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HIGHLIGHTS

e A comparative analysis among 8 two-phase heat transfer correlations was conducted.
e Correlations impacted the designed condensers more significantly than evaporators.

o Heating capacity were notably influenced, with a relative difference of 9.88 %.

e Heating costs varied minimally, showing a relative difference of 1.91 %.

o Total carbon emissions remained largely changed, with a relative difference of 6.38 %.

ARTICLE INFO ABSTRACT
Keywords: Supplying district heat and assisting the integration of renewable electricity, high-temperature heat pump
Heat pump technology is foreseen to play an essential role in renewable energy-powered thermal energy storage systems.

Plate heat exchanger
Two-phase correlation

4E analysis

Energy Storage
High-temperature Heat Pump

However, existing studies on high-temperature heat pump performance prediction are usually based on utilizing
specific heat transfer correlations of heat exchangers. It is difficult to guide the selection and combination of the
two-phase correlations in the heat exchanger design and system performance assessment of the high-temperature
heat pump. In the present study, we aim to focus on the impact of different two-phase correlations, and a
comparative study is conducted among 8 correlations (4 flow condensation ones and 4 flow boiling ones)
adopted for component design and system performance prediction. The results show that for designed condensers
or evaporators, the dimensions, costs, and carbon emissions are significantly affected by different two-phase
correlations. Among 16 pairs of two-phase correlations, little fluctuation of the system performance is
observed at the design heat source temperature 80 °C. While at off-design heat source temperatures of 85, 90 or
95 °C, the energetic and exergetic performance parameters are significantly affected with high relative differ-
ences (9.88% of heating capacity, 3.27% of coefficient of performance, and 6.76% of exergy efficiency). Also, the
system’s economic and environmental performance indexes are influenced to some extent, with visible relative
uncertainties (1.91% of the heating cost, 4.44% of the payback time, and 6.38% of the carbon emission). This
research will help to promote the selection and utilization of two-phase correlations for the plate heat exchanger
design and system assessment in larger renewable energy-powered high-temperature heat pump applications.

have become increasingly severe, posing a serious threat to the living
environment of humanity [1]. Recently, a comprehensive roadmap “net-

1. Introduction zero emission by 2050” has been released by the IEA (International
Energy Agency) [2], which mentioned that from 2030 to 2050 the global

With the widespread use of fossil fuels in the process of industrial proportion of energy-saving heating technologies including the heat
society and global economic development, a series of global warming pump (HP) as alternatives of natural gas heating, needs to increase from

issues such as air pollution, global temperature rise, and glacier melting
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Nomenclature [N Constant pressure specific heat capacity (kJ/(kg-°C))
T Compressor pressure ratio (—)
Abbreviations p Density (kg/m>)
HP Heat pump c Surface tension (N)
oM Operation and maintenance m Mass flow (kg/s)
LCCP Life Cycle Climate Performance Nu Nusselt number (—)
NSGA-II Nondominated sorting genetic algorithm II n lifetime of equipment (year)
PHE Plate heat exchanger Pr Prandtl number (-)
CcoP Coefficient of performance P Pressure (kPa)
GWP Global Warming Potential Q Heat transfer rate (kW)
ODP Ozone Depletion Potential q Heat flux, (kW/m?)
TCI Total capital investment x Vapor quality (—)
PEC Purchased equipment cost
Superscript and subscript
Variables ave Average
A Heat transfer area (m?) comp Compressor
AEC Annual electricity consumption (kW-h) cond Condenser
ALR Annual refrigerant leakage proportion (—) crit Critical
Bo Boiling number (-) des Destruction
b Plate corrugation depth (mm) el Electricity consumption
CF Cash flow(€) ip Inlet port
Co Convection number (—) eva Evaporator
CRF Capital recovery factor(—) c Heat sink
c Cost(€) m Mean
Em Emission value of CO (t) h Heat source
EOL Refrigerant leakage ratio at the end of life (—) op Outlet port
Fr Froude number (—) pool Pool boiling
f Correction coefficient (—) PP Pinch point
G Mass flux (kg/! (ssm?)) sp Single-phase
Ge Geometric parameters (—) sup Superheated
g Gravitational acceleration (m/s?) tp Two-phase
h Enthalpy (kJ/kg) tv Throttle valve
[ Effective interest rate (—) v Vapor
k Thermal conductivity (W/(m-°C)) w Working fluid
L Length (m) wall Wall surface
M Molar mass (g/mol) A Difference
u Dynamic viscosity (Pa-s) X Iteration variable

nearly 20% to around 55% [3]. With an average electric heating con-
version efficiency of almost 300%, HP is a promising type of high-
efficiency and energy-saving technology for building heating [4]. As is
well known, traditional heating equipment such as fuel-fired boilers [5]
or direct electric heating facilities [6] has been widely installed and
utilized, which have relatively low energy efficiency, leading to serious
energy waste and a large amount of carbon emissions. For this reason,
many governments have set ambitious emission reduction targets such
as the German Federal Government [7] which is now launching a
comprehensive push for the residential heating equipment trans-
formation into the heat pump.

Through steam compression thermodynamic cycles, HP realizes the
thermal energy transfer from an available renewable heat resource [8,9]
or waste heat from processing industries [10] to a high-temperature heat
sink, which expands the thermal energy utilization range of low-grade
heat. Particularly when powered by intermittent renewable electricity
[11], HP based thermal energy storage system is environmentally
friendly for building heating and is beneficial to reduce the demand for
traditional fossil fuels and carbon emissions. Therefore, integrated with
low-cost heat sources (e.g. geothermal [12], solar thermal [13] or in-
dustrial waste heat [14]), HP based thermal energy storage system for
residential heating with high renewable electricity energy penetration
has received widespread attention in recent years [15,16]. Lee etal. [17]
achieved a 62% improvement in the energy efficiency of thermal energy
storage systems by optimizing the operation of the heat pump

subsystems and thermal storage tanks. Sakellariou et al. [18] identified
that the capacity of the storage tank and the efficiency of the heat ex-
changers in the heat pump subsystem are the most influential factors
affecting the thermal performance of heat pump storage systems. The
temperature distribution within the plate heat exchanger which is a
critical component of the heat pump subsystem, has a significant impact
on the coefficient of performance of the heat pump cycle, reaching up to
48.7% [19]. Liu et al. [20] found that the design dimensions of plate
heat exchangers in ground source heat pump systems play a crucial role
in the economic performance of the system. Marinelli et al. [21] assessed
the environmental impact of heat pump systems, concluding that the
production of plate heat exchangers constitutes a significant portion of
the environmental impact indicators of heat pump systems.

As the most important electrothermal conversion unit, HP performs a
crucial role in the entire thermal energy storage system and abundant
research has been devoted to its performance enhancement [22].
Numerous studies concluded in common that the heat exchanger con-
stitutes the most significant portion of the overall capital expenditure in
heat pump systems, often reaching up to 70% [23], and it also has the
most obvious impact on the system operation performance [24,25].
Therefore, optimizing the design of the heat exchanger holds paramount
importance in the process of enhancing heat pump system efficiency.
Among the diverse array of heat exchanger configurations, the plate-
type design is extensively employed within the realm of heat pumps
because of its notable advantages such as simplicity in assembly/
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disassembly, high efficiency, and easy maintainability [26]. In order to
accurately forecast the performance of plate-type heat exchangers
(PHEs) and subsequently assess the overall system efficiency of heat
pumps, a range of heat transfer correlations have been formulated and
widely utilized [27]. Different correlations involve various refrigerants
and experimental conditions, each with specific applicability and limi-
tations [28]. Additionally, the derivation methods of different correla-
tions vary, such as direct fitting of abundant experimental data [29],
statistical analysis through multivariable regression [30], and im-
provements based on existing correlations [31]. Therefore, only a subset
of correlations is adopted in this study for comparative analysis.

From the perspective of correlations adopted in heat pump system
simulations, 8 two-phase heat transfer correlations (4 flow boiling ones
proposed by Amalfi et al. [32], Yan and Lin [33], Zhang and Haglind
[34], and Liu and Winterton [29]; 4 flow condensation ones suggested
by Zhang et al. [35], Kuo et al. [36], Han et al. [37], and Yan et al. [38])
have been picked out in this paper due to their mature utilization. The
choice to exclude the latest heat transfer correlations was driven by the
consideration that their reliability and general applicability are not yet
fully verified. To maintain scientific rigor and facilitate meaningful
comparisons, this study focused on established correlations that have
been extensively validated and are widely recognized in the context of
vapor compression heat pump cycles and other thermodynamic appli-
cations. The characteristics and distinctions among them are summa-
rized and listed in Table 1. And a significant volume of research has been
conducted utilizing the aforementioned 8 correlations. On the one hand,
for an independent heat pump system, Kim et al. [39] obtained a
satisfactory coefficient of performance (COP) through optimization of
heat exchanger design parameters. A transient model of a residential
heat pump was proposed by Salazar-Herran et al. [40] for the mode-
switching characteristic analysis between cooling and heating. A
techno-economic comparison analysis between R1234ze(E) and R134a
heat pumps was conducted by Yan et al. [41] and R1234ze(E) showed
economic advantages compared with R134a. A comprehensive analysis
of four hydrocarbon working fluids for a heat pump system, considering
both thermo-economic and environmental factors, was conducted by
Zhao et al. [42] and R600 was considered to be a highly promising
choice. On the other hand, for the heat pump unit integrated into a
larger energy utilization system, Fischer et al. [43] discussed the optimal
control strategy of a heat pump unit for the accommodation of photo-
voltaic electricity generation. In order to improve the utilization effi-
ciency of the constrained electric energy discharged from vehicle
batteries, effective thermal management strategies for the electric
vehicle heat pump units have been developed, considering the recovery
heat sources from electric devices [44], from air-to-air regenerative heat
exchangers [45], or from the fuel cell and battery units [46]. In other
heat pump utilization cases, abundant thermo-economic assessments
have also been carried out, e.g. the industrial heat pump of MW level
[47], the heat pump designed for marine waste heat recovery [48], and
the residential heat pump for air/ground-source thermal integration
[49].

