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Abstract

Industrial advancements in recent years have led to a significant increase in
global energy consumption. Consequently, the pollution resulting from the
use of fossil fuels to meet this energy demand has become a pressing issue.
The utilization of biomass as a renewable energy source presents a viable
solution to mitigate this problem. In addition to biomass, solar energy has
also emerged as a dependable energy source that has been extensively re-
searched in recent times. This study proposes a combined cooling, heat and
power (CCHP) system that integrates four different systems - biomass, milk
powder processing, refrigeration, and photovoltaic panels to generate elec-
tricity, milk powder, and cooling capacity. The proposed system underwent
optimization through multi-objective approach to enhance its overall per-
formance and payback period time. The findings indicate that the payback
period for the investment can be reduced to 3.82 years, with a maximum
cycle efficiency of 33 percent. These values can be adjusted based on the
relative importance of each factor. For instance, if the payback period is
extended to 4.8 years, the cycle efficiency would decrease to 27 percent.
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1 Introduction

The rapid industrial, economic, and societal advance-
ments, coupled with the increasing global population,
have led to a surge in energy demand. To address
this ever-growing need for energy, there is a reliance
on the utilization of more and more fossil fuels. How-
ever, as fossil fuel reservoirs are finite and expected
to deplete in the near future, there is an urgent need
to explore and develop new energy sources and sys-
tems. Furthermore, the environmental impacts result-
ing from the use of fossil fuels, such as irreversible pol-
lution, necessitate a shift towards reducing emissions of
pollutants like carbon dioxide, nitrogen oxides, sulfur
dioxide, and particles by minimizing the dependency
on fossil fuels [1, 2]. The majority of renewable energy
sources stem from solar energy, with the exceptions be-

ing geothermal, nuclear, and tidal. In recent years,
renewable energy sources have emerged as viable alter-
natives to fossil fuels. Unlike fossil fuels, these energy
sources do not have the same environmental impacts,
making them a compelling choice for energy produc-
tion. Biomass, for example, is a type of fuel that is
generated through the anaerobic digestion of agricul-
tural, food, forestry, wastewater, and animal waste [3].
The primary objective of advancing novel techniques
in energy systems is to enhance the efficiency of the
system, boost production, and minimize the release of
harmful pollutants. One promising approach to accom-
plish this objective is through the implementation of a
combined cycle of cooling, heat and power (CCHP).
These CCHP cycles are highly adaptable and can be
employed in various applications with different power
ratings. Notably, in recent times, CCHP cycles have
found significant utilization in domestic settings. Fig-
ure 1 illustrates a CCHP system.

Fig. 1. Biomass-Solar system for combined cycle power plant [4].

Solar power capabilities are clearly visible, but the
periodic nature and uncertainty of solar energy will im-
pose limitations on this energy source. Consequently,
solar energy must be integrated with other energy
sources to guarantee a consistent and dependable en-
ergy supply. CCHP Systems can play a crucial role
in mitigating the challenges faced by solar energy sys-
tems. By utilizing multiple energy sources in conjunc-
tion with solar energy, CCHP systems can serve as sup-
plementary sources and contribute to an optimal design
for the desired service. Dairy farms, as centers capa-
ble of producing power and heat while adding value
by converting raw milk into products like powdered
milk, represent a new topic that has not previously

been addressed as an integrated system. This study
will explore a hybrid system composed of biomass and
photovoltaic energy from the perspectives of energy,
exergy, economics, and environmental. In other words,
the novelty of the present work is that in this research
a new cycle is proposed that can utilize the renewable
energies like solar and biomass which is produced in the
dairy farm to cogenerate heat, power and milk powder
which is a high value product.

CCHP systems with different renewable energy
sources can lead to large-scale industrial plants or
small-scale domestic system. This versatility is a ma-
jor advantage of such said systems over conventional
systems.
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Fig. 2. Energy stream for different CCHP systems of energy.

