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OPTIMIZATION OF THE VARIABLE REFRIGERANT FLOW SYSTEMS BY USE OF
GENETIC ALGORITHM AND ENERGY, EXERGY, AND ECONOMIC ANALYSIS FOR
THREE COOLANT FLUIDS

M.Lotfihejrandoost!, A.Behbahani2, M.A.Ehyaei®’

ABSTRACT

The current study aimed at investigation of the Variable Refrigerant Flow (VRF). Energy, exergy, and
economic model for R11, R22, and R134a refrigerants. The genetic algorithm was used for optimization of the cycle.
The objective functions in the current study were the second law efficiency and cooling cost. The cooling cost was a
new economic function that was defined in this paper for the first time. Results showed that the highest Coefficient of
Performance (COP) and second law’s efficiency as well as the lowest cooling cost and exergy loss belonged to the
refrigerant R134a, and second and third to it were R11 and R22. The optimum values of condenser pressure and
evaporators 1, 2, and 3 for the refrigerant R134a were 799.7, 706.2, 925.2, and 23122 (kPa), and the mass discharge
of the evaporators 1 and 2, was 0.1 and 0.072 (kg/s).
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INTRODUCTION

The systems with VRF were first designed and built about 20 years ago, in Japan. Although today, these
systems are being used in many countries, still many experts do not have enough information about this system. These
systems were first used in Europe in 1987. It should be noted that nowadays in Japan, 50% of air conditioning used by
the medium commercial buildings (buildings up to 70000ft?[6500m?] of the area) and one-third of the large commercial
buildings (more than 700001t> [6500m?] of the area) are of this type.

The VRF systems are also, actually a type of channel-less multi-part air conditioning systems which have
additional capabilities. The structure of VRF systems are a little more complicated and have the capability of
connecting to channel fan coil units. These systems are more complicated than the multi-part air conditioning systems
and consist of several compressors and evaporators. Also, their control system is more complicated than that of the
multi-part air conditioning systems. The rationale behind naming these systems as the “systems with variable
refrigerant flow” of the “VRF” systems is that these systems can control the amount of the refrigerant input from each
evaporator. Controlling the input refrigerant from each evaporator is a characteristic specific to VRF systems, by the
use of which, a large number of the evaporators with different capacities and structures can be simultaneously used for
supplying cooling and heating in different areas, with the capability of independent and regional controlling of the
room’s internal conditions. In these systems, the recovery of heat from another area is also viable. This characteristic
significantly reduces the energy consumption. The VRF systems are modular and have a low weight, as in these
systems, each module can be easily carried to the place of mounting, and they can be sent up and down a building
through an elevator. Besides, in these systems, by putting some modules together, high cooling capabilities can also be
obtained. The structure of VRF systems is such that each module (each dual set of modules) forms an independent and
complete refrigeration cycle, but these modules all operate under the command of a central control system. The
modularity of these systems also has other capabilities such as step-by-step and region-to-region controlling. For
example, if a part of a large building has no residents, the VRF systems such as variable volume can be used for
supplying the cooling, only for the parts with residents. The relatively low weight of VRF’s enables them to be used
without any specific construct constructs and the reinforcements[1, 2].
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There have been a several studies conducted on the VRF systems and applications in residential building.
Aynor et al. in 2010, dealt with evaluation and review of the works done in terms of the VRF systems regarding their
structure, performance, and application [3]. Kwon et al. in 2014, evaluated the use of a VRF system for an educational
unit in the heating mode. The results showed that the system’s performance can be improved by the use of a heat
exchanger [4]. Zhu et al. in 2014 investigated a VRF system with the enthalpy wheel system to meet the heating load.
They showed this system could cover all zones with specified set-point [5]. Meng et al. in 2015 investigated
experimentally cooling performance of a VRF system. They employed micro channel heat exchanger. This system has
a better performance in heat season [6]. Yu et al. in 2016 investigated a comparative study between VRF and VAV
systems in two different climate conditions. The VRF systems consumed 40-53% less energy rather than VAV systems.
This saving energy is depended upon many factors such as operating mode and set point temperature [7].

