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Abstract: This work focused on a compound PV/T waste heat driven ejector-heat pump system for
simultaneous data centre cooling and waste heat recovery for district heating. The system uses PV/T
waste heat as the generator’s heat source, acting with the vapour generated in an evaporative con-
denser as the ejector drive force. Conventional and advanced exergy and advanced exergoeconomic
analyses are used to determine the cause and avoidable degree of the components” exergy destruc-
tion rate and cost rates. Regarding the conventional exergy analysis for the whole system, the com-
pressor represents the largest exergy destruction source of 26%. On the other hand, the generator
shows the lowest sources (2%). The advanced exergy analysis indicates that 59.4% of the whole
system thermodynamical inefficiencies can be avoided by further design optimisation. The com-
pressor has the highest contribution to the destruction in the avoidable exergy destruction rate
(21%), followed by the ejector (18%) and condenser (8%). Moreover, the advanced exergoeconomic
results prove that 51% of the system costs are unavoidable. In system components cost comparison,
the highest cost comes from the condenser, 30%. In the same context, the ejector has the lowest
exergoeconomic factor, and it should be getting more attention to reduce the irreversibility by de-
sign improving. On the contrary, the evaporator has the highest exergoeconomic factor (94%).
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1. Introduction

By 2050, the European Union’s target is to become climate neutral by increasing renew-
able energy dependence and improving energy efficiency by recovering waste heat [1,2].
Information and communications technology (ICT) represents an emerging sector because
its energy consumption value is 2.5% of European Union electricity consumption [3].

The Internet of Things (IoT) provides various services to its users, such as data man-
agement, storage, and usage. However, IoT often requires data centres, increasing power
demand between 15% and 20% [4]. Reducing energy consumption and costs in a data
centre is a challenging issue because the performance and lifetime of electronic compo-
nents are susceptible to indoor conditions. The data centre cooling system represents 40%
of the total consumption [5].
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Conventional heat pumps are considered a flexible option in data centres because
they can regulate the cooling capacity according to the load demand. Furthermore, they
can be combined with other promising green technologies.

Subsequent research and developments have resulted in the development of heat
pumps that efficiently use existing resources. One of these advancements is that they can
produce heating and cooling simultaneously [6], saving electricity compared to traditional
heat pumps [7]. Another benefit is they can run connected to photovoltaic-thermal (PV/T)
panels (so-called solar assisted heat pumps), so the consumption power is reduced because
they operate at higher evaporating temperatures. Meanwhile, the generated electric power
is used to operate the heat pump compressor [8]. Recently, heat pumps have been combined
to waste heat-driven ejectors, presenting a system performance enhancement [9].

Usually, the exergy analysis is combined with energy modelling and simulation tech-
niques. It allows identifying the sources of thermodynamics’ irreversibility in heat pumps
for optimising performance. Fu et al. [10] presented an energy and exergy assessment of
a solar-assisted R-134a heat pump system operated in three modes: heat-pipe, air-source
heat pumps and solar-assisted, presenting the latter with the highest average daily exergy
efficiencies, around 7.6%. Zhang et al. [11] concluded that a 735 W R-134a PV/T-loop heat-
pipe heat pump presents a 15% exergy efficiency with a 5.5 COP. Xu et al. [12] obtained
an R-152a modified system that presents an energy-saving with higher exergy perfor-
mance than a conventional ejection-compression refrigeration cycle. Chen et al. [13]
showed that the ejector represents the highest source of irreversibility for different ejector
cooling system arrangements, followed by the generator and evaporator.

Components of complex systems are affected reciprocally. Therefore, none of the
conventional exergy analyses can accurately estimate the sources of irreversibility or eval-
uate the performance enhancement potential. Meanwhile, knowledge of system compo-
nents’ interactions helps prevent misguiding in energy enhancement strategies [14]. A
powerful technique named ‘advanced exergy analysis’ [15] gives further understanding
in evaluating the magnitudes and sources of exergy destruction with the consequent ex-
ergy analysis accuracy improvement. In the advanced exergy method, the endoge-
nous/exogenous exergy destruction indicates the capability of determining the irreversi-
bility due to system component interactions. On the other hand, the unavoidable/avoida-
ble exergy destruction can evaluate the irreversibility to be reduced by design modifica-
tions and optimisation. This separation makes exergy contribute to the understanding and
manipulation for thermal system improvement [16].

Recently, researchers have started to apply advanced exergy methods to thermal sys-
tems, including heat pumps with different purposes. Morosuk et al. [17] concluded that
R-125, R-134a, R-22, R717, R-500, and R-407C have a comparable ratio of advanced exergy
destruction splitting in a simple vapour compression cycle, and the highest exergy de-
struction occurs in the condenser, followed by the compressor. Meanwhile, the evaporator
and the expansion valve have the highest avoidable and unavoidable endogenous exergy
destruction ratio, respectively. Erbay et al. [18] presented an advanced exergy analysis for
a ground-source heat pump for drying processes. The internal operating conditions have
inefficiencies on all components, except for the condenser and evaporator.

Other studies adopted the advanced exergy evaluation for ejector cooling systems and
compound ejector heat pump system. Chen et al. [19] indicated that 50% of total exergy
destruction arises from the ejector, while the generator causes 25%. Zhao et al. [20] studied
parallel and series compressor—ejector arrangements showing that the highest avoidable en-
dogenous exergy destruction ratio is reported to both compressor and ejector. Gullo [21]
applied advanced exergy analysis to transcritical R744 supermarket refrigeration systems
with three arrangements: parallel compression, parallel compression with two-phase ejec-
tors-overfed evaporators, and without two-phase ejectors. The ejector arrangement shows a
total irreversibilities reduction of 9.3% and 13.5% avoidable destruction.

A new method involving advanced exergy analysis with economic restrictions (exer-
goeconomic analysis) has recently been adopted to optimise system performance with an
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accuracy not possible by conventional approaches [14]. Sing h et al. [16] observed that
both expansion device and evaporator need optimisation for solar-assisted and conven-
tional heat pumps for drying purposes. Ambriz-Diaz et al. [22] considered a polygenera-
tion plant operated by a geothermal cascade arrangement. The results indicate that the
exergy destruction in the heat exchanger and in the ORC can be avoided by improving
these design variables. Hepbasli et al. [23] studied a pilot-scale air-source heat pump for
food drying. They concluded that the advanced exergoeconomic analysis gives a more
sensitive evaluation of inefficient components to system modification and efficiency im-
provement. On the other hand, cost-reducing for both heat recovery and condenser units
should be improved.