In a study by Nazari [5] et al. a multi objective op-
timization of a solar/biomass trigeneration system uti-
lizing a gas turbine, ORC and absorption refrigeration
cycle has been studied. They adopted the method of
multi-verse optimization for their optimization study.
The results of exergo-economic analysis indicated that
in design condition the energy and exergy efficiencies

are 55.56% and 20.38% respectively. Also, the cost
rate of the cycle product is estimated to be 26.4 $/h.
in the results of multi-objective optimization revealed
that the optimized cycle can have 9% higher second law
efficiency with 6% lower product cost. The schematic
of the cycle proposed in their research is shown in Fig-
ure 3.

Fig. 3. Schematic configuration of the proposed CCHP plant in Nazari’s Work [5].
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Based on their Work it can be said that the ad-
vantages of integrating solar energy into the proposed
trigeneration system are emphasized through a com-
parison of key performance parameters with existing
literature. The results indicate that the proposed sys-
tem can achieve approximately 17% greater power out-
put, 23% increased cooling load, and nearly double the
heating load, with a first law efficiency of 54.25%. Ex-
ergy analysis reveals that the solar module and biomass
combustor have the highest exergy losses. Additionally,
an examination of the exergo-economic factors across
different components highlights that the compressor,
gas turbine, and heating unit are the least efficient
in terms of exergo-economic performance. The para-
metric study further suggests that the pressure ratio
and Gas turbine inlet temperature have a more sig-
nificant impact on system outputs compared to other
decisive variables. Finally, a novel optimization algo-
rithm, called MOMVO, is employed to determine the
Pareto frontier of the exergo-economic problem. The
optimal solution identified by MOMVO shows that
the studied trigeneration system can achieve an ex-
ergy efficiency of 22.20%, with a product cost rate
of 24.86 $/h. A comparison of the results obtained
from MOMVO with those from MOPSO and NSGA-II
demonstrates MOMVO’s superior performance in ad-
dressing the multi- objective optimization challenges of
this study.

In another research conducted by Saini et al [6],
Thermodynamic, economic and environmental analysis
of a novel solar energy driven small-scale for combined
cooling, heating and power system has been conducted.

As the theoretical assessment of the exergy, eco-
nomic, and environmental performance of the novel
Combined Cooling, Heating, and Power (CCHP) sys-
tem has been conducted, this proposed system con-
sists of four primary cycles: ETC (stationary collec-
tor) cycle, TES (for solar intermittence), ORC (low-
temperature power cycle), ERC (heat-driven cooling
cycle), and a water heater (plate heat exchanger) cy-
cle, enabling the simultaneous generation of cooling,
power, and heating outputs.

• The overall exergy efficiency, total cost rate, and
equivalent carbon dioxide emission reduction are
calculated to be 3.159%, $2023 per year, and
13.10 tons, respectively.

• The highest percentage of irreversibility is found
in the collector at 89.82%, followed by the water
heater, ejector, and vapor generator at 2.327%,
1.688%, and 1.33%, respectively.

• Increasing the generator temperature enhances
exergy efficiency, CO2 emissions, and heating
costs, while reducing cooling and power costs.

• Raising the condenser temperature leads to a

decrease in exergy efficiency, cooling and power
costs, but an increase in heating costs and CO2

emissions.
• An increase in turbine mass fraction boosts ex-

ergy efficiency, power costs, and equivalent car-
bon dioxide emissions, while reducing cooling
costs and the cooling-power cost ratio. The
PPTD in the generator is more critical for sys-
tem cost considerations compared to other heat
exchangers.

• Higher exergy efficiency in this CCHP system
can be achieved by increasing generator and
condenser temperatures and lowering evaporator
temperatures. Conversely, a lower system cost
per unit of overall output can be attained by in-
creasing the temperatures of the generator, con-
denser, and evaporator.

Overall, the proposed CCHP system presents a vi-
able alternative for fulfilling energy demands in cooling,
heating, and power production.