Over the past decade, among the existing studies [39-49] related to
heat exchanger design and heat pump system performance optimization,
a specific two-phase correlation was often selected and applied for
predicting heat transfer performance behaviors of heat exchanger
components. It is worth emphasizing that various correlations are
derived from distinct experimental data under different operation con-
ditions or working fluids. In this study, the correlations referenced in
these prior works [39-49] have been thoroughly examined and utilized
as a foundation to systematically analyze the potential predictive vari-
ations among different correlations. This approach ensures that the
selected correlations provide a robust and representative basis for
comprehensive comparative analysis. Hence, in the design process of
heat exchanger components or during the performance assessment of
heat pump systems, it’s worth noting that the predicted results under the
same boundary conditions may exhibit variations when using different
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Table 1
Characteristics of the adopted 8 two-phase heat transfer correlations.
Ref. Authors Characteristics Major Contributions Year
Developed new
Conducted sensitivity prediction methods for
analysis of existing heat transfer and
[32] Amalfi prediction methods, pressure drop, 2016
- et al. clarified the impact of providing more reliable
geometry on thermo- tools for optimizing
hydraulic performance plate heat exchanger
design
Studied the effect of Proposed empirical
vapor quality on correlations for the
[33] Yan and evaporation heat evaporation heat 1999
Lin transfer and pressure transfer coefficient and
drop, especially at high friction factor for
vapor quality refrigerant R-134a
Investigated the Provided extensive
performance of seven experimental data on
working fluids under high-temperature flow
Zh: d
[34] an-g an different reduced boiling, developed 2021
Haglind L
pressures and mass methods for predicting
fluxes at high frictional pressure
temperatures drops
P
roposef:l a general Provided a more
correlation based on the .
. o broadly applicable
. Liu and nucleate pool boiling .
[29] ! R L prediction tool 1991
Winterton equation for predicting -
.. compared to existing
heat transfer coefficients
. methods
in tubes
Provided extensi
Covered heat transfer rovh ) ec extensive
experimental data on
and pressure drop R
. Zhang e condensation heat
[35] characteristics over a 2019
et al. transfer and pressure
temperature range of drop. developed a new
30°Cto70°C P, ceveiop
correlation
I i h
nvestlgat?d the Proposed empirical
condensation heat .
. correlations for
transfer and frictional redicting the
[36] Kuo et al. pressure drop p g' 2005
L condensation heat
characteristics of R- .
. X transfer coefficient of
410A in vertical plate
R-410A
heat exchangers
Studied the
condensation heat Proposed correlations
1371 Han et al. transfer and pr'e5§ure fo.r Nusselt number and 2003
drop characteristics of friction factor based on
R410A and R22 with geometric parameters
different Chevron angles
Investigated the
condensation heat Proposed correlations
transfer and frictional for predicting the
[38] Yan et al. pressure drop condensation heat 1998

characteristics of R-134a
in vertical plate heat
exchangers

transfer coefficient of
R-134a

two-phase correlations. Two-phase flows involve the simultaneous flow
of two different phases of matter, typically liquid and vapor, as seen in
boiling or condensation processes. In this study, the term ‘correlation
combinations’ refers to the use of various empirical or semi-empirical
correlations employed by engineers to calculate key parameters such
as heat transfer coefficients and pressure drops across heat exchangers in
two-phase flow conditions.” To the authors’ knowledge, there is a lack of
similar reference literature available for comparing and analyzing the
diversity and variation in the predicted performance of heat pump sys-
tems using different correlation combinations. However, diverse heat
transfer prediction results by different correlation combinations would
result in deviations in the dimension parameters of designed heat ex-
changers and further lead to different performance assessment outcomes
of the whole heat pump system, which would definitely influence the
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researchers’ judgment. The effect of choosing different correlation
combinations on the heat pump system performance has not been
thoroughly explored so far.

In the context of geothermal-integrated heat pump energy storage
systems, this study conducts a performance assessment and compre-
hensive comparative analysis of heat pump systems under sixteen
different correlation pairs using eight distinct correlations (four for
evaporation and four for condensation) based on the 4E analysis method
[50]. This study consists of three sequential parts: first, a multi-objective
thermo-economic optimization for working fluid screening is conducted
from 11 candidates to select a suitable refrigerant fluid and obtain the
corresponding optimal working condition. Second, regarding the ob-
tained working condition as the heat exchanger design condition, the
influence of various correlations is discussed from the dimension, eco-
nomic and environmental performance. Third, the impact of 16 pairs of
various correlation combinations on the system performance is investi-
gated to uncover the underlying relationships between different corre-
lations and changes in heat pump performance indicators. The
component exergy destruction rates and system exergy efficiencies are
presented for comparative analysis. Among various correlation pairs,
the levelized specific cost of heat (cy) and the payback time (PBT) are
compared in economic analysis and the LCCP (Life Cycle Climate Per-
formance) assessment method is applied in environmental analysis. This
work seeks to demonstrate the influence of different two-phase corre-
lations on the comprehensive performance assessment of a heat pump
system, offering valuable insights for the plate heat exchanger design
and the heat pump system development.

2. Methods
2.1. System description

An HP-based thermal energy storage system for renewable electricity
utilization has attracted attention worldwide recently because of its low
maintenance cost, high reliability, convenient operation, high
compactness and environmental friendliness [12,51]. The fundamental
framework of a such system could be illustrated in Fig. 1 [52]. The di-
rection of energy flow is indicated by the arrows in Fig. 1, where surplus
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electricity generated from wind, solar, or thermal power plants is
conveyed to the compressor of the geothermal heat pump unit. Subse-
quently, the compressors, driven by electricity, are utilized to enhance
the grade of geothermal energy absorbed from the evaporator, with the
higher-temperature heat energy either directly delivered by the
condenser to centralized heating users or stored for later use. This pro-
cess enables environmentally friendly and low-carbon centralized
ground source heat pump heating. Both the evaporator and condenser
investigated in this paper are supposed to be plate heat exchangers
which are designed via various flow boiling or condensation correlations
(4 flow boiling ones proposed by Amalfi et al. [32], Yan and Lin [33],
Zhang and Haglind [34], and Liu and Winterton [29]; 4 flow conden-
sation ones suggested by Zhang et al. [35], Kuo et al. [36], Han et al.
[37], and Yan et al. [38]). On the basis of geothermal heat pumps,
renewable electricity or grid peak power can be utilized and transferred
into thermal energy, after which the generated heat would be stored or
transmitted for district heating. Considering that a higher temperature
level is more conducive to electricity generation rather than heat utili-
zation [53], the initial assumption for the geothermal temperature is set
at 80 °C as the heat source of the heat pump system. A heat pump sys-
tem, as depicted in Fig. 2 (a), is fundamentally comprised of 4 compo-
nents (a compressor, a throttle valve, a condenser, and an evaporator).
The HP cycle T-s diagram is presented intuitively by the state points
marked in detail, as shown in Fig. 2 (b).

To simplify and facilitate the simulation of the HP system, following
assumptions are made in this article [49]. Notably, the pinch point
temperature difference assumption in this study implies constant heat
transfer coefficients across different phase regions and flow mediums in
plate heat exchangers. This approach is adopted to facilitate the
simplified dimensioning of heat exchangers, as thoroughly discussed in
Ref. [54].

(1) Operation of the system is under stable conditions;

(2) Pressure drop is ignored across all the pipelines and components;

(3) No heat loss is assumed for the components and pipelines.

(4) An isenthalpic throttling process is considered in the expansion
valve.

Geothermal Heat Pump

Expansion
valve
===

Evaporator
e i "
4 :(C §: s

pump

-
-
}

4 pum

Horizontal ground heat exchanger

Y =

%Condenser[>

) L=
Cirodlati

Ground surface]

Fig. 1. Application background of the HP-based thermal energy storage system [52].
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(b)

Fig. 2. (a) The fundamental structure of HP, (b) The cycle T-s diagram.

Given the assumptions mentioned above, the fundamental mathe-
matical description of the HP system is detailed by following equations.
For the evaporator, the pinch point illustrated in Fig. 2 (b) ATppeva is
calculated by:

ATppeva = To — T3 (€9)
The superheat degree is calculated by:

ATgp =Ts — T4 (@)
With no heat loss, the heat transfer rate Qey, is obtained by:

Qeva = my(hy — hy) = me(hs —hs) 3)

where my, and my denote the mass flow rates of the heat source medium
and the working fluid respectively.

For the condenser, marked in Fig. 2 (b), the pinch point of the
condenser ATy, cond is defined as:

ATpp.cond = T7 - T9’ (4)
The heating capacity Qcong is gained through:
Qcond = ms(hs — hg) = me(hio — ho) (5)

where m. denotes the mass flow rate of the heat sink medium.