According to the state-of-art revision, none of the previous studies focused on the
advanced exergy and exergoeconomic analyses for advanced heat pumps, neither for
these systems combined with other technologies. This work presents an advanced exer-
goeconomic evaluation for a new arrangement of combined ejector-solar assisted heat
pump system to give a complete overview of the system’s potential. The new system ar-
rangement is applied to data centre cooling and district heating simultaneously. It com-
bines four promising technologies: a heat pump, ejector, PV/T panels, and waste heat re-
covery. The proposed system presents the novelty of employing PV/T waste heat with the
evaporative condenser as a full ejector driving force, avoiding a pump’s need. The surplus
PV/T generated electricity can be used to operate the heat pump, which is cooling a data
centre and injecting heat in a district heating network at the same time.

The current study’s objective is to perform conventional and advanced exergoeco-
nomic analyses for the investigated combined ejector-solar assisted heat pump system.
The exergetic destruction values and unitary exergoeconomic costs for each component
were determined and discussed. This will allow us to identify the magnitude and location
of the most relevant thermodynamic cost losses and provide critical insights to improve
the inefficient components to be more effective and reliable.

2. System Description

The system components layouts and pressure-enthalpy diagrams of the compound
PV/T waste heat-driven ejector-heat pump system are shown in Figure 1a,b, respectively.
The compound PV/T waste heat-driven ejector-heat pump system comprises a compres-
sor, condenser, flash tank, high-pressure expansion valves, evaporative-condenser, PV/T
waste heat exchanger-generator, ejector, low-pressure expansion valve, evaporator, as
well as three brine side fluid paths for PV/T-generator, evaporator, and condenser. The
refrigerant has the transformations as exposed in the following paragraphs.

Superheated refrigerant enters the compressor at the intermediate pressure (State 1),
and is compressed and delivered at condenser pressure. The high-pressure superheated
refrigerant enters the condenser. The condensation process occurs by rejecting heat to the
district heating system’s heat sink (State 3); in the next stage, the cold liquid—gas mixture
goes through the flash tank to undergo an adiabatic phase separation at the condenser
pressure. The refrigerant leaves the flash tank from the bottom as saturated liquid (State
5) (primary flow) and from the upper side as saturated vapour (State 4) (secondary flow).
Then, the high-pressure liquid refrigerant expands through the high-pressure expansion
valve in the next stage, resulting in a mixture of liquid and gas at lower pressure and
lower temperatures (State 5).

After that, the two streams of refrigerant pass through an evaporative-condenser,
which is used to condense the vapour stream from the flash tank separator (secondary
flow), exchanging heat with a low-temperature stream (primary flow) after the first throt-
tling process (Expansion Valve I). The primary stream leaves the evaporative condenser
in a mixture state at generator pressure (State 6). It then enters the generator, where it is
evaporated by exchanging heat from the cooling water of the PV/T waste heat recovery
coil. Furthermore, the bypass vapour stream'’s cooling effect could be utilised at the evap-
orative condenser and delivered as a liquid refrigerant to the second expansion valve (the
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secondary flow), expanding through the low-pressure expansion valve. From this, a mix-
ture exits at evaporator pressure (State 8'). It removes heat load from the data centre using
the evaporator cooling water. It is wholly evaporated in the final stage before returning to
the ejector suction nozzle (State 9) and exits superheated.

On the other hand, the refrigerant leaves the generator. After being superheated
(State 7) it is shunted to the ejector’s primary nozzle, representing the most considerable
refrigerant mass flow rate of the motive flow entering the nozzle and enhancing the pres-
sure lift effect. The primary stream expands through the nozzle and exits at low pressure.
It creates an evacuation force for the low-pressure vapour (secondary flow). The two
streams undergo a constant pressure mixing process (State M) and introduce normal
shock trains in the mixing section. Meanwhile, the pressure recovery process takes place
in the diffuser section of the ejector. The mixed stream enters the compressor (State 1),
where the cycle starts again.

The system is designed to cover three functions. First, the PV/T operating tempera-
ture is decreased, and the generated electric power is maximised. This waste heat is used
as the generator’s heat source, acting with the vapour generated in an evaporative con-
denser as the ejector drive force. The second function is to absorb the data centre’s waste
heat generated and maintain the indoor air conditions in the ASHRAE comfort zone. Fi-
nally, this heat is upgraded to the compressor’s functional temperature levels, specifically
for district heating.

The arrangement yields high system performance due to overall exergy destruction
optimisation by the ejector’s arrangement, allowing electricity saving by reducing the
compressor’s pressure ratio and its irreversibility. Combining an evaporative-condenser
leads to improving the system overall exergy destruction by removing the ejector’s pump
(absence of pump exergy destruction). Moreover, the condenser waste heat is used in the
auxiliary heat exchanger to compensate for the absence of solar intensity (overcast day
conditions).

(a) (b)

Figure 1. Proposed solar-driven ejector-compression system: (a) schematic, and (b) P-h diagram.
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3. Methodology
3.1. System Modelling

The flow chart indicating the methodology employed for calculating energetic per-
formances, conventional exergy, and advanced exergoeconomic analysis for the com-
pound ejector heat pump is shown in Figure 2. The real, ideal, and unavoidable cycles
conditions are established by selecting the parameters listed in Table 1. Then, the thermo-
dynamic system parameters are obtained using the energetic system model.

The energetic system model includes all the energy, exergy, economical, and ad-
vanced exergy and exergoeconomic equations required. Moreover, four sub-models are
employed, so the ejector, evaporative-condenser, PV/T, and heat exchangers area model
are connected to the primary model to complete the entire system evaluation. An iteration
loop’s ejector outlet’s pressure is evaluated with a relative convergence tolerance of 0.1%
in the ejector model. Moreover, in the evaporative-condenser heat exchange model, an
iteration loop is adopted with a relative convergence tolerance of 0.1%, while for the PV/T,
the relative convergence tolerance is 0.5%.

The system performance parameters for real, ideal, and unavoidable conditions
could be obtained to perform the advanced energy—exergy cycle performance evaluation
by knowing the system energy parameters like mass flow rate and the specific enthalpy,
specific entropy, and exergy destruction. What is more, endogenous/exogenous and
avoidable/unavoidable exergy destruction can be gained by further calculation.

