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Abstract. The current global scenario presents a significant increase in energy demand for HVAC-R (Heating,
Ventilation, Air Conditioning and Refrigeration) systems. Considering also that Brazil has the sixth most expensive
energy in the world and that there is currently a greater scarcity of natural resources for energy generation, it is
necessary to seek viable alternatives with lower energy consumption to the currently most used models, without any
quality loss. On the other hand, absorption refrigeration and waste incineration systems can be lines of studies and
research to be considered, considering that it is possible to reduce electrical energy consumption and also the
environmental impacts that the usual compression refrigeration systems provide. . . In this context, one of the segments
of Thermal Systems Engineering studied is the exergoeconomic analysis that comprises the concepts of Heat Transfer,
Fluid Mechanics and Thermodynamics, based on the Second Law of Thermodynamics and which uses the notions of
optimization and economic analysis. Therefore, this work aims to perform an exergoeconomic analysis of a hybrid
system of waste incineration and absorption refrigeration, with the specific objective of developing an exergoeconomic
model for the hybrid system. Absorption incinerator-refrigerator. This is an exploratory bibliographic research using
an absorption refrigerator from the Center for Research and Development of Self-Sustainable Energy (NPDEAS) of the
Federal University of Parand, in which a model was made with a macroscopic approach of the mass and heat transfer
phenomena of a absorption refrigeration cycle, applying the principles of conservation of mass and energy in steady
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state for each component of the cycle, that is, each component will be considered as a single control volume. It is
expected that it will be possible to predict the behavior of the absorption refrigeration system and that it will be
possible to develop a scientific analysis tool to design, control and optimize absorption refrigeration systems, using
waste incineration. The highest exergy destroyed was verified in the desorber with about 0.9461 kW and through the
exergoeconomic analysis of the incinerator, it was found that the cost rate associated with the product of the
incineration gases was $ 39,926.31 per year.

Keywords: Refrigeration, systems by absorption, exergoeconomic analysis, waste incineration.

1. INTRODUCTION

The current global scenario presents a significant increase in energy demand for HVAC-R systems, consisting of
Heating, Ventilation, Air Conditioning and Refrigeration operations. (SOUZA, 2020). Specifically in relation to Brazil,
according to the Ministry of Mines and Energy (MME) of the Brazilian Federal Government (2018), the industry
consumed approximately 37.5% of total electricity, followed by the residential sectors (25.4%). and commercial
(17.8%), of which about 38.5% of the total consumption of electricity was destined for HVAC-R systems
(MARTINEZ, 2020).

Considering also that Brazil has the sixth most expensive energy in the world and that there is currently a greater
scarcity of natural resources for energy generation, it is necessary to seek viable alternatives with lower energy
consumption to the currently most used models, without that there is any loss of quality. This is because traditional
vapor compression refrigeration systems have a significant predominance over other systems. In contrast to this,
absorption refrigeration systems can be lines of studies and research to be considered, considering that it is possible to
reduce the consumption of electric energy and also the environmental impacts that the usual refrigeration systems
provide (REVISTA DO FRIO, 2018; SOUZA, 2020).

The Center for Research and Development of Self-Sustainable Energy (NPDEAS) of the Federal University of
Parana (UFPR) has absorption refrigeration prototypes, as shown in Fig. 1, and it is necessary to deepen the study in
those that take advantage of a heat source that would be neglected, the namely: the incineration of urban solid waste.

Figure 1. Ammonia-water absorption refrigerator prototypes developed by NPDEAS. Available from: Souza (2020).

Still in the NPDEAS, there is a parallel treatment proposal for the gases from this incineration mentioned by the
prototypes, which is shown in Fig. 2.
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Figure 2. Application of the absorption prototype in NPDEAS. Adapted from: Souza (2020).

Finally, in agreement with Bejan, Tsatsaronis and Moran (1996), Moran and Shapiro (1998) and Balestieri (2001),
one of the segments of Thermal Systems Engineering studied is the exergoeconomic analysis that comprises concepts of
heat transfer, fluid mechanics and Thermodynamics, based on the Second Law of Thermodynamics. and that uses the
notions of optimization and economic analysis. This definition of exergoeconomic analysis can be applied in the context
of the hybrid system of waste incineration and absorption refrigeration within the scope of UFPR's NPDEAS, seeking
technical and commercial feasibility of the prototypes.