2 Materials and methods

The flexibility of CCHP systems utilizing various re-
newable energy sources allows for their application in
both large-scale industrial facilities and small-scale res-
idential setups. This adaptability stands as a sig-
nificant benefit of these systems compared to oth-
ers. Biomass is composed of various gaseous com-
pounds, predominantly Methane and carbon dioxide
[7]. Methane is the primary constituent of biomass.
Extensive research has been conducted on biomass in
recent years. As indicated by Abdeshahian [8] et al,
the electricity generated in Malaysia through Anaero-
bic digestion of biomass is approximately 8.27 trillion
watt hours. Various techniques such as pyrolysis, gasi-
fication, and Anaerobic digestion can be utilized for
the industrial production of biomass. Anaerobic diges-
tion stands out as a sustainable approach that results
in biomass production without generating any byprod-
ucts. Additionally, this method requires significantly
less space in comparison to alternative methods. Solar
heat collectors (SHC) and photovoltaic panels (PVT)
have been used in both industrial and domestic applica-
tions. Considering the recent developments, solar sys-
tems can play a vital role in CCHP systems. Solar sys-
tems can be coupled with other systems like wind and
other combined energy systems. Combining of such
systems can lead to more efficient systems and can be
used for many applications such as power, heating and
cooling. Solar energy can be stored with energy storage
systems and be used for in other energy systems. For
example, and biomass-solar along with Brayton cycle
has been proposed by Pantaleo et al. [4].



Hydrogen, Fuel Cell & Energy Storage 11(2024) 271–284 275

PVT panels harness solar energy to generate elec-
tricity. These panels come in two variants: silicon crys-
tal and thin film [9].

Fig. 4. PVT panels structutre [10].

Absorption refrigeration cycles are frequently em-
ployed for cooling purposes. The cycle requires a heat
source to operate effectively. The absorption system
can utilize the waste energy from various systems’ ex-
haust streams to provide the necessary heat for the
cycle. In this paper, a novel approach will be proposed
to generate electricity, milk powder, and cooling by uti-
lizing biomass as a fuel source. The process is depicted
in Figure 5, where the initial step involves the produc-
tion of biomass through anaerobic digestion, followed
by the combustion of biomass and air. The energy re-
leased from this combustion process is harnessed in a
steam generator, which powers the Rankine cycle (also
known as the steam cycle). The steam generated in
the Rankine cycle then passes through a steam turbine,
where it is converted into electricity using a generator.

Fig. 5. Proposed cycle for cooling, heat and milk powder in present work.

It is worth noting that even after the steam gen-
erator, the outlet flow still retains energy in the form
of heat, which can be effectively utilized. This high-
temperature stream is employed in the milk powder
production cycle and is transferred to the milk powder
cycle through a heater.

Furthermore, to facilitate the production of cooling,
an absorption cycle is integrated with the aforemen-
tioned process. The heat required for the absorption
cycle is supplied by a solar panel system, ensuring a
sustainable and environmentally friendly approach to
cooling production.
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The equations below represent the conservation of
energy and exergy destruction rate for every compo-
nent within the system.

Q̇CV − ẆCV =
∑

ṁouthout −
∑

ṁinhin , (1)

ĖD =
∑

Ėin −
∑

Ėout . (2)

In Equation (2), the rate of exergy transfer (Ė) is equiv-
alent to the mass flow rate of exergy (ṁe) and is the
combination of physical and chemical exergy, where (e)
represents the total specific exergy.

ē = ēph + ēch . (3)

Equation (4) enables the computation of the precise
exergy of the fluid flow in terms of its physical charac-
teristics.

ēph = h̄− h̄0 − T0(s̄− s̄0) . (4)

Equation (5) enables the computation of the specific
exergy of a chemical substance.

ēch =

j∑
i=1

yiē
ch
i + R̄T0

n∑
i=1

yi ln yi . (5)

Equation (5) demonstrates that the rate of exergy de-
struction is equivalent to the total exergy of the inlet
and outlet streams. Exergy efficiency can be deter-
mined by utilizing Equation (6).