Finally, by evaluating the components’ sizing in real and unavoidable conditions,
advanced exergoeconomic evaluations are adopted for all system components. The exer-
goeconomic analysis requires several thermodynamic and transport properties, which
still have not been included for recently commercialised refrigerants (such as R1234ze (E))
in the most used software (EES [24] and REFPROP [25]). However, these properties are
available for R134a, which is the most representative refrigerant for chillers. Therefore, R-
134a is selected as the heat pump working fluid. The Engineering Equation Solver (EES)
software [24] is used to model the proposed system and introduce all assumptions, bound-
ary conditions, and inputs.
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3.2. Boundary Conditions and Assumptions

The ambient air temperatures and hourly solar intensity are based on Valencia
(Spain) actual data [26] and considered input parameters. The evaporator’s temperature
difference and cooling load for the data centre cooling system are 5 °C and 90 kW, respec-
tively. The refrigerant quality at the condenser outlet (xs) is fixed at 0.3 to achieve rela-
tively high system performance and avoid the two-phase flow at the compressor inlet at
very low solar intensity. The refrigerant state leaving the flash tank is a saturated vapour
and liquid from the upper and bottom parts, respectively. Besides that, the saturated lig-
uid is delivered to the first and second expansion valve. Pressure drops and heat transfer
to the surrounding through the connection pipes and compressor are neglected. In the
advanced exergy analysis, hypered condition requires a match in cooling and heating ca-
pacity. Therefore, the water’s inlet and outlet temperatures at the evaporator and conden-
ser are kept at 12 °C-7 °C (ATew =5 °C) and 35 °C-55 °C (ATxw =20 °C), respectively.

The quantitative sensitivity study varies one parameter while keeping constant the
remaining. Therefore, the condensing and evaporator glide is varied from 4.5 to 9 °C and
3t0 7.5 °C, respectively. On the other hand, the compressor mechanical efficiency is varied
from 0.7 to 0.88 and finally, the ejector efficiencies (17p , Mpn, Tmx, Msn) g0 from 0.78 to 0.85.
Table 1 summarises parameters for real, ideal, and unavoidable cycle conditions. Table 2
summarises the main assumptions and boundary condition.

Tablel. Parameters for real, ideal, and unavoidable cycle conditions [9,20].

Components Parameters Real Ideal Unavoidable
Compressor i 78% 100% 95%
Condenser ATk 5°C 0°C 0.5°C

ATkw 20 °C 20 °C 20 °C
Generator ATc 5°C 0°C 0.5°C
Evaporative-Condenser ATec 3°C 0°C 0.3°C
Evaporator ATe 5°C 0°C 0.5°C
ATgw 5°C 5°C 5°C
Expansion Valve Isenthalpic  Isentropic Isenthalpic
Npn 85% 100% 94%
Bjector Nsn 84% 100% 92%
Mp 87% 100% 95%
ux 79% 100% 86%

Table 2. Assumptions and boundary conditions.

Parameters Assumed Value
Condensing temperature 60 °C
Evaporating temperature 2°C
Dok 28 mm
Dik 26.35 mm
Doe 20 mm
Die 18.35 mm
PV/T area 1.65 X1.3 X 350 m?
Data centre cooling load 90 kW
Compressor rotational speed 2900 rpm
Vbs 0.001936 m?
n 15 years

a 5040 h (Valencia, Spain)
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3.3. Model Equations

The advanced exergy analysis provides additional helpful information that cannot
be obtained through conventional energy—exergy analysis and economic analysis [27]. The
source of thermodynamic inefficiencies, irreversibility of the components, system cost,
and exergoeconomic analysis are calculated. It identifies the most present cost-effective
ways to improve the system performance.

3.3.1. Energetic Model

The compressor power consumption can be obtained using Equation (1).

. n.o
W, = Uem mr(hc,out - hc,in) (1)

is
The delivered refrigerant’s mass flow rate is evaluated by Equation (2).
_n,Vpsrpm ()
" v
The compressor volumetric efficiency and isentropic efficiency are calculated as fol-
lows [28,29], Equations (3) and (4).

n, =09 — 0.035 2% 9
s
_ Pa Pa\?
nis = 0.976695 — 00366432 22 + 0.0013378 (22 @

N S

From multiplying the refrigerant specific enthalpy difference across the condenser by the
refrigerant mass flow rate, the condenser heating capacity can be calculated, Equation (5).

Qk = mr(hk,out - hk,in) (5)
The evaporative-condenser effectiveness can be obtained as indicated in Equation (6).

hin,h - hout,h

(6)

ek hin,h - hin,l
The ejector is a crucial component in the compound ejector compression cycle; hence,
the ejector performance prediction model’s accuracy severely affects the overall system
performance. Up to this day, the constant pressure model was widely accepted [29-31].
Therefore, this model is adopted in thermodynamic performance evaluation.
In the ejector analysis, the most critical factor is the entrainment ratio, which can be
calculated employing Equation (7).

_Ms )
At
The primary nozzle refrigerant exit velocity can be obtained using Equation (8) based

on the energy conservation law.

8
Wpn = \/Z(h(pn)i - h(pn)ea) ®

Similarly, the secondary nozzle refrigerant exit velocity can be obtained following
Equation (9).

Wspn = \/Z(h(sn)i - h(sn)ea) (9)

By applying momentum and energy conservation equations on the mixing section,
refrigerant conditions at the nozzle mixing section can be obtained by Equation (10) and
Equation (11), respectively.
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Wy = \/ﬂ (a)sn (1MT/1) + wpn (ﬁ)) (10)
1

2 2
_ Wpn U Wsn Wm
im = m(h(vn>ea +T> +m(h<sn>ea +T) 2 h
The ejector outlet enthalpy can be obtained from Equation (12).

haea = hiyp +—— 12)

2

Finally, the nozzle and diffuser efficiency can be calculated through Equation (13)
and Equation (14), respectively.

h’l - hea
nns hl _ hes (13)
hd es hm
=5 T 14
a hd,ea - hm ( )

The system energy efficiency ratio (EER) and coefficient of performance (COP) re-
sults from Equation (15) and Equation (16), respectively.

Q.