Therefore, the general objective of this work is to perform an exergoeconomic analysis of a hybrid waste
incineration system existing in the Mechanical Engineering laboratory of UFPR. In order to achieve the general
objective, the following specific objectives were defined: Develop an exergoeconomic model for the absorption
incinerator-refrigerator hybrid system starting with the incinerator, calculate the exergies destroyed by the components
of the absorption refrigeration cycle to seek further optimization opportunities and calculate the cost rate associated
with the incinerator product, to be replicated in the future for all components of the system.

2. MATHEMATICAL MODELING
2.1 Initial Considerations

The approach adopted to establish the model was to perceive the absorption refrigeration system under a
macroscopic view of the heat and mass transfer phenomena, in steady state and disregarding the pressure losses in the
heat exchanger lines due to friction. Therefore, the elements were defined individually as just a control volume and
having their respective properties uniform in their domain. The Engineering Equation Solver (EES) software will be
applied to solve the equations and obtain the necessary thermodynamic properties. (HEROLD, RADERMACHER,
KLEIN, 2016; MARTINEZ, 2018; MARTINHO, 2013).

2.2 Determination of the physical problem

In summary, the physical problem of this project is composed by the macroscopic analysis of the elements that
compose the single-stage absorption refrigeration system: a condenser, two expansion valves, an evaporator, an
absorber, a pump and a desorber / rectifier and a garbage incinerator connected to the desorber. The input and output
exergy flows will be studied and the laws of conservation of mass and energy will be used in the control volume as a
whole. The Fig. 3 presents the absorption refrigeration system applied for the mathematical modeling.
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Figure 3. Absorption cooling system applied for mathematical modeling. Adapted from: Souza (2020).

2.3 Mathematical modeling of the absorption cooling system
231 Pump

A mass flow balance of inlet and outlet of the mixture in the pump was performed, being the working fluids
ammonia and water, in this case for the Eq. (1) and Eq. (2).

ri].l — ﬁlz (1)

X1 = X2 2

my corresponds to the mass flow rate of the mixture entering the pump, my corresponds to the mass flow rate of the
mixture at the pump, x; corresponds to the proportion of ammonia before the pump and X, corresponds to the proportion
of ammonia after the pump.

The Equation (3). shows how to determine pump specific work.

_ vy(Py —Fy)
ng 3)

w corresponds to the specific pump work, 17, corresponds to point 1 specific volume, P; corresponds to the pressure
at point 1, P,corresponds to the pressure at point 2 and 1z corresponds to the pump efficiency.

The Equation (4) shows how to calculate the enthalpy of point 2.

hz = hl +w (4)

iy corresponds to the specific enthalpy of point 1 and k, corresponds to the specific enthalpy of point 2.
Thus, it is possible to determine the power in the pump through Eq. (5).
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Wp = ?’i’ll (hz — hz} (5)

V[’;, corresponds to the pump power.
2.3.2  Desorber / Rectifier
For the desorber/rectifier set, the Eq. (6) presents the determination of their respective mass flows.
m, = Mgy + my (6)
1h3 corresponds to the mass flow rate from the desorber / rectifier, from the generator to the absorber and
1h4 corresponds to the output mass flow of the desorber / rectifier, in the direction from the rectifier to the capacitor.

The equality of Eq. (7) demonstrates the relationship of pressures at points 2 and 4, in which ammonia is expected to
be in the saturated vapor state at the outlet of the rectifier.

Py =P, @)
P4 corresponds to the pressure at the output of the rectifier.

The equality of Eq. (8) demonstrates the relationship of pressures at points 3 and 4, in which the mixture is expected
to be in a saturated liquid state between the generator and the absorber, being a weak solution.

P3:P2 (8)

Ps corresponds to the pressure at the generator output, towards the absorber.
The Equation (9) shows the ammonia mass balance in the generator / rectifier.

MyX; — MaX3y + MyXxy 9)

X3 corresponds to the mass fraction of ammonia output from the generator / rectifier, from the generator to the

absorber and X4 corresponds to the mass fraction of ammonia at the output of the rectifier.
The Equation (10) demonstrates the energy balance for the generator / rectifier.

]’ilzhz — ]’ilgh.g — Tild_h.d_ + QD - QR = 0 (10)

hs corresponds to the specific enthalpy of point 3, hs corresponds to the specific enthalpy of point 4, Q R corresponds

to the heat transfer provided by some heat source to the system and @p corresponds to heat transfer to the generator.
To determine the heat transfer from the incinerator to the generator that will be used in the thermal compressor, the

Cprod corresponds to the specific heat of the products at the incinerator outlet.