εi =
ĖP,i

ĖF,i

. (6)

During the Anaerobic digestion process, the initial
substance undergoes heating to a temperature of 55 ◦C
without the presence of oxygen. By applying the tech-
nique established by Buswell and Hatfield [11], one can
forecast the composition of the resultant biomass gas.
In a broad sense, the chemical reaction involved in the
generation of biomass through Anaerobic digestion can
be described as follows.

CnHaOb + wc(H2O) −−→ n1CO2 + n2CH4 (7)

In Equation (7), the subscripts will vary depending
on the primary material utilized in the production of
biomass.

Table 1. The Component of biomass based on pri-
mary material compound [12].

Type of waste C H O N

Cow waste 38.06 5.18 28.15 1.85
Sheep waste 37.64 5.06 28.64 1.87

Chicken waste 26.77 3.33 30.52 2.25

The Higher heating values for the different types
of waste are 16.56, 16.09, and 11.92 MJ/kg, respec-
tively. To determine the chemical exergy of biomass,
the empirical relation provided in Equation (8) can be
employed, considering the non-homogeneous texture of
the biomass [12]

echmanu,daf = LHVmanu,daf

×
1.044+0.016

z
H

z
C

+0.3493
z
O

z
C

(1+0.0531
z
H

zC
)

1− 0.4124
z
O

z
C

(8)

In Equation (8), z
H

, z
C

, z
O

are the hydrogen, carbon
and oxygen mass fraction in biomass respectively [12].

Joshi et al [10] presented the mathematical equa-
tions necessary for the modeling of the solar panel.
There are several approaches available for exergy-
Economic Optimization, including Exergy cost theory,
Average cost approach, and Specific exergy costing. In
this particular investigation, the focus is on Exergy
cost. This method involves formulating Equation (9)
for every component within the system [13–16].∑

Ċout,k + ĊW,k =
∑

Ċin,k + ĊQ,k + Żk (9)

Equation (9) represents the relationship between the
initial capital cost (C) and the cost of using and main-
taining (Z) a particular system. Additionally, Ċw,k and

ĊQ,k denotes the cost rate of work and heat, respec-
tively. It is possible to calculate all these parameters
by utilizing the equations provided below.

Żk = ŻCI
k + ŻOM

k (10)

Ċin = cinĖin (11)

Ċout = coutĖout (12)

ĊQ = cQĖQ (13)

ĊW = cW ĖW (14)

Equation (15) can be employed to compute Żk based
on the procurement cost of the equipment.

Żk = CRF
φr
N

PECk (15)

In Equation (15), CRF, N , and φr denote the cost
return factor, annual working hours (assumed as 7880
hours in this study), and maintenance factor (assumed
as 1.06 in this study). The exergy-economic equation
for each component of the cycle is provided in Table 4.
The initial capital costs for each component are listed
in Table 5 [13–16].
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3 Results and discussion

Firstly, this section will delve into the topic of vali-
dation, followed by an examination of the outcomes
derived from the modeling and optimization of the cy-
cle. Wellinger’s work [12] is being compared with the
current study to validate the findings on biomass pro-
duction.

Table 2. Validation for biomass production cycle
[12].

Chemical Component Current work
Reference
work [12]

CH4 (%) 58.4 58
CO2 (%) 41.6 42

Behzadi et al [15] study was consulted for validating
the outcomes of the biomass and Rankine subsystem.
A visual representation of the comparison of the results
can be observed in Figure 6.

Fig. 6. Validation of biomass and Rankine cycle
[15].

Aman’s work [17] will be cited in Figure 7 to con-
firm the findings of the absorption refrigeration cycle.

The rate of exergy destruction for each component
which are calculated in the present work and compari-
son with reference work of are provided in Table 3.

Fig. 7. Validation of absorption refrigeration cy-
cle [17].

In this section since multi-objective optimization
will be conducted both parameters of payback period
and exergy efficiency will be optimized simultaneously.

Fig. 8. Results of multi-objective optimization of
payback period.

Table 3. Exergy destruction rate for main component of the cycle.