As a constraint for the operation reasonability of the compressor, the
pressure ratio 7,is assumed to be in the range of 2 to 10, which is listed in
Table 2. The compressor isentropic efficiency #comp is:

ncomp = (hﬁ - h5)/(h6 - h5) (6)

The consumed electrical power of the compressor Weomp is illustrated
as:

Table 2

The assumed HP cycle parameters.
Cycle parameter Symbol Value Unit
heat sink inlet temperature Teip 80 °C
heat sink outlet temperature Te,0p 110 °C
heat sink fluid pressure Pe 5 bar
superheating degree Tsup 5 °C
pinch point ATyp 2 °C
condenser outlet steam quality Geond,op 0 -
heat source inlet temperature Th,ip 80 °C
heat source outlet temperature Th,op 50 °C
heat source fluid pressure DPh 1 bar
compressor isentropic efficiency Ncomp 80 %
compressor volumetric efficiency 7y, comp 90 %
mechanical efficiency Nmech 98.62 %
generating efficiency Ngene 95.41 %
compressor pressure ratio T 2to 10 -
evaporator heat transfer rate Qeva 2 MW

Wcomp = mf(h6 - h5)/’7mechrlgene @

where #/mech and #gene represent the mechanical efficiency and gener-
ating efficiency respectively, which are calculated as Eq. 8 and Eq. 9
according to Ref. [55]. It should be noted that t, and t; are the absolute
temperature of the hot and cold source, which are 110 °C and 80 °C
respectively; At is the temperature difference between the condensation
temperature and the hot source temperature which is considered as the
pinch point of 2 °C; Aty is the temperature difference between the cold
source temperature and the evaporation temperature which is also
considered as the pinch point of 2 °C; and Qy, is the thermal power of the
HP which is assumed as 3 MW averagely. And the final pre-defined
values of fmech and 7gene are listed in Table 2.

Nmech —0.85 +0.158Qu, /{1.16Qup, +0.1513(t, + At,) /

(8
[(tu+AL) — (& — ALy) ] }
Ngene =0.85 + 0.139Qy,/{1.335Qy, + 0.0904(t, + At;)/ ©
[(ta+Ate) = (& — Ato) ] }
The isenthalpic process in the throttle valve is described as:
hg = h3 (10)

The assumed value for the aforementioned boundary condition pa-
rameters of the system is displayed in Table 2. To expand the usage
range of the thermal energy stored by the pressurized water at 5 bars, a
heat sink outlet temperature of 110 °C is assumed. And the temperature
dropping or lifting is fixed as 30 °C with the initial geothermal source
temperature of 80 °C. In addition, the evaporator heat transfer rate Qeya
is assumed as 2 MW [56].

2.2. Multi-objective optimization model for working fluid screening

2.2.1. Working fluid candidates

Prior to the introduction of the multi-objective optimization model,
the preliminary selection of the candidate working fluids is conducted.
The profound influence of refrigerant selection on the heat pump system
performance has been emphasized in numerous previous studies
[50,57]. As a result, choosing suitable working fluids from the extensive
array of available refrigerants is a critical initial step. Safety consider-
ations prefer those fewer attributes, such as flammability or toxicity,
may be present. As listed in Table 3, The SG (Safety Grade) value of Al
implies that the flammability level is A and the toxicity level is 1.
Additionally, it is imperative that the selected working fluids demon-
strate minimal detrimental effects on the ozone layer or contribution to a
low greenhouse effect. In quantitative terms, an ODP (Ozone Depletion
Potential) value below 0.05 or a GWP (Global Warming Potential) value
less than 1 is deemed desirable and highly acceptable. Abiding by these
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Table 3

The properties of candidate fluids for screening.
Refrigerant Molecular formula Terit/ Pt/ ODP GWP;o SG NBP/°C Mw/

°C bar g-mol ™!

R600 C4Hg 152.0 38.0 0 4 A3 -0.5 58.1
R600a C4Hi0 134.7 36.3 0 3 A3 -11.8 58.1
R114 CoCloFy 145.7 32.2 0.6 3.7 Al 3.5 170.9
R124 C,HCIF, 122.3 35.9 0.026 620 Al -12.0 136.5
R236ea C3HyFg 139.3 33.9 0 0.63 Al 6.1 152.0
R236fa C3HoFg 1249 31.7 0 6300 Al -1.6 152.0
R245fa C3HsFs 154.0 36.1 0 1030 B1 15.1 134.0
R1234ze(Z) C3HoF4 150.1 35.3 0 <1 A2L 9.8 114.0
R1234ze(E) C3HoF4 109.4 36.4 0 <1 A2L -19.0 114.0
R1233zd(E) C3H,ClF3 166.5 36.2 0.00034 1 Al 18.0 130.5
R1224yd(Z) C3HCIF, 155.5 33.3 0.00012 <1 Al 14.0 148.5

abovementioned criteria, and considering the feasible subcritical tem-

perature range, a total of 11 refrigerant fluids have been identified as € = (yij —}'}) / (}’f s >7J' =1,2,..,n 14

candidates. A list of the candidate fluids is presented and detailed in

Table 3. -
‘ es= (v -») /(% -¥)i=12.n as)

where SG, NBP and MW denote the safety grade, normal boiling
point and molecular weight of the refrigerant respectively.

2.2.2. Multi-objective optimization method

The enhanced version of the genetic algorithm known as the Non-
dominated Sorting Genetic Algorithm II (NSGA-II) was proposed by Deb
et al. [58], which demonstrates an excellent capability and offers fast
solutions efficiently. In an effort to comprehensively assess and compare
the HP system thermo-economic performance among the 11 working
fluid candidates, NSGA-II is utilized to search for the Pareto frontiers.
These obtained frontiers represent the optimal comprehensive perfor-
mance points and comprise the corresponding working conditions for
each candidate working fluid. In the optimization procedure, the deci-
sion variables are set as the evaporation pressure (peya) and condensa-
tion pressure (Pcond)-

It is evident that the pey, is typically maintained at levels less than 0.4
times the refrigerant critical pressure (perit) [41,59,601, and the pconq is
consistently several times that of peya [61,62]. Hence, in order to
maximize the population size under a reasonable range and improve the
rationality of the optimization results, the variation ranges of pcong and
Deva are set as 0.5-0.9 pqit and 0.01-0.4 p.t respectively. As for the
optimization objectives, the coefficient of performance COP, the exergy
efficiency 7y, the cost of heat ¢ and the payback time PBT are picked up
respectively as energy, exergy and economic performance evaluation
indexes.

As a sorting method for multi-objective sets, technique for order
preference by similarity to ideal solution (TOPSIS) is widely used in the
existing research especially for the sorting of Pareto frontiers [63]. The
mathematical description of this sorting method is illustrated as follows:

First, an m x n decision matrix is defined by m working conditions
and n indicators in the Pareto frontiers:

Yiu Ya - Ym
I ER a
.yml .Ymn

where y;; means the numerical size of the j-th indicator under the i-th
working condition.

To eliminate the effect of magnitude difference among various in-
dicators, a normalization process is conducted by:

Y :i:?”lzaxm(}’il,)'iz,---y}'ij»j:1,2,---,n 12)
Yi :i:{ginm(}’u,)'iz,---Jﬁj):j:1,2,---,n 13)

After normalization, weight assumptions need to be made for the
indicators. In this paper, a balanced weight vector is set as h =
[0.25,0.25,0.25,0.25]T, which means the influence of each indicator is
considered equally. The weighted normalized decision matrix is then
expressed as:

hienn  hyers ... hpen

hiesr  hzexn ... hpesn

hl €m1 h2 €m1 hn €mn
where g;; refers to the weighted normalized value of the j-th indicator
under the i-th working condition, h; means the weight of the j-th
indicator.

Then, the maximum or minimum value of each indicator is obtained:

gf :i:%?{m(gi17812a'~~>gij)aj:172=-~~7n a7)
g = izlf.fgfl_m(gnygizy ----,gij)J =12..n (e

For each element in the weighted normalized decision matrix, the
distance calculation between the corresponding maximum or minimum
value mentioned above is conducted for each indicator and then the
obtained distance values will be mathematically manipulated for each
indicator as follows:

j=1

1
d = (fj(gi-gf)z,i—l,z,...,m 19)

1
di—<i(gijgj>2>2,i—1,2,.“,m (20)

j=1

In order to identify the element on the Pareto frontier that is nearest
to the ideal optimal solution as well as farthest from the ideal worst
solution, a reference value called the relative closeness coefficient (CC)
is introduced, as represented in Eq. (19). Obviously, the element with a
smaller CC value is the more satisfying solution on the Pareto frontier:

CC =d;/(df +d;) (21)

As detailed in Fig. 3, the whole optimization procedure consists of
dual layers. In the first layer, the working condition optimization for
each working fluid is conducted. In other words, in the first layer, for
each working fluid candidate, the Pareto frontier of a population of 150
individuals is obtained after 50 generations. And the optimal working
condition for each working fluid is then obtained by utilizing the TOPSIS
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Fig. 3. The dual-layer optimization strategy framework.

method and sorting these individuals on the Pareto frontier. In the
second layer, the sorting process is further carried out among the 11
working fluid candidates. The optimal values of the performance in-
dicators under 11 working fluid candidates are collected together and
the TOPSIS method is adopted again. And a list of the potential working
fluid candidates with the corresponding working conditions is obtained
for further analysis.

2.3. Design model of plate heat exchangers

Following the screened optimal fluid candidate and the corre-
sponding design working condition in the dual-layer optimization pro-
cess, the dimension design of the heat exchangers under different two-
phase correlations then can be carried out. As mentioned above, 8 cor-
relations would be assigned respectively to predict the two-phase heat
transfer coefficients in the design processes of PHEs. A comprehensive
comparison among six boiling heat transfer correlations and six
condensation heat transfer correlations for heat transfer coefficient and
pressure drop calculations during two-phase flow in different PHE ge-
ometries is presented in Ref. [28]. Various factors, such as experimental
conditions, fluid properties, and geometries, affect the predictive accu-
racy of correlations. In heat pump systems, this mainly impacts perfor-
mance evaluation by limiting the accuracy of heat transfer and pressure
drop calculations in heat exchangers. For simplification, heat exchanger
pressure drops are neglected to reduce computational demand in system
simulations [64]. Similarly, this study also simplifies the model by
ignoring pressure drops, following the approach in Ref. [65]. In this
section, detailed design dimension parameters of the PHEs are intro-
duced initially, followed by an explanation of the employed correlations
and the subsequent design procedure for the heat exchangers.
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2.3.1. Description of dimension parameters

With the regularly arranged grooves on the surface, the metal plate
forms the elementary unit of PHEs. By tightly compacting multiple metal
plates together, massive heat exchange channels are formed as shown in
Fig. 4. Obviously, high-efficiency heat transfer can be achieved by the
closely packed flow channels and sufficient heat transfer area. The
morphology of plate corrugations encompasses several geometric con-
figurations, including horizontal straight corrugations, herringbone
corrugations, oblique corrugations, spherical corrugations, step corru-
gations, and so on. Among these, the most widely used are plates with
herringbone corrugations, which are also called chevron plates [66].