Kim et al. in 2018 investigated a VRF system with dedicated outdoor system in small office building located
in USA. They conclude that by using this system, energy saving is about 78.8 (kWh) or 109% [8]. Kani-Sanchez in
2017 investigated energy saving of the VRF heat pump systems with heat recovery to meet heating and cooling loads
of office building located south western Ontario (Canada). They developed many design optimization methods. They
showed that appropriate size of equipment led to 16% of energy saving [9]. Li et al. in 2017 proposed a new model
included the VRF system with split type air condition system. They developed a model for this system. With this
system energy losses were reduced. Energy saving values were 12.1%, 11.6% and 11.6% for a one floor residential
building in Beijing, Shanghai and Guangzhou, Respectively [10].

Several papers have been investigated the modeling of the room air conditioner and VRF system. These model
were bases on energy analysis and building energy consumption. These models were divided to three groups: steady
state, transient and dynamic models [11-13]. Also, several papers have been published about the application of this
method in several systems especially power plant and dispersed power generation [14-29].

Reviewing the previous works, it can be concluded that there have been no comprehensive studies conducted
on the VRF’s energy, exergy, and economic modelling and the effects of different refrigerants such as R11, R22, and
R134a. Firstly, the introduction of the VRF system, its components, and the factors effective on its performance, are
dealt with. Then, through the mathematical modelling and modeling of the basic cycle of this system, the
thermodynamic specifications of the refrigerants R11, R22, and R134a at different points of the cycle were calculated,
and the impacts of the factors effective on the cycle’s COP were evaluated. After the exergy and economic analysis of
the cycle, the VRF system’s cycle is optimized by the use of the multi-purpose genetic algorithm. The innovations of
the current study are:

e The comprehensive energy, exergy, and economic analysis of the VRF cycle

e Proposing a new method for calculation of the cooling load cost

e Calculation of energy and exergy efficiency, entropy production, and cooling generation costs for
the three refrigerants R11, R22, and R134a

e Optimization of the VRF cycle by the multi-purpose genetic algorithm for the three types of
refrigerant fluids (R11, R22 and R134a)

e Analysis of the above cycle’s sensitivity to its key parameters.

MATHEMATICAL MODELLING OF VRF CYCLE

Figure 1 shows a schematic diagram of the VRF system. In this figure, the direction of the arrows shows the
direction of the refrigerants movement. As it is seen in the figure, the cycle consists of a compressor, a condenser,
evaporator, 5 strangle valves, and two separators. In this system, controlling the refrigerant fluid is one of the most
important design parameters. The refrigerant flow output from the evaporators 1 and 2, enters the expansion valves to
have the same pressure as the evaporator (3), and to maintain the pressure balance at the inlet of the compressor. The
refrigerant obtained from the mixing of the three evaporators is collected at point (1), and then, its pressure is increased
in the compressor (point 2). In the condenser, the refrigerant gives its energy to the surrounding environment and
arrives at the point 3. In this point, the refrigerant is divided to three pressure levels for the evaporator (1), (2), (3) and
enters the three evaporators. The mathematical modelling hypotheses are as follows:

1) The pipes pressure drop has been assumed to be about 3%.
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2) The efficiency of the condenser is 85%.
3) The heat dissipation to the environment is ignored.
3 2
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Figurel. A schematic diagram of the VRF system

The heat exchange amount in the evaporators 1, 2, and three are calculated as follows [30]:

QEvapl =1y (hs — hy) (1)
QEvapZ = my(hg — hy) (2)
QEvap3 = myo(h11 — hyo) A3)

In which QEvapl' QEVapZ! QEvap3 are the heat exchange rates in the evaporators 9( kW), m,, m,, h,, are the

mass discharge of the evaporators 1, 2, and 3 (kg/s), and hy, hg, hy, hg, h;o, hy are the enthalpies at the marked points
(kJ/kg).
The law of conservation of mass for the evaporators 1, 2, and 3 are as follows:

Th4 = Ths (4)
Th7 == mg (5)
Mo = My (6)

In which mg , hg, m;, are the mass discharge of the evaporators 1, 2, and 3 (kg/s).
The equations of mass and energy conservation in the mixing chamber are as follows [30]:

Thl == Th6 + mg + mll (7)

myhy = mehe + Mohg + My1hqq (8)
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In which mThg, g are mass discharge after the strangulation valve, m;; is the mass discharge after
evaporator 3, m, is the mass discharge of the compressor 9 (kg/s), and hy, hg, hg, h;; are the enthalpies at different
points of the cycle (kJ/kg).