Aim
Payback
period

Exergy
efficiency

(%)

Biomass
mass flow

rate
(kg/s)

Milk
powder

mas flow
rate

(kg/s)

Solar
panel

surface
area (m2)

Cooling
capacity

(kW)

Combustion
chamber

inlet tem-
perature

( ◦C)

Turbine
inlet

pressure

Payback
period

3.82 24.7 1.61 2.94 570 20 1185 2200

Optimum
exergy

efficiency
(%)

12.5 33 0.7 2.7 440 180 1400 2500
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Fig. 9. Results of multi-objective optimization of
exergetic efficicnecy.

Based on the data presented in Figures 10 and 11, it
can be observed that the findings suggest an optimized
target for the payback period lies within the range of 4
to 9 years. Additionally, the exergy range is projected
to be between 18 to 34 percent, respectively.

To simplify the outcomes of multi-objective opti-
mization, one can refer to Figure 10 for a visual repre-
sentation. By examining Figure 10, it becomes possible

to easily calculate the exergy efficiency and payback pe-
riod in relation to each other.

Fig. 10. Results of optimization for exergy effi-
ciency vs. Payback period.

An analysis was conducted on the impact of various
parameters, including the rate of biomass consumption,
crude milk consumption rate, PVT surface area, tem-
perature of the combustion chamber, cooling capacity
of the absorption cycle, and turbine inlet pressure, on
both the payback period and exergy efficiency.

Fig. 11. Imapct of biomass consumption and crude milk consumption rate on payback period and exergy
efficiency.

Figure 11 illustrates that as the consumption rate of
biomass rises, the exergy efficiency will decline. Con-
versely, reducing the consumption rate of crude milk
will also lead to a decrease in efficiency, owing to a
lower production rate within the cycle.

As indicated in Figure 12, the surface area of PVT

panels has a negligible effect on the efficiency and pay-
back period of the cycle. This is primarily because
the overall efficiency of PVT panels surpasses that of
biomass systems, thereby making any changes in the
biomass system more apparent.
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Fig. 12. Imapct of biomass consumption and PVT surface area rate on payback period and exergy efficiency.

Fig. 13. Imapct of biomass consumption and absorptio cycle cooling capacity on payback period and exergy
efficiency.

Increasing the cooling capacity of the absorption
cycle, as depicted in Figure 13, clearly results in a
longer payback period. This highlights the significant
expenses associated with producing cooling capacity in
the absorption cycle.

Figure 14 illustrates that elevating the temperature
within the combustion chamber leads to a slight reduc-
tion in the payback period. Moreover, augmenting the
temperature enhances the exergy efficiency; however, it

concurrently results in increased costs for the combus-
tion chamber due to the utilization of more advanced
technological construction techniques.

By contrasting Figures 14 and 15, it becomes ap-
parent that the impact of combustion chamber tem-
perature surpasses that of turbine inlet pressure when
considering exergy efficiency. Conversely, the turbine
inlet pressure exhibits a greater influence on the pay-
back period.
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Fig. 14. Imapct of biomass consumption and combustion chamber temperature on payback period and
exergy efficiency.

Fig. 15. Imapct of biomass consumption and turbine inlet pressure on payback period and exergy efficiency.

4 Conclusions

In this study, the objective was to enhance the per-
formance of the Combined cooling, heating, and power
(CCHP) cycle by considering the payback period and
exergy efficiency. Initially, each component of the cy-
cle was verified by comparing it with relevant litera-
ture, and the outcomes of this validation process were

presented. The paper also presents the results of multi-
objective optimization. When focusing solely on mini-
mizing the payback period, the cycle can be configured
to achieve a minimum payback period of 3.82 years.
On the other hand, if the goal is to maximize system
efficiency, the system can be adjusted to reach a max-
imum efficiency of 24.7. In cases where both efficiency
and a short payback period are desired. the multi-
objective optimization results indicate that a system
with an optimized efficiency of 27 percent will have a
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payback period of 4.8 years.
Also, the effect of several performance parameters

of the cycle of exergy efficiency and payback period has
been studied. Results indicates that the most impact is
caused by the biomass consumption rate due to lower
efficiency of this system compare to other components.
Another parameter is turbine inlet pressure that has a
massive impact on payback period and little impact on
exergy efficiency. Also, as cooling capacity of the cycle
increases the payback period due to the fact that cost of

cooling capacity produced by absorption cycle is high.
In the present work biomass was utilized for powering
the cycle. In future works the effect of utilizing other
renewable energy sources such as wind or geothermal
can be studied. As stated earlier the aim of the present
work is to minimize the cost of the cooling cycle which
can be achieved with optimizing the refrigeration cycle
or utilizing more advanced refrigeration technologies.
The current study shows that the cost of cooling cycle
is relatively high which needs to be alleviated.