The geometric structure of the plate in chevron corrugation shape is
visually presented as Fig. 5. Generally, the plate design parameters can
be divided into the plate size parameters and the corrugation configu-
ration parameters. As for the plate size parameters, the plate width W of
0.5 m and thickness t of 0.0005 m are reasonably set respectively [67].
And the plate length L is the design variable of PHEs in this study, which
will be calculated in the detailed mathematical solving process. The
parameters that describe the plate corrugation configuration mainly
include the wavelength, the and corrugation depth the chevron angle
which are pre-defined in Table 4 to simplify the PHE design process.
Meanwhile, considering the investment cost and thermal conductivity,
stainless steel is selected as the plate material in this paper. What’s more,
the number of plates in the PHE is set as 200, which is a relatively large
but acceptable value for the large capacity heat pump application [68].

An area-enlargement factor ¢ is introduced to simplify the plate area
calculation considering the corrugation configuration parameters of the
uneven plate. It characterizes the surface area ratio between a corru-
gated plate and a flat plate, which is defined as:

40:1/6><(1+\/1+X2+41/1+X2/2> (22)

where X is the dimensionless corrugation factor calculated by:

X =bn/i (23)

2.3.2. Flow boiling correlations for the two-phase region

A flow boiling correlation is often utilized for predicting the heat
transfer coefficient of the two-phase region in the evaporator. For
comparative analysis, 4 flowing boiling correlations (proposed by
Amalfi et al. [32], Yan and Lin [33], Zhang and Haglind [34], and Liu
and Winterton [29] respectively) are adopted to design the evaporator.
For each flow boiling correlation, the corresponding concrete experi-
ment conditions are summarized in Table 5 [69].

Amalfi et al. [32] collected the forecast methods for the flow boiling
coefficient proposed in the past open literature and compared the pre-
dictive accuracy of each method from a large diversified database. On
this basis, by dimensional and multiple regression analysis, a newly
developed flow boiling correlation was fitted using a large database
containing 1903 heat transfer data points. It was proved that the newly
developed correlation works better than any former published one
within a specific range of working conditions. The Amalfi et al. corre-
lation is expressed as:

Nuy, = 9825101 Wel315B0%32"-0224 When Bd < 4.
Nutp — 18.495~ﬁ*0’248Reg'135Ref’f’51Bd°'235300‘198p*’°'223,When Bd > 4.
24

where p* and Nuy, represent the fluid density ratio and the Nussel
number respectively.

An experimental setup was designed and employed by Yan and Lin
[33] to investigate the evaporation heat transfer and pressure drop
characteristics of refrigerant R134a in plate heat exchangers, revealing
that the evaporation heat transfer coefficients in plate configurations
significantly exceed those in circular tubes. Flow visualization was
included, vividly illustrating turbulent behaviors during the evaporation
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Fig. 4. Diagram of flow channels in PHEs.

Fig. 5. The Chevron-type plate diagram.

Table 4

Assumed corrugation configuration parameters.
Parameter Symbol Value Unit
Wavelength 2 9 mm
Corrugation depth b 2.5 mm
Area-enlargement factor 7 1.5609 -
Chevron angle p 60 °

process. Empirical correlations for the evaporation heat transfer coeffi-
cient and friction factor were derived by Yan and Lin [33] based on
experimental data, providing practical tools for the design and optimi-
zation of heat exchangers in similar applications. Due to its concise
structure and accurate prediction ability, it has been considered as a
classic flow boiling correlation and has been cited by numerous litera-
tures [70,71]. This correlation [33] is described by:

Ny = duay ki = 1.926Pr} *Bof, RebS[1—xo +xu(p,/p)*° ] (25)

where Pry, Reeq, Boeq and xy, refer to the liquid Prandtl number, the
equivalent Reynolds number, the equivalent boiling number, and the

Table 5
Experimental conditions of flow boiling tests.
Correlation Tested fluids G Teva Deva q
(kg/ ()] (bar) kw/
s-mz) mz)
Amalfietal [32]  R410Aete.  9t0100 2° 0.14 to
31 41
. 26 to
Yan and Lin [33] R134a 55to 70 31 6.8t08 11 to 15
Zhang and Haglin R1233zd(E) 52 to 55 to 14 to 10 to 40
[34] etc. 137 141 28
Liu and Winterton Water et al 12 to 0 to 0.4 to 0.4 to
[29] ) 8179 281 64 2.6

mean vapor quality respectively.

As summarized in Table 5, the experimental temperature is mainly at
a low level besides the study by Zhang and Haglin. Actually, few
research focuses on flow boiling processes at high-temperature levels
[72]. However, the working temperature of the evaporator in the HP
unit is generally at high saturation temperatures in thermal storage
systems. At a relatively high temperature level (up to 141 °C), Zhang and
Haglin [34] conducted the evaporation heat transfer experiment on a
PHE. Due to the diversity in thermo-physical properties for different
working fluids, the evaporation process was regarded as a superposition
of nuclear boiling and thin-film evaporation. By linearly weighting the
heat transfer coefficients predicted by Cooper et al. correlation [73] and
Dittus-Boelter correlation [74], a superposition model was established
for high-temperature evaporation prediction in PHEs. The results
showed an excellent prediction accuracy (a mean deviation of 12.8%)
and the correlation is expressed as follows:

@y = Satpoot +Fay (26)

F=235(X] +0.213)""* @27
-1

§=[1+25310°(ReF'®)"" | (28)

X = (py/p)"" (/)" (1 = ) /x]° (29)

Apoot = 35P212( — logioP;) "M 05q"¢ (30)

o = 0.023Re?*Pr*k, /dy @D

where ay, apool, and a; denote the heat transfer coefficients of flow
boiling, the pool boiling and the single-phase respectively; S means the
suppression factor.

The Liu and Winterton correlation [29] has been widely adopted for
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predicting the two-phase flow in tubes, which is proposed based on an
abundant and diversified databank via numerous experimental data
points in tubes. Considering the heat transfer process similarity, this
flow boiling correlation proposed from tube experiments has also been
utilized to predict the evaporation two-phase coefficient in PHEs in
existing studies [49]. Therefore, this correlation is utilized as well in this
paper, which is expressed as:

Qp = (Sllpool)2 + (Fa)* (32)
o = 0.023(k/dy)Re¥SPr* (33)
ool = 55P%12( — IgP,) "M 050 (34)
F=[1+xPn(p/p, - 1)"* (35)
$=1/(1+0.55F"'Re"'®) (36)

where apo01 denotes the pool boiling heat transfer coefficient.

2.3.3. Condensation correlations for the two-phase region

Four two-phase correlations (proposed by Zhang et al. [35], Kuo
et al. [36], Han et al. [37], and Yan et al. [38] respectively) are adopted
for designing condensers in this paper. These correlations are proposed
under different experimental conditions from four various laboratories.
The summary of these experiments and operating conditions is detailed
in Table 6 [69].

In order to develop a condensation correlation suitable for as many
working fluids or broader ranges of working conditions as possible, an
in-depth investigation by Zhang et al. [35] was carried out based on
several available traditional condensation correlations (including the
Yan et al. [38] correlation, the Hsieh and Lin et al. correlation [75])
which are utilized commonly. In the validation and evaluation process,
the correlation proposed by Zhang et al. predicted the condensation
process more accurately compared with other four existing correlations
(including the Yan et al. correlation [38], the Wiirfel and Ostrowski
correlation [76], the Akers et al. correlation [77] and the Longo et al.
correlation [78]). Therefore, obtained by fitting with other correlations,
the validated correlation shows an excellent prediction potential for
condensers. It is expressed by:

Nuy, = 4.3375-Rel>%Pr|/°Bo;* %72 37)

Bo =g(p,—p,)D; /0 (38

where Bo; denotes the boiling number defined in Ref. [35].

In a vertically placed PHE, Kuo et al. [36] studied the condensation
process of the ozone-friendly fluid R-410A. Focusing on the influence of
the operation parameters on the experimental performance, the heat
transfer coefficient was less affected by the saturated pressure but
directly proportional to the average vapor quality. Meanwhile, pro-
moting effects on the condensation process were obtained as for the

Table 6
Operation ranges of the condensation tests.
Correlation Tested fluid Peond Teond q G
(bar) (O] kw/ (kg/
m2) s-mz)
Zhangetal  112342¢(F) 29t0163 S0 4t057  161t0 90
et al. 71
14.4 to 50 to
Kuo et al. R410A 19.5 - 10 to 20 150
20 to 4.7 to
Han et al. R22 and R410A - 30 53 13 to 34
Yan et al. R134a 7t09 26.7 10 to 16 60 to

120
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working fluid mass flux and imposed heat flux. A flow condensation
correlation is ultimately proposed by Kuo et al. [36]:

ap = 1 [0.25C0 **Fr)* +75B03 7| (39)
a1 = 0.2092(ky/dy)Re®72Pr " (st Howar)) (40)
Fr = G*/p}gd, 41
Co = (py/p)[(1 = Xm) [ |"* (42)
Bo, = q/Ghyg (43)

where Boa, a1, hgg, Fri, Co, pave, and piwa represent, as defined in
Ref. [36], the boiling number, heat transfer coefficient, enthalpy drop,
liquid Froude number, convection number, average dynamic viscosity
and wall dynamic viscosity respectively.