EER = W (15)
_ Qk

COP = " (16)

c

3.3.2. Conventional Exergy Model

In the conventional exergy analysis, the concept of “fuel exergy-product exergy” is
used. It is noted that the fuel exergy is the exergy expended on a component (such as
compressor work exergy in heat pump compressor). Besides that, the product exergy in-
dicates the system’s required exergy (such as heat supply exergy by the condenser in the
heat pump). A control volume is adopted without accounting for the PV/T panels and
data centre room. Ambient temperature and pressure are taken as dead state conditions.
The general exergy balance equation applied to the term “fuel exergy-product exergy and
exergy destruction” can be expressed as indicated in Equations (17) and (18) [32].

EXp = EX; — EX,) (17)

EX = 1iu(h — hy — To(s — 55)) (18)

The detailed definition equations of the fuel exergy, product exergy, and the exergy
destruction rate for each component are listed in Table 3. The system’s total exergy de-
struction is the summation of all components, Equation (19).

EXp, = EXp o+ EXpy+ EXpow + EXp g + EXpoj + EXp oy + EXp (19)
The exergy efficiency is presented in Equation (20).
EXp;

=1—-— 20
Nir EXf (20)
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Table 3. Definition of fuel, production, and exergy destruction rates of the system components
[32].

Component Exergy of Fuel  Exergy of Product Exergy Destruction
Compressor EXpc =W, EXpc = EX, — EX; EXpc=EXpc— EXpc
Condenser EXF,K = EX2 - EX3 EXP,K = EX12 - EX13 EXD,K = EXF,K - EXP,K
Expansion valve I EXp o1 = EXs EXpex1 = EXs, _ g.;i;m  EXpon
Evaporative-Condenser _~ 7¢¢ . EXpoe = EXs, — EXg EXpoc = EXpoc — EXp oc

= EX, — EXq ' ’ ' '
Generator EXrg EXp; = EXg — EX; EXpg=EXpq — EX
= EX,, — EXyo PG 6 7 DG F,G PG
‘ EXrej EXpe; = EX, —EX, EXpc=EX EX
Ejector — EX, — EX, Fej = L&A1 — EA; Dc = EAFej — LApej

EXD,exZ

Expansion valve I EXp exz = EXg EXpexs = EXg, _ By EX
— Fex2 — P,ex2

3.3.3. Economic Model

A detailed economic analysis based on the construction-maintenance cost and annual
operating cost is adopted in this section. The levelisation cost method is utilised to convert
the annual variable costs to equivalent constant expenses. The plant cost rate (Z.) param-
eter can be evaluated using Equation (21) [33,34].

Zep = ZR(ZCM + Zop) (21)

The construction and maintenance cost rate (Zcw) is calculated as shown in Equation (22).
IR(1 + IR)™\ Zy
o= (L)
1+IR) -1/ a

Moreover, the capital construction cost functions of each component (Z) are listed in

Table 4.
The equation for the operational cost rate is provided in Equation (23).

ZOP = ZCM P (23)

(22)

Table 4. Cost functions of various equipment [35,36].

System Component Capital Cost Function
Compressor Z. =9624.2 WCO'46
Heat Exchanger Zyx = 1397498
Expansion valve Zexp = 114.5m,
0.05

. . — Tg

Ejector Zo; = 750 1y, pge~*7° (P_>
g

The models mentioned in Duffie et al. [37], Al-Sayyab et al. [38], Bahaidarah et al.
[39], and Tiwari et al. [40] are used to evaluate the effect of hourly variations of solar in-
tensity and ambient temperatures on PV/T performance. Besides, the models mentioned
in Lee [41], Thulukkanam [42], and Khosravi et al. [43] are used to predict the heat transfer
coefficient’s overall heat exchangers area’s evaluation.

3.3.4. Conventional Exergoeconomic Model

The exergoeconomic analysis is a combination of exergy principles with economic
concepts. Exergoeconomic analysis represents a powerful tool capable of estimating each
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exergy stream’s cost in each component by considering both capital investment costs and
operation-maintenance costs [44].

By the exergoeconomic aspects, the cost balance equation is written as Equation (24)
indicates [44].

Cr+ Zer =Cp (24)

The equation of cost rate balance for each system component is listed in Table 5.
The cost rate of exergy destruction can be expressed by following Equation (25).

Cy = c; EXp (25)
Finally, the total cost is calculated through Equation (26).

Zy = Cp+ Zcg (26)
The exergoeconomic factor is the ratio of the component to total component cost, tak-

ing into account the exergy destruction cost [43], Equation (27).

_Zer
f=F 27)

Table 5. Exergy cost equations for different components.

System Component Equation of Cost Auxiliary Equation

Compressor Ze+C+Cp=0C2 -

Condenser Zi+ Cip + C, = Ci3 + Cy C3 = Cp, C13 = Cqg
Expansion valve I Zoxpr + Cs = Cs, —

Evaporative -Condenser Zgc+Ci+ Cs, = Co + Cy Cs = Cg

Generator Zg+Co+ Crya=C,+ Cys Ce = C7, Ci4 = Ci5
Ejector Zej +Cy+Co=Ca —

Expansion valve II Zexpl[ + Cg = Cg, —

Evaporator Zo+ Ci1+ Cg = Co + Cyy Cg) = Co, C11 = Cqg

3.3.5. Advanced Exergy Analysis

The conventional exergetic analysis does not indicate the reasons that caused exergy
destruction. A recently developed technique, ‘advanced exergetic analysis’, can evaluate
the system components” mutual interdependencies, providing helpful information for im-
proving the system components [14].

The exergy destruction in the system components splits into two approaches, endog-
enous/exogenous or unavoidable/avoidable parts.

The exogenous/endogenous exergy splitting can be adopted by using the hypered
cycle to the kth component. The specific component undergoes the consideration func-
tions with its actual conditions; meanwhile, the rest of the components work in ideal con-
ditions [19], Figure 3 shows the adopted system under the three operating conditions
(Ideal, Real, and unavoidable). It allows evaluating the influence of the rest components
on the exergy destruction of a specific component. The component exergy destruction de-
pends not only on the irreversibility of a specific component, but also on the interconnec-
tions among the rest of the components [45]. The exogenous/endogenous exergy splitting
can be written as shown in Equation (28).