Table 4. Exergy destruction rate equation for each component.

Component Exergy Destruction Component Exergy Destruction

Anaerobic Digestor ĖD,dig = Ė5 + Ė6 − Ė7 − Ė8a Expansion Valve 2 ĖD,exv2 = Ė24 − Ė25

Combustion
Chamber

ĖD,cc = Ė8 + Ė9 − Ė10a
Absorption Cycle
Pump

ĖD,PRef = Ẇrp − (Ė21 − Ė20)

Combustion Gases
Exhaust Fan

ĖD,ExF = ẆExF − (Ė11c − Ė11) PVT ĖD,coll = ĖS,abs − (Ė31 + Ẇcoll)

Rankine Cycle Pump ĖD,Pr = ẆPr − (Ė2 − Ė1) Pasteurizer
ĖD,pas =
(Ė32 − Ė33) − (Ė27 − Ė26)

Steam Turbine ĖD,st = Ė3 − Ė4 − Ẇst
Absorption Cycle
Cooler

ĖD,coolRef =
(Ė14 − Ė15) − (Ė29 − Ė28)

Steam Generator ĖD,sg = Ė2 + Ė10 − Ė3 − Ė11a Dryer Evaporator
ĖD,EvaPM =
(Ė30a−Ė30b)−(Ė42−Ė27)−Ė30c

Rankine Condenser ĖD,CondR = Ė12+Ė4−Ė1−Ė13 Dryer Pump ĖD,PPM = (Ė43 − Ė42) − ẆPPM

Absorption Cycle
Generator

ĖD,GRef =
Ė22 − Ė16 − Ė23 + Ė34 − Ė35

Dryer Cooler
ĖD,coolPM =
(Ė45 − Ė44) − (Ė47 − Ė46)

Absorption Cycle
Condenser

ĖD,ConRef =
Ė16 + Ė38 − Ė39 − Ė17

Dryer Economizer
ĖD,eco =
(Ė55 − Ė54) − (Ė48 − Ė47)

Absorption Cycle
Evaporator

ĖD,EvaRef =
Ė18 + Ė36 − Ė19 − Ė37

Dryer Fan
ĖD,fanPM =
ẆfanPM − (Ė49 − Ė48)

Absorption Cycle
Absorber

ĖD,absRef =
Ė19 + Ė40 + Ė25 − Ė20 − Ė41

Dryer Heater
ĖD,heat =
Ė50a− Ė50b−(Ė50− Ė49 + Ė50c)

Absorption Cycle
heat Exchanger

ĖD,ExRef =
Ė21 − Ė22 + Ė23 − Ė24

Dryer Compressor ĖD,comp = Ẇcomp − (Ė53 − Ė52)

Expansion Valve 1 ĖD,exv1 = Ė18 − Ė17 Dryer
ĖD,drier =
(Ė53 + Ė51 − Ė54)− (Ė44 − Ė43)

Table 5. Exergy-economic equation for each component.

Component Exergy-Economic Equation Exergy-Economic Equation

Anaerobic Digestor Ċ7 + Żdig = Ċ8 Ċ18 + Ċ15 + ŻEvaRef = Ċ20 + Ċ41, c25 = c20, c40 = c41

Combustion Chamber Ċ8 + Ċ9 + Żcc = Ċ10 Ċ14 + Ċ28 + ŻcoolRef = Ċ15 + Ċ29, c14 = c15, c28 = c29
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Table 6. Exergy-economic equation for each component.