The work needed for the compressor can be calculated as follows [30]:

Weomp = my (hl — h, )ml = WComp ©)

In the above equation, m" 1 is the mass discharge of the compressor (kg/s), WComp and h2 are the compressor
output and input enthalpy (kJ/kg).
The heat exchange between the condenser and environment can be calculated by the following equation [30]:

Qcond = 1My (h3 - hz) (10)

In the above equation, m, is the mass discharge passing through the condenser (kg/s), and h, and h; are the
enthalpies of the points 2 and 3 (kJ/kg). The laws of conservation of mass and energy for separation are as follows
[30]:

My + My3 = Myy + M3 an

Myahqg + Myghys = My hy, + Mighs (12)

For exergy analysis, potential exergy, kinetic exergy, and chemical exergy components have been ignored in
all processes.
The flow’s exergy is equal to the equation 1 [30]:

1
‘1’=<h—TOS+§V2+gZ)—(ho—T05+920) (13)

By ignoring the kinetic and potential exergy, the equation will be as follows [30]:
(14)
¥ =(h—hy)—To(s —So)

In which h and S are the enthalpy and entropy, and h, and s, are the thermodynamic specifications in the
reference mode (kJ/kgK). Since the condenser is in the ambient temperature, V is the fluid’s speed (m/s), g is the
gravity velocity (m/s?), and z is the reference height (m). The condenser’s temperature is considered to be equal to the
reference temperature (40 °C).

Usually, the irreversibility is defined as the difference between the reversible work and actual work. If we
want to write this definition in general terms and the form of the intensity equations, taking into account more than
one mass and more than one heat transfer, we will have [30]:

. . . Ty . . . (15)
Icvz(zmiqji_zmelpe)‘l' Z(l_F) chj_Vch
]

I, is the reversibility (kW), . and i, are the input and output mass discharges (kg/s), W, and W¥; are the
input and output flow exergies (kJ/kg), T; is the reference temperature (kW), chj is the heat exchange (kW), and W,
is the amount of work production of the control volume (kW).

The irreversibility rate for the compressor is as equation (16) [30]:
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IComp =m (¥ — V) + WComp (16)
W, and W, are the rates of energy before and after compressor (kJ/kg).

The irreversibility in the condenser, regarding cooling it by the ambient weather which is in the reference
temperature, is as follows [30]:

(17)

iCond + rhCond (1{11 - Lpz) = rhl - (LPZ - Lp3) + (1 - ) - Qcond

Tbond

W, is the exergy rate after condenser (kJ/kg).
The evaporator irreversibility, regarding the heat exchange in an environment other than reference
environment, is as follows [30]:

. . . . (18)
IEvap = MEgyap (¥ — Yo+ 1- ) — QEvap
Evap
Which is as follows for the evaporators 1, 2, and 3 [30]:
; . T. ) (19)
IEvapl =my (¥Yy— W) + 1- T—)QEvapl
Evap1l
. ) T. . (20)
IEvapZ = my ( lP7 - IPB) + (1 - T—)QEvapZ
Evap?2
21)

. . T. .
IEvap3 = 1y (VYo — Vi) + (11— T )QEvap3
Evap3

In the above equation, W, , ¥;, ¥;1, Ws, W5, W, are the input and output exergies of the evaporators 1, 2, and

3 (kJ/kg).
Since there is no heat exchange and work in the strangulation process, the energy loss is as follows [30]:

iExp = rhEXp ( lpi - lpe) (22)

Which is as follow for the strangulation valves 1, 2, 3, 4, and 5 [30]:

Igxpr = s ( W5 — W) (23)
iExpz = g (W5 — W) (24)
iExps = myy ( Wi — W) (25)
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iExp4 = M3 ( Wiz — l}’7) (26)

IExps = 1y, ( Wiz — Wio) 27)
Since like strangulation valve, there is no heat exchange and work in the divider, the exergy loss is as follows

[30]:
ISep = (Zml ¥ — X mg qJe) (28)

For dividers 6 and 7, the exergy loss is as follows [30]:

iSep,s = mePe + Moo + My Py — Mgy (29)

ISep,7 = I’i’l3L|J3 - ri’1124’12 - ri’1134,13 - ri’114-4,14- (30)

The total irreversibility (exergy loss) is as follows [30]:
Irota = Xi Li = IComp + ISep + IExp + IEvap + Icond (D)

