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Abstract: In this article, new multiple-production systems based on the micro-combined cooling,
heating and power (CCHP) cycle with biomass heat sources are presented. In this proposed system,
absorption refrigeration cycle subsystems and a water softener system have been used to increase
the efficiency of the basic cycle and reduce waste. Comprehensive thermodynamic modeling was
carried out on the proposed system. The validation of subsystems and the optimization of the
system via the genetic algorithm method was carried out using Engineering Equation Solver (EES)
software. The results show that among the components of the system, the dehumidifier has the
highest exergy destruction. The effect of the parameters of evaporator temperature 1, ammonia
concentration, absorber temperature, heater temperature difference, generator 1 pressure and heat
source temperature on the performance of the system was determined. Based on the parametric
study, as the temperature of evaporator 1 increases, the energy efficiency of the system increases.
The maximum values of the energy efficiency and exergy of the whole system in the range of heat
source temperatures between 740 and 750 K are equal to 74.2% and 47.7%. The energy and exergy
efficiencies of the system in the basic mode are equal to 70.68% and 44.32%, respectively, and in the
optimization mode with the MOOD mode, they are 87.91 and 49.3, respectively.

Keywords: optimization; multiple productions; CCHP; absorption refrigeration; desalination

1. Introduction

One of the important aspects in energy production is the design of power generation
systems based on renewable energy sources in such a way that fewer pollutants are pro-
duced. Biomass is one of the sources of renewable energy. One type of wooden waste is
sawdust. Sawdust production has increased all over the world; sawdust is used in wood
products, and sawdust waste is used as biomass [1]. On the other hand, the use of biomass
increases greenhouse gases. Therefore, improving the performance of systems will increase
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the ratio of energy produced per unit of fuel consumed. From 2006 to 2030, the need for
energy and power will increase by about 40% [2]. With the increase in global demand, the
price of energy and the cost of its maintenance and environmental concerns will increase.
Therefore, the use of CCHP systems is a suitable solution to meet the increasing demand
for energy [3].

In this research, the chemical analysis of urban waste in Hamedan was carried out, and
the heating value of urban waste incineration was estimated. In this way, an approximate
amount of energy obtained could be obtained before designing the system [4]. In this
research, different compositions of air and steam as a reactor input were examined, and
fixed-base gasifier behavior in different situations was specified, which demonstrated that
the best air-steam composition which achieved the best heat valuation was 12.26 (Ib/s) for
air input and 9.989 (lab/s) for steam input [5]. In this research, we first studied renewable
energies, followed by technologies related to biogas systems. Biogas systems have been
referred to in research regarding landfill, and their utilization in this type of scheme has
been discussed comprehensively. For this purpose, the input source of this system was
considered as the volume of garbage in the city of Germi, which was used as the study
area. In the next step, the amount of garbage produced in this city was extracted, and the
Landfill software was used for methane production potential assessment from this system,
and the Homer software was used for the economic analysis and reliability evaluation.
The most important results relate to the payback period, which is about 10 years, and the
amount of electricity produced per year, which is 11,658.265 MWh [6]. In this study, the
study area of Hamadan city was considered to have average urban waste production of
about 420 tons/month. Homer software was used to analyze the amount of electricity
produced, and economic and environmental analyses were also carried out. One of the
outstanding results of this research is that it was found that the production of electrical
energy is 229,735 kW /year. Electricity generation with biomass resources will reduce Co2
and Co emissions by 77.2 and 7.96 kg/year, respectively. That cost of energy (COE) for this
system is 0.177 USD/kWh [7].