Component Exergy-Economic Equation Component Exergy-Economic Equation

Anaerobic Digestor Ċ7 + Żdig = Ċ8
Absorption Cycle
Absorber

Ċ18+Ċ15+ŻEvaRef = Ċ15+Ċ41,
c25 = c20, c40 = c41

Combustion
Chamber

Ċ8 + Ċ9 + Żcc = Ċ10
Absorption Cycle
Evaporator

Ċ14+Ċ28+ŻcoolRef = Ċ15+Ċ29,
c14 = c15, c28 = c29

Rankine Cycle Pump
Ċ1 + ŻPr + ĊW,Pr = Ċ2,
cW,Pr = cW,st, c1 = c2

PVT
ŻSol = Ċ31 + ẆSol,
cw,Sol = cw,Pr

Steam Turbine Ċ3 + Żst = ˙W, st + Ċ4, c4 = c3 Pasteurizer
Ċ32 + Ċ26 + Żpas = Ċ33 + Ċ27,
c32 = c33, c26 = c27

Steam Generator
Ċ2 + Ċ10 + Żsg = Ċ11 + Ċ3,
c11 = c10

Dryer Evaporator
Ċ27 + Ċ30a + ŻEvaPM =
Ċ30c + Ċ30b + Ċ42, c30a = c30b,
c27 = c42

Rankine Condenser
Ċ4 + Ċ12 + ŻCondR = Ċ13 + Ċ1,
c4 = c1

Milk Powder Pump
Ċ42 + ŻPPM + Ċw,PPM = Ċ43,
c42 = c43, cw,PPM = cw,Pr

Exhaust Fan
Ċ48 + ŻExF + ĊW,ExF = Ċ49,
cW,ExF = cW,Pr, c48 = c49

Dryer Economizer
Ċ47 + Ċ54 + Żeco = Ċ48 + Ċ55,
c47 = c48, c54 = c55

Absorption Cycle
Generator

Ċ22 + Ċ34 + ŻGRef =
Ċ16 + Ċ23 + Ċ35, c34 = c35

Dryer Fan
Ċ48 + ŻfanPM + Ċw,fanPM = Ċ49,
c48 = c49, cw,fanPM = cw,Pr

Absorption Cycle
Condenser

Ċ16+Ċ38+ŻConRef = Ċ17+Ċ39,
c16 = c17, c38 = c39

Dryer Compressor
Ċ52 + Żcomp + Ċw,comp = Ċ53,
c52 = c53, cw,comp = cw,Pr

Absorption Cycle
Heat Exchanger

Ċ21 + Ċ23 + ŻExRef = Ċ22 + Ċ24,
c21 = c22, c23 = c24

Dryer Heater
Ċ49 + Ċ50a + Żheat =
Ċ50 + Ċ50b + Ċ50c, c50a = c50b

Absorption Cycle
Pump

Ċ21 + ŻpRef + Ċw,pRef = Ċ22,
c21 = c22, cw,pRef = cw,Pr

Dryer Fan
Ċ53 + Ċ43 + Ċ51 + Żdrier =
Ċ44 + Ċ54

Absorption Cycle
Absorber

Ċ19 + Ċ25 + Ċ40 + ŻabsRef =
Ċ20 + Ċ41, c25 = c20, c40 = c41

Dryer Cooler
Ċ46+Ċ44+ŻcoolPM = Ċ47+Ċ45,
c44 = c45, c46 = c47

Table 7. Capital cost Equation for each component of the cycle [11,12].