The machine’s COP can be calculated as follows [30]:

COP = QEvapl + QFvapZ + QEvap3 (32)
WComp
The exergy efficiency or the efficiency of the second law of thermodynamic is as follows [30]:
Zi I'l (33)

Exergy efficiency = 1 — =
WComp

In the refrigeration cycle, the exergy input from the outside of the system is only the electrical energy of
compressor. Therefore, the cost of the exergy from outside of the system is the very cost of the electrical energy unit,
and the initial investment costs include the costs of the compressor, heat exchangers, expansion valves, strangulation
valve, electric motor, and the dividers. The costs of the dividers have been ignored. The product of the system is also
just the cooling capacity. The objective function for calculation of the cooling produced by the VRF system is as
follows [31-33]:

In the above equation, C, is the cooling costs ($/kWh), C; is the initial mounting costs ($/kWh), C, is
maintenance costs ($/kWh), and Cy is the cost of the electricity consumed ($/kWh). The advantage of this proposed
method is the calculation of the costs per each kilowatt of the produced electricity. Besides, by changing the parameters
and conditions, the final cost of the produced cooling can be calculate
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The cooling costs about the initial mounting costs can be calculated as follows [31-33]:

C = CI (35)
' 8760COPW,omp

In which C is initial mounting costs ($), and I is the initial costs profit.
The initial costs profit can be calculated as follows [31-33]:

i+t (36)
A+t -1

In the above equation, L is the equipment lifespan (Year), and i is the interest rate. The maintenance costs are
considered to be 4% of the initial mounting costs. The costs of electricity can be calculated as follows [31-33]:

_ Electricity cost (US$/ kWh) (37)
e COP

The electricity cost has been considered to be 0.071(US$/kWh) [31-33].
The initial costs of the compressor can be calculated as follows [34]:

Coomn = el ot Foin P2 2 e
Comp Comp™1 09 — nComp P1 P1 -P1

. . . P, . . .
In which, k; is the refrigerant costs per volumeV;, P—i is the compressor pressure ratio, and Ncomp is the

isentropic efficiency of the compressor. The compressor efficiency has been considered to be 70%. For calculation of
the acomp and k4, the following equations can be used [47]:

Gcomp = 1584, ki =514 (39)

The initial costs of the condenser can be calculated as follows [34]:

(40)
_ . Ncond
CCond = Qcond k2 my 1
— Ncond
Therefore, the acomp and ky coefficients for the condenser are as follows [34]:

Qeong = 29.58,  k, = 19.65 (41)

The agy, and k coefficients for the evaporator are as follows [34]:
Appa = 3329, ks =17.46 (42)

The strangulation valve costs are as follows [34]:
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Megxp K4 Cpxp = Apxp (43)
In which, k,is the cost per mass discharge of the refrigerant mg,, (kg/sec).
The coefficients agy, and K, for the strangulation valve are as follows [34]:
gy =29,  ky=5.14 (44)
The electric motor costs are as the equation 45 [34]:
NElec (45)

Celec = Qglec ks P 1— g

In the above equation, P is the electric motor power (kW), and nge. is the efficiency of the electric motor. kg
and age. are the costs per power unit, which can be calculated as follows [34]:

aEleC - 4‘84‘ k5 =24 (46)

GENETIC ALGORITHM

This algorithm is a random method, based on the genetics and natural evolution processes, for responding to
the complicated problems of optimization. It was first created by professor Holland, based on the random global search
inspired by natural structures. The most important points in each numerical algorithm are: 1- Generalizability, 2-
Convergence speed, and 3- Accuracy of the answer. In the genetic algorithm, the first item is desirable, however the
items 2 and 3 are contrary, and improvement of one of them leads to the drop in the other. The genetic algorithm is
initiated with a primary population, which is totally randomly chosen, and starts a global search. The population size
depends on the specifications of the problem. In this algorithm, the genetics terms are used as key definitions. Each
strand of the population is like a chromosome, and each binary section (bit) of each strand is like a gene. The strands
are the updated values of the design identifiers. From the evolution of the initial population, a new population is created
based on the following factors [35]:

1- Reproduction
2- Crossover
3- Mutation

In the reproduction phase, the best chromosomes of the previous iteration have higher chances for being in
the next iteration. In the crossover phase, some of the genes of the two select chromosomes replace each other. In the
mutation, a series of genes are randomly chosen and changed into other genes through the number associated with
mutation. One of the most important parameters in convergence speed and the algorithm precision is the mutation.
Without mutation, the convergence speed is high, however, the precision of the answer is low. On the other hand, if
the mutation is applied, the answer precision will be highly desirable, however, the number of repetitions for achieving
an answer will be high. The most important stage in genetic algorithm is determination of the objective function. This
function should be defined in a way to satisfy the optimization conditions of the problem. At the end of optimization
by this algorithm, a chromosome is selected as the best chromosome, which is the most desirable response to the
problem. Figure 2 shows the flowchart showing how the genetic algorithm works [35].
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Figure 2. Genetic algorithm flowchart
RESULTS AND DISCUSSION

The VRF cycle designing conditions are shown in table 1. The thermodynamic specifications of the three

fluids R11, R22, and R134a are shown in table 2. In tables 3 to 5, the thermodynamic specifications of different points
in the VRF cycle for the refrigerants R11, R22, and R134a are presented.

Table 1. The VRF cycle designing conditions

P2 2416(kPa)
P, 904.2 (kPa)
P, 797.8 (kPa)
P, 701.2 (kPa)
Th4 0.07662 (kg/s)
Th7 0.07717 (kg/s)
mm 0.07777 (kg/s)
Ncom %70

Table 2. The thermodynamic specifications of the three fluids R11, R22, and R134a

molar mass
Coolant kg T.(K) | P.(MPa) pCE)
(k mol)
R11 137.37 47.11 4.41 554
R22 86.47 369.29 4.99 523.8
R134a 102.03 374.15 4.06 511.9
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Table 4. The

P(kPa) T(K) | r(kgls) | h(J/kg) | s(J/kgK) | W (J/kg)
1 701.2 369.2 0.2316 | 437900 | 1683.4 35861
2 2416 460.6 0.2316 | 483920 | 17339 66819
3 2416 460.6 0.2316 | 252820 | 14342 26073
4 904.2 3775 | 0.07662 | 295880 | 1294.2 9869.8
5 904.2 377.5 | 0.07662 | 440390 1677 40260
6 701.2 3727 | 0.07662 | 440390 | 1690.1 26349
7 797.8 3717 | 0.07717 | 290020 | 1278.8 8608.8
8 797.8 3717 | 0.07717 | 437940 | 1676.8 37863
9 701.2 369.3 | 0.07717 [ 437940 1683.5 35869
10 701.2 365.8 | 0.07777 | 284260 1263.4 74445
1 701.2 365.8 | 0.07777 | 435420 1676.6 35392
12 2416 365.6 | 0.07662 | 284260 | 1259.8 8517.3
13 2416 371.5 | 0.07717 | 290020 | 1275.4 8618.8
14 2416 3775 | 0.07777 | 295880 1291 10812
thermodynamic specifications of different points in the VRF cycle for the refrigerants R22
P(kPa) T(K) | m(kgl/s) | h(J/kg) | s(J/kgK) | W (J/kg)
1 701.2 285.9 02316 | 410240 | 17403 53075
2 2416 374.2 0.2316 [ 460410 1792.5 87678
3 2416 374.2 0.2316 | 277290 | 12495 66435
4 904.2 2029 | 0.07662 | 223770 | 10829 62616
5 904.2 292.9 | 0.07662 | 411590 1724 59263
6 701.2 287.6 | 0.07662 | 411590 1745 53022
7 797.8 288.5 | 0.07717 | 218370 | 1064.6 62665
8 797.8 288.5 | 0.07717 | 410280 | 1729.7 56259
9 701.2 285.9 [ 0.07717 | 410280 | 1740.4 53074
10 701.2 284.1 | 0.07777 | 213050 | 1064.2 62803
11 701.2 284.1 | 0.07777 | 408880 | 1735.5 53138
12 2416 283.9 | 0.07662 | 213050 | 1041.4 64264
13 2416 288.4 | 0.07717 | 218370 1060 64023
14 2416 2928 | 0.07777 | 223770 | 1078.6 63883
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Table 5. The thermodynamic specifications of different points in the VRF cycle for the refrigerants R134a