Geng, D. and Gao, X [8] proposed the thermodynamic and exergoeconomic optimiza-
tion of a novel cooling, desalination and power multi-generation system based on ocean
thermal energy. This study proposed a novel combined cooling, desalination and power
(CCDP) system consisting of an open-ocean thermal energy conversion (OTEC) cycle, a
dual-Kalina cycle, an ejector refrigeration cycle (ERC) and reverse osmosis (RO) desalina-
tion. Wang et al. [9] presented the techno-economic and techno-environmental assessment
and multi-objective optimization of a new CCHP system based on waste heat recovery
from the regenerative Brayton cycle. Xing, L. and Li, ] [10] proposed a biomass/geothermal-
hybrid-driven poly-generation plant centered on cooling, heating, power and hydrogen
production with CO; capture. The results of these numerical investigations showed that
the system supplied net power of almost 22.23 MW, a 34.13 MW heating effect, a cooling
effect of 96.40 MW, plus hydrogen generation of 124 kg /h. Additionally, the rate of CO,
capture was 4.32 kg/s. The exergy efficiency and energy efficiency of the system were
estimated to be 17.87% and 79.47%, respectively. In addition, the plant had a total product
cost rate of 1.162 USD/s and a sustainability index of 1.218. Wang et al. [11] presented
the bi-level sizing optimization of a distributed solar hybrid CCHP system considering
economic, energy and environmental objectives. Delgado et al. [12] presented an integra-
tion of cycles via absorption for the production of desalinated water and cooling. Askari
et al. [13] presented the exergo-economic analysis of two novel combined ejector heat
pump /humidification-dehumidification desalination systems.

In this study, a new multiple-generation system based on a micro-CCHP cycle with a
biomass heat source is presented. In this proposed system, absorption refrigeration cycle
subsystems and a water softener system were used in order to increase the efficiency of
the basic cycle and reduce waste. In this research, the microturbine system was modeled
with a biomass generator, which was used to model the thermodynamic relationships
governing the various components of the studied system. The general goal of this research
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was to increase the energy efficiency and exergy of the system, and to achieve this goal,
the waste heat of the generator after recovery was used as the starter of the absorption
refrigeration cycle.

2. Materials and Methods

To carry out this project, related articles were studied. The modeling and validation
of each cycle used were carried out in EES software. Finally, modeling of the overall
system and optimization of the overall system with the genetic algorithm method with
single-objective and multi-objective functions were carried out in EES software.

2.1. Analysis of the Proposed System

Figure 1 shows the schematic view of the proposed system. Air and biomass enter the
combustion chamber, and the gases produced from burning are transferred to the boiler
during this phase and increase the temperature of the water in the boiler. The two-phase
water-ammonia mixture taken out of the generator enters the separator. A water-ammonia
vapor solution enters the turbine to generate power. The mixed fluid enters the heat
exchanger to start the ERC cycle with isobutane, as the working fluid, losing heat. Then, the
fluid passes through pump to compensate for the pressure drop applied to the fluid while
passing through the turbine and pressure relief valve. As the working fluid passes through
the generator, the temperature of the fluid increases, and the Kalina cycle is completed.
The high-pressure fluid and the fluid coming out of evaporator with low pressure are
mixed and condensed in the ejector. The condensed fluid coming out of the ejector loses its
energy by passing through the heat exchanger and starts the vapor compression heat pump
cycle (VCHPC) with the working fluid, R141b. The output fluid from the heat exchanger
is separated into streams. One of the currents produces cooling by passing through the
evaporator. The other flow passes through the pump and heat exchanger and completes the
ERC cycle. The saturated liquid turns into saturated vapor at a constant temperature while
passing through the heat exchanger. Additionally, by passing through the compressor, the
fluid pressure increases. The saturated vapor is cooled by passing through the heater and
turns into a saturated liquid. The refrigerant pressure decreases by passing through the
pressure relief valve, and the VCHPC cycle is completed.

Boiler Steam turbine,

l Ejector »
[ U

n

Evaporator

\¢ b
Heat exchanger
Condenser

Desalination

Figure 1. Schematic view of the proposed system.
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In this project, we used the closed-air open-water system (CAOWS) model. The
humidification-dehumidification (HDH) system includes three main parts: humidification,
dehumidification, and a heat source. In this system, water travels through an open loop and
air through a closed loop. First, in the dehumidifier, salt water enters the system, and then,
the preheated salt water enters the heat exchanger, is reheated in the heat exchanger during
states 28-29 and enters the humidifier. In the humidifier, the air is in direct contact with
the salt water, and the moist and warm air flow coming out of the humidifier enters the
dehumidification chamber. In the dehumidifier, the air is in indirect contact with cold salt
water. Additionally, when the air passes over the cold surfaces, it is distilled and recycled,
and fresh water is produced.

The heat of the output water from the Kalina cycle generator is used to start the
ARS cycle. The water vapor coming out of the evaporator, after passing through the heat
exchanger, enters the absorber and is mixed with the thick solution of lithium bromide
water (state 44), and a dilute solution is produced. After passing through the heat exchanger,
the pumped diluted solution enters the generator, and due to receiving heat, some of the
solutions evaporate and enter the condenser.