With an experimental methodology similar to the laboratory of Kuo
et al. [36], in the research of Han et al. [37], variation characteristics of
the condensation process were explored by varying the operation pa-
rameters, based on which a condensation correlation was further pro-
posed. It is worth noting that Han et al. [37] adopted three brazed PHEs
with chevron angles of 45°, 35° and 20°. It means that the chevron angle
is as well an experimental variable that is rarely mentioned in other
literature. The results showed that the heat transfer coefficient increased
directly with the mass flux and vapor quality, and dropped with the
chevron angle or condensation temperature. This correlation is
expressed as [37]:

Nuy, = GelRef(jZPrl/ 3 (44)
Gey =11.22(3/dy) > (n/2 — p)*° (45)
Gey = 0.35(2/dy)* > (n/2 — p)'*® (46)

where non-dimensional coefficients Ge; and Ge; represent the chevron-
type plate geometry characteristics.

As one of the earliest classical correlations for predicting the
condensation process, the Yan et al. correlation [38] has been cited by
numerous literatures due to its excellent accuracy and applicability
[79,80]. In the study by Yan et al., it was explored in detail the effects of
working fluid status parameters on the experimentally measured heat
transfer coefficients (similar conclusions were derived like those
mentioned above by Kuo et al.). And the following correlation was fitted
[38]:

Nu,, = 4.118Re’;Pr,> (47)

By comparing the above experimental test conditions of the eight
two-phase correlations, it can be seen that the Zhang and Haglind [34]
and the Zhang et al. [35] correlations were derived based on the most
similar experimental conditions with the high-temperature heat pumps.
Due to the use of common test fluids (R1233zd(E) et al.), and the closest
evaporation temperature and pressure ranges to high-temperature heat
pumps (55 to 141 °C and 14 to 28 bar) , the Zhang and Haglind corre-
lation [34] is considered the most suitable among the four flow boiling
correlations for predicting the heat transfer performance of heat pump
evaporators. Similarly, the Zhang et al. [35] correlation also adopted the
familiar tested fluids (R1234ze(E) et al.) and condensation temperatures
and pressures (30 to 71 °C and 2.9 to 16.3 bar), which are prevalent in
the condensers of high-temperature heat pumps. Therefore, in terms of
the alignment between experimental conditions and the actual oper-
ating conditions of high-temperature heat pumps, the Zhang and
Haglind [34] and the Zhang et al. [35] correlations are likely the most
suitable choices for the design of high-temperature heat pump evapo-
rators and condensers, respectively.
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2.3.4. Correlation for the single-phase region

For the single-phase regions in evaporators or condensers, the Martin
et al. correlation [81] is selected in this study. This frequently-used
correlation is proposed based on the ammonia-water mixture heat
transfer prediction experiment. It has been widely adopted and is
defined as follows [81]:

0.374
)

Nug, = 0.122Pr3 (i, /tyan) /® (fREsiN2p3 (48)

where f refers to the correction factor, which is given as:
1 / 05 — cosp / (0.18tan + 0.36sinp + f, /cosp) > + (1 — cosp) / (3.8£,)°°
(49)

whenRe < 2000,f, = 64/Re,fi = 579/Re+ 3.85,
whenRe > 2000,f, = (1.811gRe — 1.5)—27f1 = 39/Re®2%.

2.3.5. Design workflow
Given the assumed dimension design parameters of the PHEs and
based on the instruction descriptions of the utilized correlations above,
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the design procedure of the evaporator or the condenser is introduced in
this section. Due to the theory consistency, the detailed instructions of
the evaporator design process are illustrated in Fig. 6. It should be noted
that, as a demonstration of the heat exchanger design process, the Yan
and Lin [33] correlation is utilized for predicting the flow boiling heat
transfer coefficient af x of the working fluid side in the evaporator. Fig. 6
delineates an algorithmic framework employed in the iterative design
methodology of the evaporator. The workflow is initiated with the
specification of HP system working condition obtained in section 2.2.2
and intrinsic parameters predefined in Table 4 of this paper. A pre-
sumptive total length of the heat exchanger is posited, serving as a
precursor to the sequential iterative refinement process. During each
iteration, the procedure computes the thermophysical properties of the
fluid within discrete control volumes, followed by the derivation of local
heat transfer coefficients through different heat transfer correlations.
These coefficients inform the determination of an overall heat transfer
coefficient, which is instrumental in the subsequent calculation of the
heat transfer area and length for each control volume. Convergence is
assessed via the calculation of a length residual for each control volume,
and iterative adjustments continue until the residuals fall within an

Calculate 7, &, p, ¢,, i, k, p of the x-th
control volume

Calculate heat transfer coefficients of oy, oy,
and o, of the x-th control volume:

Qe =(ki/c)1.926 P11 Boe *Reeg[1-Xutxm(py/1) ]
O =(k/d)0.122Pr'"( prave/ptoan) "*(fRE*sin2 )
Olyall =t/l kwall

v

Input pre-assumed parameters:
T i L ops 712t Dy Levasips Levarops
Pevar A5 B, b, 6, W

v

Guess the PHE total length:
Liotar =2W

A 4

Initialization
Initial calculation of length for N, control
volumes with constant enthalpy difference:

Lx,() :Lm«al‘/ N,

Calculate the overall heat transfer coefficient of
the x-th control volume:

szl/(l/a‘f_,ﬁ’ l/ah‘;r l/awﬂu)

!

Calculate the heat transfer area and length of the
x-th control volume:

A 1=mpAhe /(AT U)
Ly 1=Ay 1/ Q*p*300%(W+b))

v

Calculate length residual of the x-th control
volume:
Ex: ‘Lx,O'Lx,l ‘

v

Update the length of the x-th control volume :
LX,O =T sell

500

500
L = ) Lygand Ay =D A,
X=1

X=1

where N, represents the number of control volumes with constant enthalpy difference and is set as 500;

Ahgy is the working fluid enthalpy drop of the x-th control volume; ¢y, @y, 0twan are the heat transfer coefficients for working fluid,

heat source and channel wall respectively; ATy is the temperature difference between counter flows in the x-th control volume;

Ay is the updated heat exchange area of the x-th control volume; Ay and Ly, are the heat exchanger total area and total length

Fig. 6. The design process of the evaporator.
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acceptable margin of error (107> m). The culmination of this iterative
process is the attainment of an optimized geometric configuration of the
heat exchanger, characterized by the total heat transfer area and length,
thus enabling the precise tailoring of the heat exchanger’s performance
to meet the operational exigencies.

To further illustrate in detail, adopting the finite volume method
[82], the evaporator is divided into 500 micro control volumes as the
basic cells for the iterative computation. As the initial input parameters,
component inlet and outlet parameters are extracted from the screened
optimal working condition of the HP system in the previous dual-layer
optimization section. In addition, by assuming the evenly distributed
enthalpy drop among the 500 control volumes, the initial plate length is
calculated. In the following iteration processes of the plate length,
different two-phase correlations are used to calculate the length of each
control volume. The convergence criteria is set as the absolute error
between the present control volume length and the previous one
calculated at the last iteration step, which is set as 10> m. As long as the
convergence condition is not met, the present calculated length will be
inputted into the next iteration step. Repeat the above iterative calcu-
lation until the length error meets the set value, thus the size design of
the evaporator is completed.
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2.4. 4E evaluation model of heat pump systems

2.4.1. Transient system model nested with PHE sub-models

In the abovementioned working fluid screening procedure, the heat
transfer processes of the PHEs in the HP cycle are considered by the
simplified pinch point assumption, which is not sufficient for the
comparative analysis among specifically utilized two-phase correla-
tions. Hence, on the basis of the designed condensers and evaporators,
the transient heat exchanger sub-models are established for rating
different two-phase correlations [82]. Take the evaporator as an
example, the corresponding rating program flowchart is illustrated in
Fig. 7.

The flowchart in Fig. 7 delineates a computational methodology for
the rating of evaporators, which is integral to the assessment of flow
boiling heat transfer correlations within the transient operation of PHEs.
The approach supersedes the rudimentary pinch point assumption,
which is often insufficient for a detailed comparative analysis. The
following points encapsulate the logistic iteration steps of the rating
process:

Initialization: The procedure commences with the input of pertinent
parameters of the heat source medium and the working fluid, including
inlet temperatures and pressures, mass flow rates. And an assumed heat
source outlet temperature is given, alongside other geometric variables
of the evaporator.

Input pre-assumed parameters:
Thjp > Teva‘lpa My 5 Phos Pevas Mg
Liotats 4, B, b,t, W

!

Guess outlet temperature of
the heat source medium:

Th‘op,assume

v

Initial calculation of heat transfer rate
for N, control volumes of equal length:

Qx,OZm h (h h,ip ~ h h,op,assume) / Ne

500
if max £ < 10°W 2

Teva.opsz,SOO; Th,op :Th,l

A 4
>
Il

No

Calculate 7, h, p, cp, it , k, p of the
x-th control volume

v

Calculate the overall heat transfer
coefficient of the x-th control volume:

U=/ (1 ag+ 1 eyt 1 agan)

v

Calculate the heat transfer rate of
the x-th control volume:

Ax=2*p*300*(W+b))(Liotal/Ne)
Qx,l = UXAXATX

Calculate heat transfer rate residual
of the x-th control volume:

E( :‘ Qx.l - QX.O‘
v

Update the heat transfer rate
by linear weighting:

O =0.8:0,010.2-0y

where AT is the temperature difference between counter flows in the x-th control volume; Ay ; is the updated heat

exchange area of the x-th control volume; O, | and Oy are the newly and previously calculated heat transfer rates;

Tix. T are the working fluid and heat source temperatures; Ex is the residual of heat transfer rate in the x-th control volume

Fig. 7. The evaporator rating procedure.
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Preliminary Estimation: An initial approximation of the heat
transfer rate of the x-th control volume, Qy, is ascertained by dividing
the initial total enthalpy change equally by the control volume desig-
nated number which is standardized at 500, with each volume being of
equivalent length.