Expy = ExEX + ExE). (28)
ExEY. represents the internal thermal inefficiencies that can be diminished through

optimisation of the performance of the specific component, while Ex£% indicates that for
the other components.
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Unavoidable exergy evaluation can be adopted using an unavoidable cycle that op-
erates under best-operating conditions with zero irreversibility or minimum exergy de-
struction as possible (unavoidable conditions), as shown in Figure 3¢, which can be ex-
pressed as indicated in Equation (29).

Expy = Exp) + Expy (29)

The value of the unavoidable exergy destruction with the kth component follows
Equation (30).

E;x UN
Exyy = (E.XD"‘> Exp (30)
P,k

10
9(12 °C)

o

wY
wY
73 4

(b) ()

Figure 3. T-s diagram of the investigated system under different conditions: (a) ideal, (b) real, and (c) unavoidable.

The unavoidable exergy destruction (Exj¥) represents the part of the irreversibility
that cannot be reduced due to the component’s economic, technological and manufactur-
ing limitations. On the contrary, the avoidable exergy destruction (ExjY%) is a recoverable
part of the irreversibility that design modifications and optimisation can reduce.

Four categories for the exergy destruction of the kth components were considered
unavoidable-endogenous, unavoidable-exogenous, avoidable-endogenous, and avoida-
ble-exogenous components. The way of component exergy splitting connection is shown
in Figure 4 and Equation (31) [19].

Expy. = ExUNEX 4 FxUNEN 4 ExVEX 4. FxfVEN (31)

Figure 4. Exergy destruction splitting within a component for advanced exergy analysis.
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The value of the unavoidable-exogenous, unavoidable-endogenous, avoidable-exog-
enous, and avoidable-endogenous exergy destruction for the kth component is calculated
as indicated in Equations (32)—(35) [19].

; UN
Exgyen = (2Xk) ey (32)
Exp
ExNEX = Fxl — FxYNEN (33)
Exg",/(EX = Exg ExUNEX (34)
ExfYEN = ExEN — ExgEn (35)

3.3.6. Advanced Exergoeconomic Analysis

The advanced exergoeconomic analysis splits components of investment and exergy
destruction costs into two unavoidable/avoidable and exogenous/endogenous parts; the
combinations of component exergy cost splitting with the component cost are shown in
Figure 5 [14].

The costs of the endogenous part of the exergy destruction and investment related to
each component are expressed as indicated in Equations (36) and (37) [46].

CEN = ¢f ExEV (36)
Z- real
28N = E'xggg( Zi ) 37)
Xp,k
In the same way, the cost of the exogenous part is presented in Equations (38) and (39).
CEX = cf ExEX (38)
2K = 2, — 25 39)

According to [46], the costs of the unavoidable part of the exergy destruction and in-
vestment related to each component that cannot be reduced due to the component’s eco-
nomic and manufacturing methods limitations can be calculated by Equations (40) and (41).

CEN = c; ExpV (40)
N
Z
ZN = Expk<E - ) (41)
Xpk

Likewise, the costs of the recoverable part are expressed as follows by Equations (42)
and (43).

CLV = cf ExpV (42)

240 =2, - 29" )
The costs of the unavoidable-endogenous part of the exergy destruction and invest-

ment related to each component (cannot be reduced due to the component’s economic
and manufacturing methods limitations) can be obtained by Equations (44) and (45).

— C ExUNEN (44)

5UNEN EN Z k "
ZUNEN — gy (45)
' Xp k

~UNEN
Cp
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Besides, the costs of the unavoidable-exogenous part of the exergy destruction and
investment related to each component (can be reduced by improving the performance of
the rest component) can be calculated by Equations (46) and (47).

CVEX = ¢, ExgVEX (46)

ZILCINEX =le<]N _ Z',lclNEN (47)

Similarly, the costs of the avoidable-endogenous part of the exergy destruction and
investment related to each component (can be reduced by improving the performance of
the investigated component) are expressed by Equations (48) and (49).

CAVEN = ¢, ExfVPn (48)

Z'}?VEN — ZIEN _ Z.IECINEN (49)

In the same way, the costs of the avoidable-exogenous part of the exergy destruction
and investment related to each component (can be reduced by improving the performance
of the rest component) are computed by Equations (50) and (51).

CAVEX = ¢; ExfV™ (50)

Z'}?VEX — ZEX _Z'II(JNEX (51)

Figure 5. Advanced exergoeconomic analysis splitting.

4. Results and Discussion
4.1. Conventional Exergoeconomic Analysis

This section analyses the system exergy performance with fixed condensing and
evaporating temperatures, and solar intensity, Figure 6a. It states that the compressor rep-
resents the largest source of exergy destruction of the whole system’s exergy destruction
condenser and then ejector. On the other hand, the generator presents the lowest exergy
destruction source.

Figure 6b quantifies in detail the percentage of exergy destruction, compressor, 26%,
followed by the condenser, 24%, and ejector exergy destruction represents 18% of the total
system exergy destruction, which should be further investigated for accounting the source
of irreversibility to improve in future designs. Meanwhile, both the second expansion
valve and generator comprise the lowest exergy destruction percentage, 3% and 2%, re-
spectively.
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m Compressor Condenser

= Expansion Valve | Evaporative Condenser
= Generator m Ejector

u Expansion Valve Il = Evaporator

(a) (b)

Figure 6. Exergy destruction (a) for system component and (b) component percentage exergy destruction.

Then, the highest investment cost was for the condenser, followed by the generator,
the evaporator, the compressor, and the evaporative condenser. According to the invest-
ment costs, the second expansion valve and the ejector have the lost system components
cost, Table 6.

On the other side, the compressor represents the highest cost of exergy destructions,
followed by the ejector and condenser, whilst the second expansion valve had the lowest
destruction costs in the system. The conventional exergoeconomic analysis showed that
the second expansion valve and the generator were not significant system components
concerning lowering the costs. In contrast, the compressor, the ejector, and the condenser
were essential components.

Table 6. Results of conventional exergoeconomic analysis.