In this article, for a better evaluation of the proposed system, first, each subsystem
was modeled, and energy and exergy analyses were performed on them. Additionally, to
check the performance of the freshwater production system, the effective parameters of that
system were defined. Then, thermodynamic modeling, mass, energy, and exergy balance
equations of the proposed system were presented. In the following sections, a parametric
study was conducted to investigate the effect of parameters on the system performance, and
finally, the optimal thermodynamic conditions were calculated to determine the maximum
energy efficiency and exergy of the overall system. EES software was used as the main tool
in all calculations.

The following assumptions were considered in system modeling;:

Minor changes in pressure were ignored.
All modeling was checked in stable conditions.
All processes were one-dimensional and adiabatic, and nothing was carried out during
the process.
The velocity of entering and leaving the fluid in the ejector was equal.
Kinetic and potential exergy was omitted.
The power required for pumping or suctioning fluid into the desalination system
was omitted.

e  The temperature of fresh water leaving the dehumidifier was equal to the average
temperature of the air entering and exiting the dehumidifier.

e  The state of the output flow from the condenser and evaporator was saturated.

The data in Table 1 were used to evaluate the performance of the proposed system.
Assuming stable conditions for each control volume shown in Figure 1, the mass and
energy balance for each system component is as follows [14]:

Mass balance:
Zmin = 2 Mout @

Y (xm)y, =Y (xm)y, @)

x is the concentration of NH3 and LiBr in NH3-H,O and LiBr-H,O solutions. Energy
balance:

Q.c.v - Wc.v = Z(h m)out - Z(h rﬁ)in ®)

The efficiency of the first law of the proposed system is calculated as follows:

(m'fw X hfg) + wenAt,sys + Qnet,sys
Q'biomass

Ntsys = 4)
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Exergy destruction is one of the important parameters in exergy analysis. The exergy
destruction rate for a control volume in a steady state is calculated as follows:

: To. < - . ‘
Ex; =) (1- ?0) Qi Weo+ Y (1 ex;) =) (m, ex,) 5)
]
The total exergy is equal to the sum of physical and chemical exergyn;
Exjoa= ex"4exCH (6)
exM = sin(h—ho—Ty (s — 50)) 7)
CH 1 E%ehyps EXchppo
ex~ =m X+ 1-x 8
[y S0 1 — ) ®
CH _ . (1 &Xchyi, Xehpo
ex-"' =m X+ 1—x 9
(G e+ (2201 - %)) ©)

ex,;, Chemical exergy is the standard fluid.
Physical exergy for biomass burning is calculated as follows:

EXﬁ/i = h[ﬂ,i — hﬁ,O — TQ X (S[S,i — Rm x ln(XB,i) — 5[5,0) (10)

i=23,4
B = COZ/ HZOr N2

The chemical exergy equation of ideal gases resulting from biomass burning is as
follows:
Ext = Mp x (xp x &%H + R x Tp x xg x1In(xp)) (11)

The physical exergy of air and biomass at the state is 1.2 times zero. Biomass chemical
exergy is calculated from the following equation [15]:

EXpiomas = Ncpo X ¥ x LHV; X Mcho (12)
1.044 + 0.016 x (%h) — 0.3493 x (%) x (1 +0.0531 x (%))
T= .- (13)
1—0.4124 x (W)
. -~
NeHO = —2omass (14)

Mcho

The efficiency of the second law for each component of the system is calculated

as follows: '
_ Exergy of production _ Exoyt

~ Total supplied exergy ~— Exiy, (19

X

The efficiency of the second law (exergy) of the proposed system is calculated as
follows:

(Ex[35] + Ex[32) — Ex34]) + Waars + = (1 - 2)Q;

1

Nex,sys = (16)

Exbiomzzss

To calculate the heat produced from biomass burning in the chamber, the following
equation is used:

Q; = myxLHVy (17)
LHVy= HHV;—226.04 x w,—25.82— M, (18)
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The value of HHVf can be calculated as follows [16]:

= 3 X we+ X (wy — Lo +94.2 X wg (19)
HHV;= 3383 1443 x (w, -

Table 1. ARS cycle validation results with reference [17].