Iterative Rating: Sequentially, for each control volume:

e Thermodynamic parameters T, h, p, ¢p, 4, k, p of the x-th control
volume are computed.

e The overall heat transfer coefficient (Uy) of the x-th control volume is
derived similar to the calculation procedure in Fig. 6, incorporating
contributions from specific heat transfer correlations.

e These overall heat transfer coefficients are employed to calculate the
heat transfer rate (Qy,1) for each control volume, based on the mean
temperature difference ATy and heat transfer area Ay.

Convergence Evaluation: A residual (E,) for the heat transfer rate is
computed for each control volume. Convergence is adjudged to be
achieved when the maximum residual among all the control volumes
falls beneath a stipulated threshold (1 02 watts), indicative of the ac-
curacy requirement being fulfilled. If the maximum residual among all
the control volumes exceeds the stipulated threshold, a linear weighting
coefficient group (0.8 to 0.2 ratio) would be applied to generate a new
initial heat transfer rate value of the x-th control volume. The new round
of iterative calculation will continue based on these given initial heat
transfer rates.

Output and Validation: Upon achieving convergence, the outlet
temperatures of the working fluid and heat source medium are obtained,
marking the completion of the evaporator’s heat transfer simulation
process.

The design model (Fig. 6) predicts the plate heat exchanger’s length
and area for given thermal boundary conditions, while the rating model
(Fig. 7) evaluates heat transfer rates under off-design conditions using
the initial design parameters. These outputs are systematically
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compared to understand the impact of different two-phase correlation
combinations on heat exchanger and system performance. The utiliza-
tion of various two-phase correlations under identical inlet conditions
permits the derivation of distinct outlet parameters for the heat ex-
changers, thereby facilitating the quantification of predictive uncer-
tainty. Hence, this comprehensive and iterative rating process is nested
into the transient system model of the HP system, which is introduced
below.

To figure out how the combinations of the flow condensation and
flow boiling correlations affect the system working condition prediction
and performance assessment, the transient system model is established
by embedding the PHE rating codes into the abovementioned funda-
mental system model in section 2.1. The transient system model work-
flow is shown in Fig. 8, which elucidates a methodical approach to
embed the PHE rating codes within a foundational HP system model.
This integration is pivotal to elucidating the influence of assorted flow
boiling and flow condensation correlation combinations on the assess-
ment of the system comprehensive performance. The sequential solution
steps of the transient system model described within the flowchart in
Fig. 8 are as follows:

Parameter Input: The model is provisioned with a set of initial input
parameters which include the vapor quality at the evaporator inlet port
(Xeva,ip), the condenser’s inlet temperature (Tcond,ip), and the mass flow
rates of the participating mediums, namely the heat source (my), the
refrigerant (my), and the heat sink (m,).

Rating Code Application: Utilizing PHE rating codes, the sub-
models calculate the evaporator’s outlet temperature (Tevaop) and the
condenser’s outlet temperature (Tcond,0p), Predicated on a set of pre-
defined two-phase heat transfer correlations.

Throttle Valve Isenthalpic and Compressor Non Isentropic Cal-
culations: The model performs an isenthalpic calculation within the
throttle valve to derive the evaporator’s inlet vapor quality (Xeva,ip) and
an non isentropic calculation within the compressor to derive the con-
denser’s inlet temperature (Tcond,ip), Which serve as the iterative cycle’s

The optimal parameters:
era,Ipa Peva, M, Mp, M

v

Obtaining Tey,op adopting
evaporator rating code

v

I
I
Calculating Tcongjp Via I
I
I

predefined #7comp

v

Obtaining Teond,op

r———— - — —

If ITcond,ip'Tcond,ip*I/Tcond,ip <1% ? |

*
Tcond,ip= Tcond,ip

*

M
Xeva,ip —Xeva,ip
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No

—»| 4 E analysis

&&

« - «
If Iera,ip ~Xeva,ip I/xeva,ip <1% ? |

____¢____J

adopting condenser
rating code

v

Calculating xmjp“ via
isenthalpic process in the

throttle valve
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T

isenthalpic process in the
throttle valve

&

Obtaining Teondop.
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Calculating Tcon¢ip* via

predefined #7comp

Fig. 8. The flowchart for the transient HP model.
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convergence metrics.

Convergence Assessment: The system iterates until the relative
error between successive calculations of Teond,ip and Xeva,ip falls below a
1% threshold, indicating that a quasi-steady state has been attained.

System Performance Output: The model performs the substitution
of the converging system working points into the 4E evaluation sub-
model to obtain the comprehensive performance of the HP system
under each specific combination of flow boiling and flow condensation
correlations.

Specifically, the inlet vapor quality of the evaporator Xeva,ip and the
inlet temperature of the condenser Tconq,ip are selected as the conver-
gence judgment variables for the cycle convergence. The initial set pa-
rameters of the transient model include the obtained optimal inlet
parameters of the evaporator with Xeya,ip of 0.5019 and Ty j, assumed to
be either 80, 85, 90, or 95 °C, and the mass flow values of mediums (heat
source my, = 15.9189 kg/s, refrigerant mg = 20.0527 kg/s, and heat sink
m, = 22.1082 kg/s). Through the iteration process, the HP cycle would
gradually approach the realistic working conditions, based on which the
4E performance comparative analysis would be carried out among
various two-phase correlation pairs. In addition, 4 heat source inlet
temperatures T j, are considered to represent both the design and off-
design working conditions, varying from 80 °C to 95 °C in increments
of 5 °C, which enables a comprehensive analysis of system performance
under off-design scenarios. The heat source temperatures specified in
this study are intentionally set at relatively high levels and, under off-
design conditions, exceed the inlet temperature of the heat sink.
Despite this, the outlet temperature of the heat sink consistently remains
above the defined heat source temperatures, necessitating the
compression of the working fluid to achieve the required temperature
elevation for effective operation of the heat pump cycle. The deliberate
variation in heat source temperatures serves to examine the discrep-
ancies in heat pump performance predictions arising from different two-
phase correlation combinations under off-design conditions, thereby
representing a key boundary condition scenario for the comparative
analysis. It is important to note that the selection of relatively higher
heat source temperatures in this study was made deliberately to un-
derscore the heat pump’s performance under elevated thermal condi-
tions, which serves as a basis for examining the system’s behavior in
higher-temperature scenarios. This decision aligns with the specific
aim of providing a detailed case study on the operational optimization of
heat pumps under off-design conditions at higher heat source
temperatures.

2.4.2. Energetic assessment index

For the economic assessment, the energetic performance is quanti-
fied by the heating capacity Q.onq and the COP value. The Qconq has been
defined in Eq. (5), and the COP is defined as follows:

COP = Qcond/ Wcomp (50)

where Weomp denotes the compressor’s electrical power.

2.4.3. Exergetic assessment index
Exergy is a status parameter quantifying the potential available en-
ergy, which can be expressed as following at the state point k (exy):

exXyx = (hk — ho) — To(Sk —SQ) (51)
where the subscript 0 refers to the ambient environment.

Exergy destruction is unavoidable and is formed due to the factors
such as the heat transfer temperature differences, flow friction or
throttling processes. Based on the second law of thermodynamics, the
exergy destruction of each component is defined as [83]:

Exdes.comp = mf(exﬁ - exs) — Weomp (52)

EXgeseva = My (ex) — exz) — mg(exs — exs) (53)
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EXges.cond = M (€Xe — €Xg) — M (eX10 — €xXo) (54)

EXgesrv = Mg(exs — exs) (55)

From the principle of exergy balance, the system exergy efficiency #y
can be illustrated as [84]:

1y = (1 — EXqesrotat / EXtoal) X 100% (56)
where EXdea,toal ad EXioral are defined as follows [83]:

EXges total = EXdes,comp + EXdes,eva + EXdes.cond + EXdes tv (57)
EXtotal = Weomp + Mn(€x1 — €x2) (58)

2.4.4. Economic assessment index

For the economic assessment, the cy, (levelized specific cost of heat)
and PBT (payback time) are selected as the economic indicators. For the
purpose of cost analysis, the TCI (total capital investment) mainly in-
cludes the following parts: the purchased equipment, assembly, instal-
lation, start-up, and other related expenses. Considering the complexity
of calculating the TCI, a simplified definition is utilized as follows:

TCI = frcr X PECiotal (59
where frc is a factor to account for all the expenses and is assumed to be
4 [54]; PECyotq) represents the main purchased equipment cost consisting
of the expenses of the compressor and the heat exchangers, detailed
expressions are listed in Table 7.

Besides the one-time investments, the annual cash flows covering the
incomes and expenses are considered from 5 aspects: the income from

Table 7
Economic parameters and the corresponding formulas.

Parameter  Description Formula Ref.
Cost of the 08

“PEC.., evaporator, PECeva = 15526 X (Aeva/42)
Cost of the

PECcond oo PECeona = 15526 % (Acond/42)"* [85]
Cost of the PECcomp = 19850 x

PECcomp 073
compressor (mep /279<g.,7v_wmp)
Cost of the main

PECiotal components PECiotal = PECeya + PECcond + PECcomp
Total capital

e investment cost 1! —J1a1 X PECiota
Capital recovery . L o\me . o\m

CRF factor CRF = iegp (1 + fegr) ™ / (1 + esr) ™ — 1)
Cash flow of the

CFrer total capital CFrci = CRF x TCI
investment
Cash flow of the

CFom ‘OM (Operation  cpy\ — £ » TCI x CRF
and
Maintenance) [54]
Cash flow of the
heat

CFy eat souree CFy = Qeva X TCI X CRF
energy
consumption
Cash flow of the

CFq electricity CFep = Weomp X Cel X OPt,ye
consumption
Cash flow of the

CF. heat supply CFe = Qcond X e X OPtaye X Cc
Levelized

c specific cost of =

" heat (CFrct + CFom + CFiy + CFet)/Qeond 0Pt aye
PBT Payback time PBT = TCI/(CF. — CFq — CFy)

@ Purchased equipment cost.

b Annual cash flow.