Components Co[$ h] Zx[$ h] Zom[$ h] ZcL[$ h]
Compressor 18.448 4.340 2.230 2.110
Condenser 5.034 20.950 10.780 10.170
Evaporative-Condenser 3.455 1.100 0.570 0.530
Expansion Valve I 0.991 0.009 0.005 0.005
Generator 0.412 13.920 7.160 6.760
Ejector 6.969 0.001 0 0
Expansion Valve II 0.261 0.004 0.002 0.002
Evaporator 0.649 9.77 5.03 4.74
Total 36.22 50.12 25.79 24.33

4.2. Advanced Exergy Analysis

The advanced exergy analysis results are summarised in Table 7. As a result of the
endogenous exergy destruction evaluation, the condenser has the more significant exergy
destruction (9.407 kW, 22% of the total) followed by evaporative-condenser (6.685 kW,
15%), and compressor (1.943 kW, 4%), meanwhile the second expansion valve represent
the lowest endogenous exergy destruction of (0.4435 kW, 1%). Besides, the exogenous ex-
ergy destruction evaluation result shows that the compressor represents the highest
source of exergy destruction (9.218 kW, 21% of total system exergy destruction). In com-
parison, the evaporator represents the lowest (0.0334 kW, 0.08%). Meanwhile, the total
system endogenous exergy destruction and exogenous exergy destruction represent 53%
and 47% of the total system exergy destruction, respectively. This indicates that these com-
ponents” exergy destruction is mainly due to their irreversible losses rather than the rest



Energies 2021, 14, 3511

16 of 27

of the components associated with them. Therefore, priority should be given to improve
each component when system optimisation is carried out. This also implies that the influ-
ence of the interactions between components is not very strong.

On the other hand, from the avoidable-unavoidable exergy destruction evaluation,
the compressor represents the highest source of irreversibility, 21% of the whole system
thermodynamic inefficiencies that can be avoided by further design, followed by ejector
and condenser, 17% and 8%, respectively.

Finally, by combining the two splitting approaches, the results of this combination
show that the avoidable exogenous part represents the highest exergy destruction, 37% of
the total system exergy destruction, Figure 7. Hence, the compressor represents the highest
source of avoidable exogenous destruction (9.176 kW, 21% of the total system exergy de-
struction), followed by the ejector (6.013 kW, 14%). Meanwhile, the unavoidable endoge-
nous part represents the second-highest exergy destruction, 33% of total system exergy de-
struction (Figure 7). Hence, the condenser represents the highest source of the unavoidable
endogenous part (6.3 kW, 14% of total system exergy destruction). On the other hand, the
evaporator represents the lowest source of unavoidable exergy destruction. Figure 8 shows
the exergy flow for the proposed system; the compressor, condenser, and ejector represent
the highest avoidable exergy destruction parts for the whole system. It should give more
attention by improving these components; the exergy destruction in these components can
effectively decrease, leading to increased overall system COP and exergy efficiency.

Table 7. Advanced exergy analysis of the main system components.

EXo EXEN EXEX EXUN  ExAV EXUNEN EXUNEX  pyxAVEN  pyAVEX
Components D b b D b b b b
kW]l [kW] [kW] [kW] [kW] [kW] [kW] [kW] [kW]
Compressor 1116 194  9.22 9.19 1.97 1.93 0.04 0.02 9.18
26% 4% 21% 21% 5% 4% 0% 0% 21%
Condenser 1044 941 1.03 3.40 7.04 6.29 0.75 3.12 0.28
24%  22% 2% 8% 16% 14% 2% 7% 1%
Evap-Condenser 7.07 6.69 0.38 1.76 5.31 5.15 0.16 1.54 0.22
16%  15% 1% 4% 12% 12% 0% 4% 1%
Generator 0.84 044 040 0.49 0.36 0.06 0.30 0.38 0.10
2% 1% 1% 1% 1% 0% 1% 1% 0%
. 7.65 1.54 6.10 7.55 0.10 0.01 0.09 153 6.01
Ejector
18% 4% 14% 17% 0% 0% 0% 4% 14%
Exp. Valve I 3.25 124 201 1.29 1.96 0.03 1.93 1.21 0.08
7% 3% 5% 3% 5% 0% 4% 3% 0%
Exp. Valve Il 1.70 0.44 1.25 1.42 0.28 0.41 1.00 0.03 0.25
4% 1% 3% 3% 1% 1% 2% 0% 1%
Evaporator 1.54 1.50 0.03 0.85 0.69 0.69 0.00 0.81 0.03
4% 3% 0% 2% 2% 2% 0% 2% 0%
Total Exergy 43.64 2321 2043 1770 2593 14.56 4.28 8.65 16.15
100%  53%  47%  40.6% 59.4% 33% 10% 20% 37%
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Figure 8. Sankey diagram of exergy flow.
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B Compressor —®— Condenser

4.3. Sensitivity Analysis

To better understand the components” internal condition influences on exergy de-
struction, a sensitive analysis study is adopted by varying each component’s operating
characteristic, setting the others. This section focuses on system avoidable exergy destruc-
tion sources because it represents a potential for improvement. According to the above
previous exergy analysis, all compressors, condensers, and ejectors possess the highest
performance improvement priority (represent the highest source of avoidable exergy de-
struction Figure 8). So that the study focused on these components only, the rest of the
components were excluded.

Figure 9 illustrates the effect of compressor efficiency variation on the exogenous ex-
ergy destruction of system components. The compressor exogenous exergy destruction
shows a remarkable reduction with compressor efficiency increasing. Besides, none of the
other components show any influences with compressor efficiency variation, just a slight
reduction with condenser due to the corresponding decrease in the condenser inlet tem-
perature (Figure 9c).

Figure 9b evidence that the compressor avoidable exogenous exergy destruction is
inversely proportional to the compressor efficiency. Meanwhile, the compressor total and
system exergy destruction decrease with a compressor efficiency increase; this enhances
compressor consumption power (Figure 9c¢) to system exergy efficiency and COP (Figure
9d), owing to compressor irreversibility and system reduction.
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Figure 9. Compressor efficiency variation influence: (a) components exergy exogenous part, (b) compressor exergy de-
struction parts, (c¢) consumption power, and (d) system COP-exergy efficiency.
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W Compressor —@®

Condenser

Figure 10 shows the effect of condenser glide temperature variation on system com-
ponents exogenous exergy destruction. The condenser exogenous exergy destruction in-
creases with higher glide temperature due to condenser temperature augmentation.
Meanwhile, the other components are slightly increased with glide temperature variation.
At constant inlet and outlet conditions of condenser cooling water, this causes the heat
transfer between the condenser and its condensing medium to decrease and increase the
cycle’s irreversibility.