Parameter Calculated Value [17] Error %
cor 0/535 0/5654 5/3
f 4/438 4/33 2/4
my, (kg/s) 12/24 12/5 2/08
Q; (kW) 392/9 384/41 1/41
Q; (kW) 232/8 241 3/4
Q. (kW) 210/2 225/57 6/8
Q. (kW) 370/3 378/87 2/2

2.2. Desalination System

The effective parameters in the freshwater production system are defined as follows [18]:
GOR: This coefficient is equal to the ratio of the latent heat of evaporation of produced
fresh water to the heat input to the system. This parameter is an effective parameter to
determine the amount of water produced and the amount of heat required for the system.
GOR — ™Mev * Mg 20)

Qheater

The maximum temperature of the system is equal to the temperature of the fluid
leaving the heater. In this project, salt water passes through the heater.

o  The lowest temperature of the system: the temperature of the salt water entering the
dehumidifier has the lowest temperature of the desalination system.

¢ (humidifying and dehumidifying efficiency): this parameter is equal to the ratio of
the actual enthalpy difference to the maximum value of the enthalpy difference.

_ AH
AHmax

€ (21)
HCR: Due to the changes in fluid mass in the humidifier and dehumidifier, the
parameter HCR (heat capacity ratio) is defined [19].
This parameter is equal to the ratio of the greatest possible enthalpy difference in cold
flow to the greatest possible enthalpy difference in hot flow. This parameter is defined
separately for humidifiers and dehumidifiers.

AI{.nmxcooling

HCR = (22)

AH'maxheating

Based on the value of HCR and considering the input conditions to the dehumidifier
or dehumidifier constant, the amount of irreversibility can be reduced [19].

2.3. Ejector

The ejector is a part of the system that converts the mechanical energy (pressure) of
moving steam into kinetic energy (velocity) using convergence divergence. This factor
creates a low-pressure area in the ejector, and as a result, the secondary flow is sucked into
the ejector. When the fluid flow passes through the throat, the fluid is condensed, and the
kinetic energy is converted into pressure. Figure 2 shows a schematic of the ejector and the
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profile of pressure and speed changes. To perform ejector calculations, Equations (21)—(26)
are used [20,21]:

U= Msf (23)
mpf
hyr —hye
n,naz — h pfln_ h pffxtt (24)
Pfin Pfexitl-s
fo,exit = \/(2 X Nyaz (hpf,in - hpf,exit,is)) (25)
2
v

Ninix = (26)

vmf,is

hy +(UxXhg ) 0
hmf: pfm ( sfextt) _ Lf (27)
1+U 2
hmf,exit: hmf_rldif (hmf - hmf,exit,is) (28)
o . mf _
sf I_/
pf
mf
Pcond ____,___‘_' ________________________
Vsonic 7%;
pf L—"1 mr
sf
pf: Primary flow sf: Secondary flow
Pcond: Condenser pressure
N: Nozzle section M: Mixer section
T: Throat section D: Diffuser section

Figure 2. The schematic view of the ejector and the profile of pressure and speed changes.

3. Results
3.1. Validation

The validation results of the Kalina cycle in the CCHP system with reference to
(Sun et al., 2014 [22]) are presented in Table 2.

Table 2. Kalina cycle validation with reference [22].

Parameter Calculated Value [22] Error %
le (kW) 3982 3905 1/9
Wi et Kalina 287/5 285/6 0/66
X [12] (%) 95/43 99,/97 4/5
nt, Kalina 7/219 7/17 0/68

As can be seen from Table 2, the percentage of Kalina cycle validation is between 0.6
and 4%, this amount of difference is acceptable for numerical analysis.



Sustainability 2023, 15, 4273

8 of 15

The validation of the ERC and VCHPC cycle in the CCHP system was completed
with reference [23]; the results are also presented in Table 3. According to the difference

percentage, the calculated values are acceptable. The performance coefficient of the ERC
and VCHPC cycle is 4.548 and 23.56, respectively.

Table 3. Validation of ERC and VCHPC cycle in the CCHP system with reference [23].