Equation (11) is used, where
QD = n.’lpr'od Cpmd( Tpr‘od — T3) (11)
2.3.3  Condenser

After carrying out a mass and ammonia balance for what enters and leaves the condenser, we have the equality
presented by Eq. (12), Eq. (13) and Eq. (14).

I‘i14 - ﬁls (12)
X5 = X4 (13)

P4:P5 (14)
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ths corresponds to the condenser output mass flow, X5 corresponds to the mass fraction of ammonia at the output of
the condenser and Ps corresponds to the condenser outlet pressure.
After performing the energy balance, we have Eq. (15).

rghy — 1ishs — Q¢ =0 (15)

hs corresponds to the specific enthalpy of point 5 and Qc corresponds to the heat transfer rejected by the condenser.
2.3.4  Expansion valve 1

The expansion valve 1 refers to the device that will lower the high pressure of the ammonia coming from the
condenser to the levels of the saturation pressure of the evaporator, in the sequence. The equality of Eqg. (16)
demonstrates the relationship of pressures at the outlet of the expansion device and at the outlet of the absorber.

Pg = Py (16)

Ps corresponds to pressure at point 6.
After a mass and ammonia fraction balance, we have the following equalities by Eq. (17) and Eq. (18).

mg = Mg (17)
X5 = Xg (18)

X6 corresponds to the mass fraction of ammonia after expansion valve 1 and g corresponds to the mass flow rate of
expansion valve 1.

The relationship in Eqg. (19) shows the equality of enthalpies at the output of the condenser and after the expansion
valve 1.

hs = he (19)
he corresponds to the specific enthalpy of point 6.

2.3.5 Evaporator

In this component of the system, ammonia is at low pressure and can be used to absorb heat from something and
consequently evaporator. For that, we have the equality of Eq. (20).

P; = P (20)

P7 corresponds to pressure at point 7.
Performing the mass balance and ammonia fraction, we have the equality of Eq. (21) and Eq. (22).

ﬁ]s - ﬁl? (21)
Xe = X7 (22)

X7 corresponds to the mass fraction of ammonia at the evaporator outlet and rh7 corresponds to the evaporator outlet
mass flow.
With this, it is possible to perform the energy balance in this component, presented by Eq. (23).

mghg — mzh; + Q5 =0 (23)

h7 corresponds to the specific enthalpy of point 7 and Qs corresponds to heat transfer to the evaporator.
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2.3.6  Absorber

The Equation (24) presents the energy balance for this respective component.
ﬁ’l?h? + ﬁ’lshs — ﬁllhl — Qﬂ. =0 (24)

hg corresponds to the absorber inlet mass flow, after expansion valve 2, hg corresponds to the specific enthalpy of
point 8 and Qa corresponds to the heat transfer rejected by the absorber.
2.3.7 Expansion valve 2

The expansion valve 2 will be responsible for reducing the pressure of the solution coming from the generator,

towards the absorber. For that, the equalities of Eq. (25) and Eq. (26) present the relations of pressures and enthalpies of
this component.

Pg =P (25)

hs = hg (26)
Ps corresponds to pressure at point 8.

After carrying out the mass and ammonia balance, we have the following relations presented by the equalities of Eq.
(27) and Eq. (28).

m3 = Mg (27)
X3 = Xg (28)

Xg corresponds to the mass fraction of ammonia at the outlet of expansion valve 2.
2.3.8 Incinerator

This component will use the energy from burning garbage and natural gas (CH4) to supply heat to the thermal
compressor, more specifically to the generator, through the hot gases as a product of the incinerator. The combination of
waste and methane form the hybrid fuel of the component, having the following associated equations Eqg. (29), Eq. (30),
Eqg. (31), Eq. (32) and Eq. (33).

Myproa = Mpp + Mgy — Mgspy (29)
Mpp = Mepg + Mgy (30)
Mair = AFR 1,4, (31)
Mgsp — 0.04 11y (32)
Qcomb - Q{J - Vi’}'an - (mpma hpr‘od) - (masn Cash Tprod) =0 (33)
m

vrod corresponds to the mass flow of products at the incinerator outlet, Mpf corresponds to the mass flow rate of
hybrid fuel, Mgy corresponds to the air flow at the incinerator inlet, Mask refers to the flow of ash leaving the
incinerator, Mcha corresponds to the mass flow rate of methane at the incinerator inlet, msw corresponds to the mass
flow rate of garbage or wood at the incinerator inlet, AFR corresponds to the fuel air ratio, Qcomb corresponds to the
heat of combustion supplied to the incinerator, Qo refers to the heat lost from the incinerator walls.
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2.4 Exergetic analysis