Figure 10b shows the influence of condenser glide temperature variations on the con-
denser exergy destruction. The avoidable exogenous part of condenser exergy destruction
is directly proportional with condenser glide temperature increasing; meanwhile, none of
the other parts is influenced. Additionally, condenser glide temperature increase has the
worst effect on compressor power (Figure 10c), system exergy efficiency and system COP.
As a result, the overall system exergy destruction increases at a higher condenser glide
temperature (Figure 10d).
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Figure 10. Condenser glide temperature variation influence: (a) components exergy exogenous part, (b) ejector exergy
destruction parts, (c) refrigerant mass flow rate, and (d) system COP-exergy.

Finally, Figure 11a illustrates the influence of ejector efficiency variation on system
components exogenous exergy destruction. The ejector efficiency increasing diminishes
the ejector exogenous exergy destruction. Meanwhile, the rest of the components have a
negligible variation. The ejector has varied irreversibility sources, such as the nozzles flow
friction irreversibility, two streams mixing irreversibility (primary and secondary flow),
and compression shock waves irreversibility [47].
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On the other hand, Figure 11b shows the influences of ejector efficiency variations on
the ejector exergy destruction. The avoidable exogenous part of ejector exergy destruction
decreases with ejector efficiency increasing; meanwhile, it shows a lower influence on the
rest of the ejector exergy destruction. An ejector efficiency increase enhances condenser
heat capacity due to a higher refrigerant mass flow rate (Figure 11c). Meanwhile, despite
the overall exergy destruction increase, both the system exergy efficiency and COP are
less enhanced, increasing ejector efficiency. The overall system exergy developed increas-
ing; the factor takes a dominant role Figure 11d, attributed to overall system mass flow

rate increases.
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Figure 11. Ejector efficiency variation influence: (a) components exergy exogenous part, (b) ejector exergy destruction
parts, (c) refrigerant mass flow rate, and (d) system COP-exergy efficiency.

4.4. Advanced Exergoeconomic Analysis

From the advanced exogenous analysis, Table 8, a significant proportion of investment
destruction costs in the system are detected as exogenous (71%). Meanwhile, the avoidable
destruction cost represents 62% of the overall destruction costs and avoidable-exogenous

cost, 58%. In contrast, unavoidable-exogenous destruction cost was relatively low.

The highest exergy destruction costs are accumulated in the compressor, 41.9% of the
total exergy destruction in avoidable exogenous. The generator follows it. A substantial
proportion of the exergy destruction cost is avoidable-exogenous, 15.1% of the overall sys-
tem investment costs (approximately 79% of the generator exergy destruction cost, Figure
12). The third significant exergy destruction cost is accumulated in a condenser. Still, in
this case, it is unavoidable-endogenous, 8.4% of the overall system investment costs (ap-
proximately 60% of the condenser exergy destruction cost, Figure 12). The two parts of
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avoidable exergy cost (AVEN and AVEX) components are 3.9% and 0.2% of overall system
investment costs. Consequently, the second expansion valve exergy destruction costs rep-
resent a narrow share of the destruction costs (0.7%). Therefore, improvements concen-
trated on the second expansion valve destructions would have limited importance and
investment costs.

Table 8. Exergy destruction cost rate of each system component.

N N N I S S
[$ h-1] [$ h1] [$ h1] [$ h1] [$ h1] [$ h1] [$ h1] [$ h1] [$ h1]

Compressor 18.45 3.25 15.20 3.21 15.24 3.18 0.07 0.03 15.17
50.9% 9.0% 42.0% 8.9% 42.1% 8.8% 0.2% 0.1% 41.9%

Condenser 5.03 3.39 1.64 4.54 0.50 3.03 0.36 1.50 0.13
13.9% 9.4% 4.5% 12.5% 1.4% 8.4% 1.0% 4.2% 0.4%

Evap-Condenser 3.45 2.60 0.86 3.27 0.19 2.52 0.08 0.75 0.11
9.5% 7.2% 2.4% 9.0% 0.5% 6.9% 0.2% 2.1% 0.3%

Expansion Valve I 0.41 0.17 0.24 0.22 0.20 0.03 0.15 0.19 0.05
1.1% 0.5% 0.7% 0.6% 0.5% 0.1% 0.4% 0.5% 0.1%

Cenerator 6.97 0.09 6.88 1.41 5.56 0.01 0.08 1.40 5.48
19.2% 0.3% 19.0% 3.9% 15.4% 0% 0.2% 3.9% 15.1%

Ejector 0.99 0.60 0.39 0.38 0.61 0.01 0.59 0.37 0.02
2.7% 1.7% 1.1% 1.0% 1.7% 0.0% 1.6% 1.0% 0.1%

Expansion Valve IT 0.26 0.04 0.22 0.07 0.19 0.06 0.15 0 0.04
0.7% 0.1% 0.6% 0.2% 0.5% 0.2% 0.4% 0% 0.1%

Evaporator 0.65 0.29 0.36 0.63 0.01 0.29 0.00 0.34 0.01
1.8% 0.8% 1.0% 1.8% 0% 0.8% 0% 0.9% 0%

Total 36.22 10.44 25.78 13.72 22.50 9.13 1.48 4.59 21.01
100% 29% 71% 38% 62% 25% 4% 13% 58%
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Figure 12. Breakdown of percentage advanced exergy destruction cost rate of the main components.
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From Table 9, 51% of the system costs are unavoidable; meanwhile, 29% is avoidable
exogenous and 20% is avoidable endogenous. In system components cost comparison, the
highest cost comes from the condenser (30%), followed by the compressor (26.4%) and gen-
erator (24%), and both expansion valve represents the lowest components cost (below 1%).

From Figure 13, 68% of compressor cost is avoidable, and according to Table 9, the
compressor has an exergoeconomic factor (f) of 19%. It indicates that the exergy destruc-
tion cost has a marked influence on total compressor cost; therefore, it should improve the
compressor performance. For the generator, 43% of the investigated cost is avoidable with
an exergoeconomic factor of 67%; this indicates that the construction cost significantly in-
fluences total generator cost. The same conclusion as the compressor can be drafted.

In the same context, the ejector has the lowest exergoeconomic factor (0.1%), and it
should be getting more attention to reduce the irreversibility by design improvement. On
the contrary, the evaporator has the highest exergoeconomic factor (94%), giving more
about evaporator construction for improving.