Parameter Calculated Value [23] Error %
Qeva (kW) 4/367 4/3 1/5
Weom (kW) 1/6 1/52 5/2

In Figure 3, the validation of the CCHP cycle second-law efficiency change chart in
terms of heat source temperature changes is shown with reference to [24]. The largest
difference between the calculated values and the values specified in the reference [24] is
related to the temperature of 560 °K, and the percentage of this difference is about 4.3%.

0.3
0.29 HPresent work M Rostamzadeh et al. (2019)
& 028
C
e
5! 027
£
2
< 0.26
N I I II II I
0.24 I
573.3 580 6.7 593.3 600 606.7 613.3 620
T[5] (k)

Figure 3. Validation of the diagram of the efficiency changes of the second law of the CCHP cycle
according to the temperature changes of the heat source with reference [24].

The results of the ARS cycle validation with reference [17] are presented in Table 1.
According to Table 4, the percentage range of differences obtained is 1 to 6 percent. In
Figure 4, the validation of the ARS cycle coefficient of performance (COP) graph is shown
regarding the evaporator temperature with reference [17].

Table 4. Optimal performance of the system in different modes and parameters.

Parameter Base Case TEOD Case EEOD Case MOOD Case
wy - 1 0 0.5
Wy - 0 1 0.5
TTDjeater 3 4.469 2.547 3.367
Xinlet turbine 0.9 0.873 0.8705 0.8716
Teva (K) 280 274.5 274 274.6
Teona (k) 293.2 290.7 295.3 294.8
Touttet voiter (K) 750 750 750 750
Tabsorver (K) 308.2 305.2 305.7 305.2
Pinlet turbine (bar) 50 50.84 51 51

Whet (kw) 661.4 738.9 743 724.3
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Table 4. Cont.

Parameter Base Case TEOD Case EEOD Case MOOD Case
Qéw (kw) 4.367 4.25 7.239 4.251
Mgy X hfg 1.185 1.088 1.218 1.1618
Q bigmass (kw) 1339 1357 1357 1357
Qabs.orber (kw) 1339 1357 1357 1357
0.8

I Kegeciler et al. (2000)

0.7 ——— Present work

0.6

cop
=)
'S

Tg=60
Ta=30
Tc=50

2.9 3.9 4.4 5.4 6.1 6.7 8 9 10

Evaprator Tempreture (°C)

Figure 4. Validation of the ARS cycle coefficient of performance (COP) graph regarding the evaporator
temperature with reference [17].

In Figure 5, the validation of the desalination system is shown in the form of a graph
of changes in the gained output ratio (GOR) compared to the heat capacity ratio of the
dehumidifier (HCRd) [25]. According to the figure, it can be seen that in HCRd = 1, the
performance of the GOR has the highest value. In this system, the dehumidifier has the
most irrecoverable properties. Additionally, the maximum performance of the system
occurs when the dehumidifier conditions are in equilibrium. Theoretically, this state is
represented by HCRd = 1.

37 £4=6,=0.92 " Refference
Ty=35:C Present work
T4»=80 -C
2 .
&4
o
&}
1 .
0 . ,

035 1 075 06 08 09 05 07 04 1.05
HCRd

Figure 5. Validation of the graph of GOR changes relative to HCRd with reference [25].

3.2. Parametric Study Results

The effect of some effective parameters in the system (evaporator temperature 1,
ammonia concentration, absorber temperature, heater temperature difference, generator 1
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pressure and heat source temperature) on the energy efficiency and exergy of the system
was investigated.

3.3. The Effect of Evaporator 1 Temperature on the Energy Efficiency and Exergy of the System

As shown in Figure 6, changes in energy efficiency and exergy compared to the
temperature of evaporator 1 were investigated. By increasing the temperature of the
evaporator, the cooling capacity of the CCHP cycle increases and increases the pressure
of the secondary fluid entering the ejector. As a result, the temperature of the fluid in
the VCHPC cycle increases, the amount of power consumed in the compressor decreases,
and the heat transferred to the HDH system increases. Additionally, by increasing the
temperature of evaporator 1, the exergy of the product will increase more than the required
exergy. Therefore, the exergy efficiency of the whole system increases.

0.71 1 r 0.445
= | A eta_t_system
0.7095 b L 0.4445
0.709 4 m eta_x_system
- = F 0.444 &
5 07085 4 =
- - 35 7
é\ 0.708 [ 0.4435 o
7075 { —————a——_—= - -
:l 0.7075 L 0.443 S
= 0.707 1 N 3 A o
A =X | -
0.7065 1 = 0.4425
0.706 0.442

274 276 278 280 282 284 286 288 290
Temptreture of evapratorl

Figure 6. Effect of evaporator temperature change on energy and exergy efficiency of the system.