Component Capital Cost Estimation Remarks

Anaerobic
Digestor

Zdig = 35000( V T
21000

)0.75
V : Volumetric Flow Rate

T : Working Temperature

Combustion
Chamber

Zcc = c1ṁair[1 + exp(c2Tout − c3)]

× 1

0.995 − Pout
Pin

,

c1 = 48.64$/(kg/s)c2 = 0.18 K−1, c3 = 26.4

Tout : Outlet temperature of combustion

chamber

Pout

Pin
: pressure ratio of combstion chamber

Rankine Cycle
Pump

ZPr = c4(ẆPr)
0.71, c4 = 3540$/kw0.71 ẆPr: Pump Brake Horse Power

Steam Turbine Zst = c5(Ẇst)
0.7, c5 = 6000$/kw0.7 Ẇst: Turbine Output Power

Rankine
Condenser

ZCondR = c9ṁwater, c9 = 1773$/(kg/s) ṁwater: Water mass Flow rate

Exhaust Fan ZExF2833(ṁexG)0.7053 ṁexG: Exhaust Gas Mass Flow rate

Absorption Cycle
Generator

ZGRef = 17500
(

Agen

100

)0.06
Agen: Surface Area of Generator
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Table 7. Capital cost Equation for each component of the cycle [11,12] (Coninued).

Component Capital Cost Estimation Remarks

Steam Generator
Zsg = 6570

[(
Q̇ec

∆Tlm,ec

)0.8

+

(
Q̇ev

∆Tlm,ev

)0.8
]

+ 21276ṁs + 1184.4ṁ1.2
g

∆Tlm,ec : Temperature Difference of inlet

and outlet Gas

∆Tlm,ev : Temperature Difference of water

inlet and steam outlet

Qec : Gas heat transfer

Qev : Steam heat transfer

ṁs : Steam mas flow rate

ṁg : Gas mass flow rate

Absorption Cycle
Condenser

ZConRef = c9ṁwater, c9 = 1773$/kg/s ṁwater: Water mass Flow Rate

Absorption Cycle
Heat Exchanger

ZExRef = 4760A0.68
ex Aex: Surface Area of Heat Exchanger

Absorption Cycle
Pump

ZPRef = c4(ẆPRef)
0.71, c4 = 3540$/(kw)0.71 ẆPRef : Pump Brake Horse Power

Absorption Cycle
Absorber

ZAbsRef = 16000
(

Aabs
100

)0.06
Aabs: Surface Area of Absorber

Absorption Cycle
Evaporator

ZEvaRef = 16000
(
Aeva
100

)0.06
Aeva: Surface Area of Evaporator

Absorption Cycle
Cooler

ZcoolRef = 4760A0.68
cool Acool: Surface Area of Cooler

PVT ZPVT = 310APVT APVT: Surface Area of PVT Exposed to Sun

Pasteurizer ZPas = 4680(APas)
0.742 APas: Surface Area of Pasturized

Milk Powder
Cycle Evaporator

ZEvaPM = 51733 ln(AevaPM) − 74437 AevaPM: Surface Area of Evapoprator

Milk Powder
Cycle Pump

ZPPM = 5870(ẆPPP)0.85 ẆPPP: Pump Brake Horse Power

Milk Powder
Cycle
Economizer

Zeco = 1644A0.81
eco + 18900 Aeco: Surface Area of Economizer

Milk Powder
Cycle Blower

ZfanPM = 2833(ṁairPM)0.7053 ṁairPM: Mass Flow Rate of Air

Compressor
ZAC =

(
c10ṁair

c11 − ηis,AC

)(
Pout

Pin

)
ln
Pout

Pin

c10 = 75 s/kg, c11 = 0.9

ṁair : Mass flow rate of air

Pout

Pin
: Compressor Pressure Ratio

Milk Powder
Cycle Heater

Zheat = 1644A0.81
heat + 18900 Aheat: Surface Area of Heater

Milk Powder
Cycle Dryer

Zdrier = 35800(ṁ±)0.3048 ṁ±: Mass Flow Rate of Milk Powder

Milk Powder
Cycle Cooler

ZcoolPM = 5430A0.7
coolPM AcoolPM: Surface Area of Cooler
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Nomenclature

ṁ Mass flow rate (kg/s)
Q Heat transfer (kW)
Z Exergy-Economic Factor
Tamb Ambient temperature ( ◦C or K)
P Pressure (bar)

Ẇ Work (kW)
T Temperature of component ( ◦C or K)
η Exergy efficiency (%)
Ψ Exergy efficiency (%)
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