¢ Operation and Maintenance cost, which is defined as 50 % of the total capital
investment [86].
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the heat supply and the expenses from the total capital investment, the
operation and maintenance, the heat source energy consumption, and
the electricity consumption, which are detailed in Table 7. Given the
abovementioned expenses, the levelized specific cost of heat ¢y and
payback time PBT then can be calculated and obtained respectively for
economic analysis.

where Veomp and 7y comp represent the compressor’s suction volume
flow rate and volumetric efficiency respectively. The electricity price is
assumed to be 0.1 €/kWh and the effective interest rate is set as 5%. And
the opt,ye denotes the annual average operation time of the heat pump
system, which is defined as 8000 h per year.

2.4.5. Environmental assessment index

For environmental performance analysis, the LCCP method is uti-
lized to quantify the carbon dioxide emission amount of an HP system.
As expressed in Eq. (60), the total emission of the system during its
whole lifetime can be divided into two parts. The direct part Emgjrect iS
associated with the leakage and atmospheric degradation of the utilized
refrigerant, which is defined as Eq. (61).

Emyoral = EMgirect + EMindirect (60)

EMgireet = C X (Lea X ALR 4+ EOL) x (GWP + Adp.GWP) (61)
where C stands for the mass of the refrigerant charge; L., represents the
average lifetime of the equipment. ALR denotes the annual proportion of
refrigerant leakage, and EOL signifies the refrigerant leakage ratio at the
end of life. GWP is the abbreviation for Global Warming Potential value,
which measures the impact of the refrigerants on global warming.
Lastly, Adp.GWP refers to the Global Warming Potential value of the
Atmospheric Degradation Product, indicating the secondary effects of
the refrigerant breakdown in the atmosphere.

Due to the limited reference data from the available literature, it is
necessary to emphasize the refrigerant properties of R1234ze(Z), such as
the GWP, Adp.GWP and so on, are supposed the same as the existing
fluids R1234yf and R1234ze(E) for the purpose of comparative analysis.
And detailed assumed values are illustrated in Table 8.

where EM, MM, mr, RM, RFM and RFD represent the CO5 emission
per kWh electricity consumption, CO, emission per kg manufactured
material, recycled material mass, CO, emission per kg recycled material,
COs emission per kg manufactured refrigerant and CO, emission per kg
recycled refrigerant respectively.

The indirect part Emingirect is associated with the energy consump-
tion, manufacturing of the material and refrigerant, and recycling of the
material and refrigerant, which is defined as [87]:

EMingirect = Lea X AEC x EM + Z (m x MM) + Z (mr x RM)+ 62)
C x (14 Lea x ALR) x RFM + C x (1 — EOL) x RFD

where AEC and m represent the annual electricity consumption and total
equipment mass respectively. The detailed assumptions are illustrated in
Table 8. What’s more, the AEC, Mcomp, Meva, Mcond and myy are calculated

Applied Energy 384 (2025) 125492

by the following equations:

AEC = opt,ye- Weomp (63)
Meomp = 31.22 Weomp (64)
Meva = Pyeel Xt X Acva (65)
Meond = Psteet X t X Acond (66)
My = 0.2:Meong 67)

where opt,ye is the system annual operation time assumed as 8000 h, and
t is the plate thickness of PHEs.

It is worth pointing out that the economic evaluation model and
LCCP environmental assessment method used in this study were chosen
due to their simplicity and speed of calculation. However, for more ac-
curate economic and environmental performance evaluations, it is
necessary to consider factors like carbon pricing or lifecycle costs.
Overall, the simplified model used in this study has not lost the repre-
sentational significance of the indicators themselves. To investigate the
influence of different two-phase correlations on the plate heat exchanger
design and HP system off-design performance, this study is arranged and
consists of three sequential steps. In the first step, based on the consis-
tent and unified preconditions defined in Table 2, Table 4, and Table 8,
11 types of refrigerants are screened to obtain a suitable working fluid
along with the system design working condition which is utilized as the
consistent and unified boundary condition for the evaporator and
condenser designs under various two-phase correlations. In the second
step, regarding the obtained working condition as design condition, the
influence of various correlations on the heat exchangers is discussed
from the dimensional, economic and environmental aspects. In the third
step, the effects of 16 pairs of correlation combinations on system per-
formance are examined to elucidate the relationships between different
correlations and variations in heat pump performance indicators. The
exergy destruction rates of components and the exergy efficiencies of the
system are presented for comparative analysis. Among the various cor-
relation pairs, the levelized specific cost of heat (cy) and the payback
time (PBT) are compared in the economic analysis, and the Life Cycle
Climate Performance (LCCP) assessment method is employed in the
environmental analysis. The simulations were performed using MATLAB
R2018a with the user-defined function for iterative calculations. And the
computations were conducted on a desktop workstation with an Intel
Core i9 12900K processor and 64 GB RAM.

3. Results and discussion
3.1. Screening results of the system thermo-economic optimization
Based on the abovementioned dual-layer optimization strategy, the

optimized working conditions of the 11 working fluid candidates are
obtained by the NSGA-II algorithm under the balanced weights of 4

Table 8
The assumed values of parameters to calculate the emissions.
Parameter Value
c 2.7 kg/kWic [87]
mr 0.07 kg
Lea 20 years
ALR 5%
EOL 15%

GWP of R1234ze(Z)
Adp.GWP of R1234ze(Z)

6 (for comparative analysis) [88]
3.3 (for comparative analysis) [89]

EM (Steel) 1 kg CO2¢/kwh

MM (Steel) 2.46 kg COz/kg

RM (Steel) 0.07 kg CO2c/kg

RFM of R1234ze(Z) 13.7 kg CO4./kg (for comparative analysis) [63]

RFD of R1234ze(Z) 1.16 kg CO2¢/kg (for comparative analysis) [63]

Table 9

Optimized thermo-economic performance of fluid candidates.
Candidate Peva Peond CcopP i ch PBT

(bar) (bar) (-) (%) (€/MWh) (years)

R1234ze(Z) 3.799 17.653 3.524 51.986 40.217 2.689
R600 4.892 19.027 3.468 51.420 40.676 2.793
R600a 6.775 23.816 3.238 49.056 42.323 3.080
R114 4.434 17.927 3.236 49.040 43.130 3.625
R1224yd(Z) 3.276 16.685 3.107 47.666 44.081 3.849
R124 7.717 28.620 3.073 47.307 43.548 3.305
R236ea 4.526 20.426 3.069 47.257 44.395 3.944
R245fa 3.413 19.429 2.928 45.711 45.639 4.396
R236fa 5.801 24.206 2.836 44.678 46.604 4.894
R1234ze(E) 8.672 32.626 2.783 44.078 47.099 5.163
R1233zd(E) 2.928 18.167 2.783 44.077 47.549 5.651

14



D. Wu et al.

objective functions. As listed in Table 9, through the TOPSIS method, the
fluid candidates then are ranked according to their thermo-economic
behaviors. To present a more intuitive comparison among competitive
potential fluids, the optimized objective function values (COP, ny, cp,
PBT) of the top 5 candidates in Table 9 are displayed as Fig. 9. Obvi-
ously, the fluid candidate R1234ze(Z) achieves an excellent thermody-
namic performance with the maximum COP and 7y, and the minimum cp,
or PBT is also obtained by R1234ze(Z). The other 4 candidates show a
more inferior performance in the thermodynamic or economic aspect,
especially for the refrigerant R1224yd(Z). Taking the environmental
protection properties of the refrigerants into consideration, the other 3
traditional working fluids R600, R600a and R114 possesses a relatively
high GWP value (>3). R600 and R600a are flammable refrigerants with
the SG index of A3. Therefore, the low-GWP (GWP < 1) refrigerant
R1234ze(Z) is preferred in this paper due to its benefit in improving the
environmental performance of heat pumps. In addition, the working
pressure of R1234ze(Z) is the second lowest among the top 5 candidates,
which means a safer and more reliable working condition for the heat
pump components. Hence, through consideration of thermo-economical
performance, equipment safety and environmental protection, R1234ze
(Z) is picked out as the optimal fluid and the corresponding optimal
working condition is operated under the peya of 3.799 bar and the pcond
of 17.653 bar.

3.2. Design results of heat exchangers

On the basis of the screened refrigerant R1234ze(Z), the corre-
sponding HP cycle working condition is further set as the design con-
dition of the condensers and evaporators. By varying the flow
condensation correlations or flow boiling correlations, the designed
dimension results including the plate length and total heat transfer
surface area are shown in Fig. 10 and Fig. 11 respectively. Due to the
distinct differences in the mathematical expressions or prediction be-
haviors among different correlations, apparent variation of the design
results is observed. For the condenser, the maximum plate length is
estimated via the Zhang et al. correlation [35], which reaches nearly
2.36 times the minimum value calculated through the Kuo et al. corre-
lation [36]. For the evaporator, the maximum plate length value
assessed via the Zhang and Haglind correlation [34] is 2.06 times the
minimum value calculated by the Amalfi et al. correlation [32]. Similar
results about the total heat exchange area are obtained as the length and
area of a plate are directly proportional to each other under the given
plate structure pre-definition in this paper. It is clear that the influence
of different correlations is significant and cannot be neglected in the
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heat exchanger dimension design process.