3.4. The Effect of Ammonia Concentration on the Energy Efficiency and Exergy of the System

Figure 7 shows the changes in the energy efficiency and exergy of the whole system in
relation to the changes in ammonia concentration. As the concentration of NHj3 increases,
the heat capacity of the Kalina cycle agent fluid (NH3-H,O) decreases; as a result, with
the increase in NHj3 concentration, the production power and cooling load produced in
CCHP and the amount of heat transferred to the HDH system and the exergy of the product
are reduced and irreversible. The number of systems increases. As a result, the energy
efficiency and exergy of the system decrease. Changes in ammonia concentration will not
affect the production cooling load in the absorption refrigeration cycle.

r 0.46
aeta_t_system
0.71 1 meta_x_system
L 045 _
£ 5
Z 0.69 4 Z
7 L 0.44
- b
= o.67 =
0.67 1 F 0.43
0.65 T T T T T 0.42
0.85 0.87 0.89 0.91 0.93 0.95 0.97

Ammonia mass fraction of basic solution

Figure 7. Effect of ammonia concentration on energy and exergy efficiency of the system.

3.5. Effect of Absorber Temperature on Energy Efficiency and Exergy of the System

Figure 8 shows the changes in energy efficiency and exergy of the system in relation to
the temperature changes in the absorber. As the temperature of the condenser increases, the
work completed in the pump increases. As a result, the net productive work in the system
decreases. Additionally, the heat transfers in the condenser decreases, and the energy
efficiency decreases. As the temperature of the condenser increases, the increase in exergy
required by the system will be greater than the exergy of the product of the system, and the
irreparability of the system will increase. As a result, the exergy efficiency decreases.
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0.9 A eta_t_system Rk
Beta_x_system L 0.445
0.8

r 0.443 =
§ 3
% 0.7 F 0.441 Z
6\,] %
- F 0.439 &
= 0.6 =

F 0.437

0.5 0.435

304 305 306 307 308 309 310 311 312
Tempreture of absorber [k]

Figure 8. Effect of absorber temperature change on energy and exergy efficiency of the system.

3.6. Effect of Heater Temperature Difference on Energy Efficiency and Exergy of the System

In Figure 9, the changes in the energy efficiency and exergy of the system are shown
in relation to the temperature difference in the heater. Changing the temperature difference
in the heater will not affect the cooling load and the production power of the system. By
increasing the temperature difference in the heater, less heat is transferred to the HDH
system, and as a result, the produced freshwater flow is reduced to a small amount.
Additionally, the exergy of the product is reduced in HDH. So, with the increase in the
heater temperature difference, the energy efficiency and exergy of the system will decrease.

0.707 4 - 0.45
A eta_t_system m eta_x_system L 0.449
0.7069 A :
I 0.448
B UaReE \.__‘_‘_*__‘ e :
b 5
2, 0.7067 A A P 0446 3
17) )
I I 0.445 w
= 0.7066 1 L %
= 0.444 gl
0.7065 1 [ 0443 =
~ F 0.442
0.7064 | Goaaa
0.7063 T T T T T 0.44
2.4 2.9 3.4 3.9 4.4 4.9 5.4

TTD heater

Figure 9. Effect of heat exchanger temperature change on energy and exergy efficiency of the system.

3.7. The Effect of Generator Pressure on Energy Efficiency and Exergy of the System

Figure 10 shows the changes in the energy efficiency and exergy of the system com-
pared to the pressure changes in the generator. By increasing the inlet pressure turbine,
more work is produced in the turbine, and more heat is transferred to the ERC cycle.
Therefore, the amount of cooling and power and freshwater production increases, and
the energy efficiency of the system increases. By increasing the inlet pressure turbine, the
exergy of the system product increases more than the exergy required by the system, and
the exergy efficiency of the system increases.
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Figure 10. Effect of generator pressure change on energy and exergy efficiency of the system.
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3.8. The Effect of Heat Source Temperature on Energy Efficiency and Exergy of the System

In Figure 11, the changes in the energy efficiency and exergy of the system are shown
in relation to the temperature of the heat source. As the temperature of the heat source
increases, more heat is transferred to the system, and the fluid pressure entering the
turbine increases. Additionally, the capacity of power generation and cooling in the system
increases, and the amount of freshwater production remains almost constant. As a result,
the energy efficiency of the system increases. Additionally, as the temperature of the heat
source increases, the maximum amount of work obtainable from the system (product
exergy) will increase more than the fuel exergy. As a result, the exergy efficiency of the
system increases with the increase in the temperature of the heat source.
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Figure 11. Effect of heat source temperature on energy and exergy efficiency of the system.