In developing exergetic analysis, it is necessary to specify the exergy flows of the entire system. For this, Eq. (34)
was used, which determines the specific flow exergy at each point in the cycle. After making the exergy balance for the
considered control volumes, the main properties are obtained at the points of the cycle, such as temperature, pressure,
ammonia mass fraction of the fluid and enthalpy at each point of the cycle. Thus, for the use of Eq. (34), it is still
necessary to define the entropies (si) and the properties of the dead state (ho, So) for each point of the cycle of the
absorption refrigeration system. To determine the entropies of the system, the EES library will be used from the
thermodynamic properties calculated at each point. As for the dead state, the properties will be defined as the following
ambient conditions: T = 25°C and Py = 101.325 kPa. With this, the values of hg and so are also determined.

e; = hiy—hy —To (s; — 5o) (34)
2.4.1  Exergy destroyed in the absorption refrigeration cycle and the incinerator
The exergy destroyed of each element of the absorption refrigeration cycle is determined by an exergy balance for

each control volume, and it is possible to find the rate of exergy destroyed for each element of the cycle through Eq.
(35), Eq. (36), Eq. (37), Eq. (38), Eq. (39), Eq. (40), Eq. (41), Eq. (42) and Eq. (43).

ED, = rye, — mye; — W, (35)
EDgesjrec = Ma€; — Maes — myes + Qp ( - ;_:) — Qr ( - ;_Z) (36)
ED,. = mye, — mhges — QC( — ;—:) (37)
EDyg; = thg(es — e) (38)
EDg = mg(es — e;) + Qg[1— (;_:)] (39)
EDyg, = my(e; — eg) (40)
ED4 = tiye, + tigeg — g eq — QA( - ;—:) )
EDr= EDp + EDgesjrec + EDc+ EDygy + EDg + EDygy + EDy (42)
EDipc = _H'}an + Eginc — Eproa — Easn (43)

€1 corresponds to the specific exergy of point 1, €2 corresponds to the specific exergy of point 2, €3 corresponds to
the specific exergy of point 3, €4 corresponds to the specific exergy of point 4, €s corresponds to the specific exergy of
point 6, €7 corresponds to the specific exergy of point 7, €& corresponds to the specific exergy of point 8, Ty
corresponds to the dead state temperature, T corresponds to the temperature at point 1, T3 corresponds to the
temperature at point 3, Ty corresponds to the temperature at point 4, Ts corresponds to the temperature at point 5, Ty

7, ED, corresponds to exergy destroyed in the pump, EDges jrec corresponds to

corresponds to the temperature at point
exergy destroyed in generator / rectifier, ED¢ corresponds to exergy destroyed in the condenser, EDygy corresponds to
exergy destroyed in expansion valve 1, EDyg> corresponds to exergy destroyed in expansion valve 2, EDg
corresponds to exergy destroyed in the evaporator, ED, corresponds to exergy destroyed in the absorber, EDr
corresponds to the total destroyed exergy of the absorption refrigeration cycle, Wfan corresponds to fan power, Rprod

refers to the enthalpy of the incineration products, Caskcorresponds to the specific heat of ash, Tprod corresponds to the
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E

temperature of the products at the incinerator outlet, ~ainc refers to the exergy of the hybrid fuel at the inlet of the

incinerator. incinerator, Eproa corresponds to the exergy from the products, Eask corresponds to the exergy from the

ash, EDinc corresponds to the exergy of destroyed from the incinerator as a whole.
2.5 Exergoeconomic analysis of the incinerator

For the incinerator, previous exergetic analysis was associated with economic principles, which involve exergetic
costs with operating, maintenance and capital investment costs, as shown in Eq. (44). This exergoeconomic analysis
will be replicated for the other components of the refrigeration cycle, as these also already have the exergetic analysis
performed.

Cpr'odT Epr'od + Cash Eash = Cfu,e.t Eash + Ceiect M"}'an + ZCI + ZOM (44)
C

predl corresponds to the total cost of having the products, which in this case, the hypothesis of being equal to the

cost associated with the ash (Cash ), Cruet corresponds to the cost associated with the fuel, Cetect refers to the cost of

electricity, Zcr corresponds to the non-exercise capital investment cost of the incinerator, Zom corresponds to the cost
of operating and maintaining the incinerator.