P(kPa) T(K) | r(kgls) | h(J/kg) | s(J/kgK) | W (J/kg)
1 701.2 302.0 0.2316 | 415370 | 1722.7 43884
2 2416 369.6 0.2316 | 459370 | 17744 72472
3 2416 369.6 0.2316 | 314940 | 1363.1 50683
4 904.2 308.8 | 0.07662 | 250030 | 1170.3 43257
5 904.2 308.8 [ 0.07662 | 417510 | 17125 49056
6 701.2 304.1 | 0.07662 | 417510 1729.8 43918
7 797.8 3044 | 0.07717 | 243510 | 11493 42988
8 797.8 304.4 | 0.07717 | 415410 1714.1 46507
9 701.2 302.0 | 0.07717 | 415410 1722.9 43884
10 701.2 299.9 | 0.07777 | 237080 1128.3 42823
11 701.2 299.9 | 0.07777 | 413230 1715.6 43864
12 2416 299.9 | 0.07662 | 237080 | 1123.5 44238
13 2416 3044 | 0.07717 | 243510 | 1144.8 44323
14 2416 308.9 | 0.07777 | 250030 | 1166.1 44504

Figure 3 shows the VRF equipment’s COP for the three refrigerants R11, R22, and R134a. By changing the
refrigerant from R11 to R22 and R134a, the COP of the equipment is increased from 3.2 to 3.8, and 3.6, respectively.

4,5

3,9

3,5

2,5

COP

1,5

0,5

R11 R22 R134a
Figure 3. The VRF equipment’s COP for the three refrigerants R11, R22, and R134a
Figure 4 shows the efficiency of the second law of thermodynamics of VRF equipment for the three
refrigerants R11, R22, and R134a. It is clear from the figure that by changing the refrigerant from R11 to R22 and

R134a, the efficiency of the second law of thermodynamics for the VRF cycle is increased from 11% to 19.1% and
23.8%, respectively. Figure 5 sows the value of VRF cycle per refrigerants R11, R22, and R134a. By changing the
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refrigerant from R11 to R22 and R134a, the exergy loss is decreased. This change is more evident in changing the
refrigerant from R22 to R134a. Figure 6 shows the cost of the cooling produced by the VRF cycle per refrigerants R11,
R22, and R134a. By changing the refrigerant from R11 to R134a, the costs of the produced cooling is decreased.
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Figure 4. The efficiency of the second law of thermodynamics of VRF equipment for the three refrigerants R11,
R22, and R134a
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Figure 5. The exergy loss of the VRF cycle per the tree refrigerants R11, R22, and R134a
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Figure 6. The cost of the cooling produced by the VRF cycle per refrigerants R11, R22, and R134a

Figure 7 shows the exergy loss in different components of the VRF equipment for the refrigerant R11. The
lowest exergy loss belongs to the mixture6, and the strangulation valves 3, 4, and 5 after it. The highest exergy loss
belongs to the condenser, mixture 6, and evaporators 1, 2, and 3, respectively. Figure 8 shows the exergy loss in
different components of VRF equipment for the refrigerant R22. The highest exergy loss, like the R11, belongs to the
condenser. The lowest exergy loss also belongs to the mixture6. The exergy loss in different components of the VRF
equipment for R22 is lower than R11. Figure 9 shows the exergy loss in different components of the VRF equipment
for R134a. Like the previous refrigerant, the highest exergy loss belongs to the condenser, and the lowest loss belongs
to the Mixture6.
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Figure 7. The exergy loss in different components of the VRF equipment for the refrigerant R11
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Figure 8. The exergy loss in different components of the VRF equipment for the refrigerant R22
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Figure 9. The exergy loss in different components of the VRF equipment for the refrigerant R134a

The dual-purpose genetic algorithm is used for optimization of the system. Table 6 shows the specifications
of the dual-purpose genetic algorithm used in the current study.
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Table 6. The specifications of the genetic algorithm

Parameters Value
Population 100
Initial range [-10 5 10]
Time limits 0
Cross over fraction 0.6
Function tolerance 103
Constraint 104

The objective functions of the optimization are Cq (%) (the cost of produced cooling and n,, (efficiency of

the second law of thermodynamics). The variables considered for the optimization are as follows:

0.07<m;<0.1(kg/s) 2300<P,<2500(kPa)
0.07<m7<0.1(kg/s) 900<P;<1100(kPa
1 =0.23156(kg/s) 700<P;<800(kPa)