3.9. Optimization Results

In the design of thermal systems, the optimization of thermodynamic conditions is
used to determine the maximum efficiency of energy and exergy. In this article, the genetic
algorithm method was used in EES software. The genetic algorithm method can be suitable
compared to other methods available in the software. In the single-objective optimization
method, the objective function is to determine the maximum energy efficiency or exergy of
a system, but in multi-objective optimization, the objective function is to simultaneously
determine the maximum energy efficiency and exergy of a system (Zare et al., 2012 [25]).
The ranges of thermodynamic parameters for optimization are the same ranges examined in
the parametric study of a system. For the system presented in this research, the maximum
of the multi-objective function is expressed as follows:

MOF = ((WlXt) + (W2Xx)) (29)

wy+wy =1
0 < wy,wy <1

In Figure 12 and Table 4, the optimization results of the single-objective and multi-
objective algorithms are presented, and the values of energy efficiency and exergy in the
initial state and different modes (MOOD {w; = w, = 0.5}, EEOD, TEOD) were examined.

The results regarding system optimization in different modes are as follows:

e  Comparing the optimization results between the basic study and TEOD shows that in
the TEOD mode, energy efficiency and exergy efficiency improved by 24.15% and 9.9%.
In this case, from the point of view of the first law, the results are very satisfactory.

e  The comparison of the optimization results between the basic study and EEOD shows
that in EEOD, the energy efficiency and exergy efficiency improved by 21.32% and
11.43%. Compared to the TEOD mode, this mode is very satisfactory from the point of
view of the second law of results.
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The comparison of the optimization results between the basic study and MOOD shows
that in MOOD, the energy efficiency and exergy efficiency improved by 24.37% and
11.23%. In this case, the net production power, the heat of the evaporators and the
amount of freshwater produced increased compared to the initial state.

mFirst law efficency

BSecond law efficiency 70.68

50

Objectives

Base Case TEOD Case EEOD Case MOOD Case

Figure 12. Optimal performance of the system in different modes.

4. Conclusions

The purpose of this project was to improve CCHP efficiency and reduce waste. For this

purpose, we added an absorption refrigeration cycle to the system, which starts with the out-
put of generator 1. Additionally, we used biomass as a heat source and the heat produced
in the CCHP cycle to produce fresh water via the desalination-humidifier-dehumidifier
system. The effect of heat source temperature parameters, evaporator temperature, am-
monia concentration, generator pressure, absorber temperature, and heater temperature
difference on the system performance was investigated. To achieve the best performance of
the system, the optimization of the system was achieved with the method of single-objective
and multi-objective genetic algorithms. The important results obtained are summarized
as follows:

The maximum amount of energy efficiency and exergy of the whole system in the
range of heat source temperature between 740 and 750 is equal to 74.2 and 47.7.

The dehumidifier plays an important role in the freshwater production system. By
increasing the dehumidifier performance coefficient (HCRd), the performance of the
water softener system (GOR) increases.

By increasing the temperature of the thermal pool, the temperature of the evaporator
improves the overall system performance and increases the energy efficiency and
exergy of the system.

An increase in the concentration of ammonia in the Kalina cycle agent fluid solution
and an increase in the temperature difference in the heater (decreasing the efficiency
of the heater) will decrease the energy efficiency and exergy of the overall system.
The flow rate of fresh water produced in the optimal conditions of the overall system
was calculated as 0.5 g/s. For future work, the following topics could be addressed:

A thermo-mechanical energy level approach integrated with exergoeconomic optimization.
The energetic and exergetic analysis of a biomass-fueled CCHP system integrated

with other heat resources.

Multi-criteria evaluation biomass-fueled CCHP system.
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