gas constant (k] /kmol-K)
S sulfur mass fraction on a dry basis
s specific entropy (kJ/kg-K)
T temperature (K)
v stochiometric coefficient
Y power (kW)
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X mole fraction
7z investment cost rate ($/h)
Greek letters
n exergetic efficiency (%)
A difference
Superscript
CI investment cost
CH chemical
O&M operation and maintenance
PH physical
Subscript
cs cold stream
D destroyed
EP electric power
F fuel
hs hot stream
i ith compound
k kth component
L loss
P product
Abbreviations
A absorber
CCHP combined cooling, heating, and power
CC combustion chamber
C compressor
ELECNRTL electrolyte NRTL
FS flash separator
GT gas turbine
HX heat exchanger
GN natural gas
MX mixer
O&M operation and maintenance
PFI plant—facilities investment
P pump
PEC purchase equipment cost
SCGs spent coffee grounds
ST splitter
SG syngas
T turbine
\Y valve
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