Figure 10 shows the Pareto graph of the VRF cycle for the refrigerant R11. By the change in cycle’s exergy

U—S$) to 0.205 (U—S$). The optimized values
kWh KkWh

of the variables are shown in table 7. Figure 11 shows the changes in the efficiency of the second law of
thermodynamics for the VRF cycle per mass discharge of evaporator 1, for the refrigerant R11. By the increase in
evaporator 1’s mass discharge from 0.07 to 0.1 (kg/s), the cycle’s exergy is decreased from 14.1 to 13.9%.

efficiency from 10 to 16, the cost of the cooling is decreased from 0.233 (
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-
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Figure 10. Pareto graph of VRF cycle for R11

Table 7. The optimal values of the VRF cycle variables for R11

hu(kg/s) 0.0712
hy(kg/s) 0.0989
P(kPa) 2813
P4(kPa) 916.9
P7(kPa) 722.5
Pio(kPa) 800
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Figure 11. The changes in efficiency of the second law of thermodynamics for the VRF cycle per mass discharge of
evaporator 1, for the refrigerant R11

Figure 12 shows the changes in COP of the system per condenser pressure for refrigerant R11. The COP
changes of the cycle is descending with the increase in condenser pressure. Figure 13 shows the changes in the
efficiency of the second law of thermodynamics for the VRF system per evaporator 1’s pressure. By the increase in
evaporator 1’s pressure from 900 (kPa) to 1100 (kPa), the efficiency of the second law of thermodynamics for the VRF
cycle is decreased from 16.4 to 15.6%. Therefore, it can be concluded that the changes in evaporator 1’s pressure have
no significant effects on the efficiency of the second law of thermodynamics for the VRF system.
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Figure 12. The changes in COP of the system per condenser pressure for refrigerant R11
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Figure 13. The changes in efficiency of the second law of thermodynamics for the VRF system per evaporator 1’s
pressure
Figure 14 shows the Pareto graph of the refrigerant R22 and VRF equipment. The trend of the changes is
similar to that of R11, i.e., by the increase in efficiency of the second law of thermodynamics, the cooling costs of the
VRF equipment are decreased. However, it should be noted that the values of the second law of thermodynamics and
cooling costs for the R22 refrigerant are different from those of R11. By the increase in efficiency of the second law

of thermodynamics from 13 to 29%, the cost of the cooling produced by the VRF is decreased from 0.0188 (:—V‘;i) to

0.0168 (%). Table 8 shows the optimal values VRF equipment variables for the refrigerant R22.
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Figure 14. Pareto graph of the refrigerant R22 and VRF equipment
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Table 8. The optimal values VRF equipment variables for the refrigerant R22

ru(kg/s) 0.072
hy(kg/s) 0.099
Py(kPa) 2307.3
P4(kPa) 926.84
P7(kPa) 717.06
P1o(kPa) 799.7

If the values of table 8 are compared with those of table 7, it can be concluded that the optimal values are
almost in the same range with no significant difference. Therefore, changing the refrigerant R11 to R22 has no
significant effects on the optimal values of the cycle. Figure 15 shows the changes in the efficiency of the second law
of thermodynamics for VRF equipment per mass discharge of the evaporator 1°s refrigerant, for R22. It can be seen in
the figure that by the increase in the mass discharge of evaporator 1 from 0.07 to 0.1kg/s, the efficiency of the second
law of thermodynamics is decreased from 29.2 to 28%. Through comparison of the above figure with figure 11, it can
be known that the trends of the changes in the efficiency of the second law of thermodynamics for the VRF equipment,

or mass discharge of evaporator 1, are similar for the refrigerants R11 and R22, i.e., for both refrigerants, the trend is
descending.
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Figure 15. The changes in the efficiency of the second law of thermodynamics for VRF equipment per mass
discharge of the evaporator 1’s refrigerant, for R22

Figure 16 shows the changes in COP per condenser pressure for the refrigerant R22. The trend of the changes
is similar to that of figure 12. Figure 17 shows the changes in the efficiency of the second law of thermodynamics for
refrigerant R22 per evaporator 1’s pressure. By changing the evaporator’s pressure from 900 (kPa) to 1100 (kPa), the
efficiency of the second law of thermodynamics is decreased from 29.7 to 25.9%. Figure 18 shows the costs of the
cooling produced by the VRF system per evaporator 1’s pressure, for refrigerant R22. The increase in pressure from