N,

The cost of operation and maintenance is calculated using Eq. (45), where “*or corresponds to the number of

operators, S1op corresponds to the salary of 1 operator and the cost of replacement parts is added. Economic costs can
be performed for 12 months to have a broad estimate.

Zom = Nop S10p + Parts replace (45)

3. ANALYSIS OF RESULTS

It was necessary to define some input parameters to be able to perform the simulation, such as the pump inlet mass
flow (ml), the absorber outlet pressure (P1), the generator inlet pressure (P2), the absorber temperature (T1), the pump
efficiency (1) and the mass fraction of ammonia at the output of the desorber / rectifier (*4), according to Tab. 1.

Table 1. Input parameters to be able to perform the simulation.

Parameters Values
Pump inlet mass flow (kg/s) 0.01
Absorber outlet pressure (kPa) 550
Desorber inlet pressure (kPa) 1100
Absorber temperature (°C) 30
Pump efficiency 1
Mass fraction of ammonia at the output of the 0,9996
generator / rectifier

With the thermodynamic model that was implemented in the EES software, it was possible to calculate the values
of mass fractions, pressures, temperatures, enthalpies, mass flows and entropies of the absorption refrigeration cycle, as
shown in Tab. 2.
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Table 2. Thermodynamic properties obtained through the EES software.

Points X; P; (kPa) T: (°C) h; (kikg) m; (kg/s) Si (kd/kg K)
1 0.5925 550 30 -93.82 0.01 0.2973
2 0.5925 1100 30.05 -93.82 0.01 0.2973
3 0.3339 1100 100 234.8 0.006115 1.263
4 0.9996 1100 35.6 1313 0.003885 4.375
5 0.9996 1100 28.03 131.9 0.003885 0.4779
6 0.9996 550 6.814 131.9 0.003885 0.4886
7 0.9996 550 19.71 1309 0.003885 4.666
8 0.3339 550 80.54 234.8 0.006115 1.273

The coefficient of performance (COP) for this system, calculated as the ratio of the heat from the evaporator to the

heat from the generator added to the pump power, was 0.4577. This value can be considered coherent in relation to the
researched experimental works.
The heat transfer rates obtained by applying the initial parameters are shown in Tab.3.

Table 3. Heat transfer rates of absorption refrigeration cycle components.

Component Values (kW)
Absorber 7.46
Desorber 10
Rectifier 2.531

Condenser 4,59

Evaporator 4,574

Subsequently, it is intended to perform parametric analyzes varying, for example, the outlet temperatures of the
absorber, outlet of the desorber, outlet of the condenser to analyze the coefficient of performance and the heat transfer

rate supplied from the incinerator to the desorber.

With some of the properties presented in Tab. 2, it was possible to use Eq. (34) to calculate the point-specific

exergies, as shown in Tab. 4.

Table 4. Specific energies of the absorption refrigeration cycle points.

Points

Values (kJ/kg)

1

52.3

53

37

329.6

310.1

307

238.7

N[O BWIN

34.21

To evaluate the amount of exergy destroyed in each component of the absorption refrigeration cycle, were used Eq.

(35), Eq. (36), Eqg. (37), Eq. (38), Eq. (39), Eq. (40), Eq. (41), Eq. (42) and which are shown in Tab. 5.
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Table 5. Exergy destroyed in each component of the absorption refrigeration cycle.

Component Values (kW)
ED, 0.0000008344
EDges jrec 0.9461
ED, 0.0296
ED, 0.4904
EDygq 0.01237
EDyEs 0.017
EDg 0.1827
ED; 1.678

By Tab. 5, it can be analyzed that the exergy destroyed by the generator is the one with the greatest contribution
and a study could be carried out with the main focus on reducing the exergy destroyed in this component initially.
Through Egs. (44) and Eq. (45) an analysis of the incinerator was carried out, associating exergy with the economic

part, which resulted in an annual cost (Cnmd? ) of $ 39,926.31. And this analysis will be replicated for the components
of the absorption refrigeration cycle.

4. CONCLUDING REMARKS

In this paper, a mathematical model was developed and an exergetic analysis of a waste incinerator was carried out
that supplies heat to the thermal compressor of an absorption refrigeration system and an exergoeconomic analysis of
the incinerator was carried out and will be replicated for all components of the absorption system.

It was verified that the largest contribution of the destroyed exergy was in the generator with 0.9461 kW and a
focused analysis could be carried out on how to reduce this energy destruction of the energy available for use in this
component.

In the exergoeconomic analysis of the waste incinerator, it was found that the cost rate associated with the
incineration product was $39,926.31 per year.
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