On the other hand, approximately half of the total investment costs (49%) were avoid-
able, and 29% of the system exergy destruction is exogenous avoidable, larger than en-
dogenous avoidable exergy destruction. It indicates that the interaction between compo-
nents is strong, and the exergy destruction of these components are mainly due to irre-
versible losses of components associated with them.

Table 9. Investment cost rate of the system components.

Components Zr ZEN 7EX ZUN ZAv ZUNEN ZUNEX ZAVEN ZAVEX f
[$h?] [$h?] [$h?'] [$h'] [$h?'] [$h] [$ h] [$ h] [$ h]
Compressor 22.79 7.02 15.78 7.27 15.52 6.91 0.15 0.33 15.41 19%
264% 81% 183% 84% 18.0% 8.0% 0.2% 0.4% 17.9%
Condenser 2598  20.76 5.23 21.47 451 17.02 2.59 5.59 0.78 81%
30% 24% 6% 25% 5% 20% 3% 6% 1%
Evap- Condenser 4.56 4.26 0.29 3.05 1.51 2.93 0.66 0.80 0.17 24%
53% 49% 03% 35% 1.7% 3.4% 0.8% 0.9% 0.2%
Expansion Valve I 0.42 0.22 0.20 0.18 0.24 0.03 0.15 0.19 0.05 2%
05% 03% 02% 02% 0.3% 0.0% 0.2% 0.2% 0.1%
Generator 20.89 11.86 9.03 1.18 19.71 0.97 9.57 1.53 8.82 67%
24% 14% 10% 1% 23% 1% 11% 2% 10%
Bjector 0.99 0.38 0.61 0.60 0.39 0.01 0.59 0.37 0.02 0.1%
1.1% 04% 07% 07%  05% 0.0% 0.7% 0.4% 0.0%
Expansion Valve II 0.27 0.07 0.19 0.04 0.22 0.07 0.16 0.01 0.04 2%
03% 01% 02% 01% 03% 0.1% 0.2% 0.0% 0.0%
Evaporator 10.42 247 7.95 10.06 0.36 2.12 0.00 8.28 0.01 94%
121% 29%  92% 11.7%  04% 2.5% 0.0% 9.6% 0.0%
Total 8631 47.04 3928 43.86 4246 30.05 13.87 17.07 25.31
100%  54% 46% 51% 49% 35% 16% 20% 29%
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Figure 13. Percentage of components cost rate.

5. Conclusions

Conventional and advanced exergoeconomic analyses are performed to compound

the ejector-heat pump for simultaneous data centre cooling and district heating. The con-
clusions obtained from the current study are summarised as follows.

The compressor represents the largest exergy destruction source of the whole system,
with 26% coming from the conventional exergy analysis, followed by the condenser
ejector, 24% and 18%. On the other hand, the generator shows the lowest exergy de-
struction source, 2%.

Moreover, the advanced exergy analysis indicates that 59.4% of the whole system
exergy destruction can be avoided by further design optimisation. Among them, re-
ducing the refrigerant side pressure drop across the heat exchangers by rearranging
refrigerant circuiting [48], decreasing the amount of flashing gas at the evaporator
inlet by nozzle [49], or by using a flash tank with a vapour injection scroll compressor
[50], and reducing the pressure drop in the suction nozzle. The compressor contrib-
utes the highest share (21%) of the exergy destruction rate in an avoidable exogenous
form, followed by the ejector (14%) and condenser (7%).

The quantitative analysis suggests that the compressor efficiency increase positively
influences the system COP by reducing the consumption power. The compressor ef-
ficiency increase has a reduced effect on compressor avoidable exogenous exergy de-
struction and total system exergy destruction. In the same context, condenser glide
temperature increasing has the worst effect on the avoidable exogenous part of con-
denser exergy destruction, system exergy performance and system COP. Finally, the
ejector efficiency increase slightly enhances the system COP, as does the avoidable
exogenous part of ejector exergy destruction.

The condenser represents the highest cost for the system economic comparison, fol-
lowed by the compressor and generator (30%, 26.4%, and 24%), and both expansion
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valves represent the lowest components cost (lower than 1%). Moreover, the ad-
vanced exergoeconomic results show that 51% of the system costs are unavoidable.

e  The ejector has the lowest exergoeconomic factor, 0.1%, and it should be getting more
attention to reduce the irreversibility by design improvement. On the contrary, the
evaporator has the highest exergoeconomic factor, 94%, and its construction is quite
relevant.
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Nomenclature

cor Coefficient of performance (-)

C Cost rate ($ h™)

D Diameter (mm)

EER Energy efficiency ratio (-)

EX Exergy rate (k] s)

h Specific enthalpy (k] kg)

f Exergoeconomic factor

I Solar intensity (W m2)

NBP Normal boiling point (°C)

P Pressure (MPa)

rpm Revolution per minute

T Temperature (°C)

\Y% Volume (m?3)

m Refrigerant mass flow rate (kg s)
0 Heat transfer rate (kW)

W Electrical consumption power (kW)
V4 Capital cost function ($)

Greek symbols

o System operational lifetime (year)
€ Heat exchanger effectiveness (-)
v Specific volume (m?3 kg 1)

] Efficiency (-)

U Entrainment ratio (-)

W Refrigerant velocity (m s™)

1) Maintenance factor
Superscripts

AV Avoidable

UN Unavoidable

EX exogenous

EN endogenous

Subscripts

C Compressor

CM Capital and maintenance
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Cri Critical condition

D Diffuser, discharge, destruction
Ds Displacement

e Evaporator

ea Actual exit condition

€j Ejector

ek Evaporative-condenser
em Electrical mechanical

es Isentropic exit condition
EW Evaporator cooling water
exp Expansion valve

F Fuel

fg vaporisation

G Generator

h Hot stream

HX Heat exchanger

in Inlet

IR Interest rate

is Isentropic conditions

k Condenser, component
kw Condenser cooling water

1 Cold stream

mx Mixing conditions

n Normal shock conditions
or Operating

out Outlet

p Primary stream

pn Primary nozzle

r Refrigerant

s Secondary stream, Suction
sn Suction nozzle

t Total

v Volumetric

w Water stream
Abbreviatures

ASHRAE  The American Society of Heating, Refrigerating and Air-Conditioning
EES Engineering Equation Solver
Evap Evaporative

HP Heat Pump

ICT The Information and Communications Technology
PV/T Photovoltaic Thermal
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