900 (kPa) to 1100 (kPa), leads to the increase in the cooling costs from 0.0169 (:755;1).1:0 0.0172 (:Tsi). Figure 19
shows the Pareto graph of R134a and VRF equipment. By the increase in efficiency of the second law of

thermodynamics from 18 to 34%, the cost of cooling is decreased from 0.0186 to 0.0166 (%). Table 9 shows the
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optimal values of the VRF cycle with R134a refrigerant. Comparing the table 9 with tables 7 and 8§, it can found out
that changing the refrigerant from R11 to R22 and R134a does not significantly affect the optimal values of the cycle.
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Figure 16. The changes in COP per condenser pressure for the refrigerant R22
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Figure 17. The changes in efficiency of the second law of thermodynamics for refrigerant R22 per evaporator 1’s
pressure
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Figure 18. The costs of the cooling produced by the VRF system per evaporator 1’s pressure, for refrigerant R22
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Figure 19. Pareto graph of R134a and VRF equipment
Table 9. The optimal values of the VRF cycle with R134a refrigerant

rha(kg/s) 0.072
my(kg/s) 0.1

P,(kPa) 23122
P4(kPa) 925.8
P-(kPa) 706.2
Plo(kPa) 799.7

Figure 20 shows the changes in the efficiency of the second law of thermodynamics for VRF cycle per
condenser pressure for R134a. By the change in condenser pressure from 2300 to 2500 (kPa), the exergy efficiency is
increased from 3.8 to 4.4%. It should be noted that the condenser pressure for the refrigerant R134a does not
significantly affect the efficiency of the second law of thermodynamic for VRF cycle. Figure 21 shows the effects of
the condenser pressure on the cost of cooling produced by VRF cycle, for the refrigerant R134a. By the increase in
condenser pressure, the cost of the cooling has an ascending trend.

34,5
34,4
34,3
34,2
34,1

34
33,9
33,8

33,7
2300 2350 2400 2450 2500
p2(kPa)

Exergy efficiency(%)

Figure 20. The changes in efficiency of the second law of thermodynamics for VRF cycle per condenser pressure for
R134a
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Figure 21. The effects of the condenser pressure on the cost of cooling produced by VRF cycle, for the refrigerant
R134a

CONCLUSION

The current study aimed at energy, exergy, and economic analysis of the VRF cycle. This VRF cycle has 3
evaporators, 2 mixers, 5 expansion valves, one compressor, and one condenser. The three refrigerants R11, R22, and
R134a were considered. The multi-purpose genetic algorithm was used for optimization of this system. The objective
functions were cooling costs and second law efficiency. The variables considered for the optimization were condenser
and evaporators 1, 2, and 3 pressure, mass discharge of the evaporators 1 and 2, and the mass discharge of the
condenser, respectively. The results of the current study are as follows:
-The highest COP and efficiency of second law of thermodynamics is for the R134a, and second and third to it are R22
and R11.
-The lowest exergy loss and cooling costs belonged is for the R134a, with R22 and R11 being second and third.
-The change in the refrigerant type does not significantly affect the optimal values obtained by the dual-purpose genetic
algorithm.
-The sensitivity analysis shows that by the increase in the mass discharge of refrigerant inside the evaporator, the
efficiency of the second law of thermodynamics of the VRF cycle for all the three refrigerants is reduced.

NOMENCLATURE:
A Coefficient
Us$
C (m) Cost
COP Coefficient of performance
g(s% Gravity
h(ll:—;) Enthalpy
I Interest rate
I(kw) Irrerorsibility
K Coefficient
L Equipment life
rh(% Mass flow rate
P(kW) Power of electric motor
Q(kW) Heat transfer rate
T(K) Temperature
V(%) Speed
W(kW) Power
z(m) Height
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Greek symbols
K]

(k—g Exergy
Subscripts
1,2,3,4,5,6,7,8,9,10,,11,12,13,14  Number in Figure (1)
Comp Compressor
Cond Condenser
Ccv Control volume
0 Standard condition
E Exit
Elec Electrical
Evap1,2,3 Evaporators 1,2, 3
Exp Expansion valve
E Exit
I Intel
I Initial
o Operation and maintenance
Q Cooling
Sep Separator
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