Furthermore, the purchasing cost and manufacturing carbon emis-
sion of the heat exchangers are compared among various correlations.
When considering the carbon emission of heat exchangers, only the
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manufacturing process is involved as the carbon emission amount of the
recycling process can be nearly ignored [90]. As shown in Fig. 12, a
relative difference in the condenser costs (98.6%) is gained between the
highest cost calculated by the Zhang et al. correlation [35] and the
lowest cost evaluated by the Kuo et al. correlation [36]. And a relative
difference in the evaporator costs (78.5%) is also obtained between the
maximum cost calculated by the Zhang and Haglind correlation [34]
and the minimum cost evaluated via the Amalfi et al. correlation [32].
From economic assessment aspects, the selection of two-phase correla-
tions has an apparent effect on both the condenser and the evaporator.
As displayed in Fig. 13, the distribution pattern of the heat exchanger
carbon emissions is highly consistent with the heat exchanger costs. It
can be explained that the calculation of carbon emissions for heat ex-
changers solely considers the direct emissions resulting from the mate-
rial usage in manufacturing. As indicated by Eq. 60, Eq. 63, and Eq. 64,
the carbon emissions are directly proportional to the mass of the heat
exchanger, which in turn is directly proportional to the heat exchanger
area. This implies that the carbon emissions are directly proportional to
the area of the heat exchanger. And as shown in Table 6, the cost
calculation for heat exchangers also demonstrates that the cost is posi-
tively correlated solely with the heat exchanger area. Therefore, both
emissions and costs are primarily influenced by the area of the heat
exchanger. Likewise, the maximum relative differences of the condenser
and evaporator carbon emissions 134.7% and 106.1% are obtained
respectively.

During the design procedure of heat pump heat exchangers, 8 two-
phase correlations were selected and replaced (4 of flow condensation
ones and 4 of flow boiling ones) to investigate their impact on the
theoretical dimensions, cost and carbon emissions of the heat ex-
changers designed. An apparent distinction of the dimensions and per-
formance indexes was obtained among the designed condensers or
evaporators, such as an uncertainty of 134.7% for the condenser carbon
emission and an uncertainty of 106.5% for the evaporator dimension.
Therefore, from the viewpoint of components, choosing and utilizing
various two-phase correlations affects the heat exchanger’s dimension
design and performance assessment significantly, which could lead to a
remarkable deviation in the whole heat pump system performance
evaluation.

3.3. Comparative analysis under different correlations

3.3.1. Energetic and exergetic comparative analysis
It is unforeseeable that whether the differences in heat exchanger
performance predictions would lead to different heat pump system
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performance assessment results under different pairs of two-phase cor-
relation combinations. Thus, to investigate this potential influence of
two-phase correlation selections on the whole system, 16 sorts of two-
phase correlation combinations are compared and discussed, which
are represented by the substitution symbols given in Table 10. According
to the 4E analysis method [50], the energy and exergy aspects are firstly
explored in this section. As mentioned above, the heat exchangers were
designed when T}, was fixed at 80 °C, based on which another three
levels (T = 85, 90, 95 °C) are further considered as the complement to
off-design conditions.

Energy analysis for thermodynamic cycles is conducted from the
aspect of energy’s amount. Comparison of the HP cycle heating capacity
among various correlation pairs under 4 heat source conditions is
exhibited as Fig. 14. At each specific Ty, the heating capacity fluctuates
with the correlation pairs and a maximum relative difference is ob-
tained. It’s obvious that the curve fluctuation at the design condition is
smaller than that at the other three heat source temperatures. This is
because that all the heat exchangers are designed at Ty, = 80 °C and a
given heat exchange amount of the evaporator (2 MW). And in the
following detailed system modeling as described in Fig. 8, only the
similar boundary condition of T, = 80 °C is constrained, which would
lead to the analogous convergence results of the evaporator and also the
whole system under different correlation pairs. From another point of
view, a maximum relative difference of 1.45% also verifies that all the
heat exchangers are designed properly from different two-phase corre-
lations and perform similarly under the predefined design condition.
Under the other 3 heat source conditions, all the minimum heating ca-
pacity values are predicted by the correlation pair C-1. While the
maximum heating capacity values are predicted by the correlation pairs
C-10,C-11 and C-12 at T, = 85 °C, 90 °C and 95 °C respectively, with the
relative difference values of 9.88%, 7.23% and 6.33%. Hence, the se-
lection of the two-phase correlations has a notable influence on the
system heating capacity prediction.

COP is widely recognized as the most important indicator for char-
acterizing the cycle performance. As shown in Fig. 15, as the Ty

Table 10

Substitution symbols of two-phase correlation pairs.
Two-phase Amalfi Yan and Zhang and Liu and
correlations et al. [32] Lin [33] Haglind [34] Winterton [29]
Zhang et al. [35] C-1 C-5 C-9 C-13
Kuo et al. [36] C-2 C-6 C-10 C-14
Han et al. [37] C-3 C-7 C-11 C-15
Yan et al. [38] C-4 C-8 C-12 C-16
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Fig. 14. Comparison of heating capacity under various Tp.

increases, the COP value reaches a higher level under each specific
correlation pair, which is consistent with previous studies [91]. Similar
to the variation characteristic of the heating capacity, the predicted COP
values among different correlation pairs fluctuate under off-design
conditions and vary most obviously at T, = 85 °C with a relative dif-
ference value of 3.27%. As a dimensionless performance index,
improvement of the COP is usually difficult for a realistic heat pump
system. Hence, this floating range cannot be ignored and should be
taken into consideration in the cycle performance assessment process.
Exergy analysis for thermodynamic cycles is conducted from the
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aspect of energy’s grade. In Fig. 16, the heatmap of cycle exergy effi-
ciency np exhibits that the difference among different correlation pairs is
tiny at the design heat source condition while large at off-design con-
ditions. At T, = 80 °C, the relative difference of 7y is as low as 0.31%
which is tiny enough to be ignored. However, the relative difference
values of 5y at T, = 85, 90 and 95 °C are 3.67%, 5.74% and 6.76%
respectively. Therefore, the utilization of different correlations may
cause a large uncertainty of the heat pump cycle exergy efficiency pre-
diction under off-design conditions.

To further explore the intrinsic relationship with this difference, at
Ty, = 95 °C of the highest 5 uncertainty, the exergy destruction distri-
bution of the components is illustrated in Fig. 17. The exergy destruction
composition of the system is consistent with former simulation studies
with a main proportion of the condenser and the throttle valve [92].
Among the 16 correlation pairs, the exergy destruction of the
compressor or evaporator hardly varies while a relative apparent change
of the condenser or throttle valve is perceived. As the throttle process in
the expansion valve is considered to be isenthalpic, which absolutely
differs from the realistic operation condition in existing experimental
research [83,93]. Hence, under different heat two-phase correlation
combinations, different iterative convergence results of the heat pump
operating conditions lead to the differences in exergy destruction dis-
tribution among the components, with the condensing heat exchanger
correlation playing a major role shown in Fig. 17. Additionally, it is
worth pointing out that compared with experimental studies [94], the
results predicted by simplified models of the compressor and the
expansion valve may be of limited reference significance.

3.3.2. Economic and environmental comparative analysis
In order to comprehensively evaluate the heat pump system perfor-
mance, economic and environmental indicators have been defined and
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Fig. 17. Comparison of exergy destruction distribution at T, = 95 °C.

widely utilized using common calculation models [47,95]. For the
economic aspect, the main purchased equipment cost PECiota), levelized
specific cost of heat ¢, and payback time PBT are discussed and
compared in this study. As displayed in Fig. 18, the variation of PECiytg)
among 16 correlation combinations is obvious and the maximum rela-
tive difference of 29.65% is obtained between correlation pairs C-2 and
C-9. As the heat exchangers are the main components of the heat pump
system, the selection of two-phase correlations shows a significant in-
fluence on the PECiot,. In addition to considering the cost of main
components, other aspects such as the assembly, installation, operation,
loan interest rate and other related expenses are included by the lev-
elized specific cost of heat c,, and payback time PBT, which therefore are
often utilized in comprehensive economic analysis. As shown in Fig. 19,
the very small difference of cy, (0.26%) is reflected among 16 correlation
pairs at the design heat source temperature Ty, = 80 °C. While at T, =
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85 °C, a slight distinction (the maximum relative difference of 1.91%) is
observed. With Ty increasing to 90 and 95 °C, this distinction (the
maximum relative differences of 1.22% and 1.04% respectively) is
gradually disappearing. Presumably, by the definition illustrated in
Table 7, it should be the case that as the temperature of the heat source
rises, the numerator annual investment cost changes by a quantitatively
smaller amount than the denominator annual heat capacity, and the
difference in the ratio ultimately obtained is weakened as the denomi-
nator base becomes progressively larger. To sum up, the cost of heat cy, is
influenced by the correlation selections in a limited extent.

As shown in Fig. 20, it can be seen that the economic performance
index PBT gradually decreases with T, under each correlation pair. This
can be explained by the rising trend of the heating capacity displayed in
Fig. 14. According to Eq. (59), the total capital investment TCI is a
constant value under each correlation combination case, while the
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Fig. 18. Comparison of PEC;u, under various correlation pairs.

increase in heating capacity leads to the increment of the annual cash
flow, which further results in a decrease in PBT. Among the investigated
16 pairs of correlations, the maximum relative difference of PBT at Ty, =
80 °C is as small as 0.89%. At the Ty, = 85, 90 and 95 °C, all the values of
the maximum relative differences (4.44%, 2.19% and 3.45% respec-
tively) are within 5%, which means the PBT is affected by the two-phase
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correlation selections to a certain extend.

Finally, by the environmental analysis method LCCP, the total
equivalent CO2 emissions of the heat pump systems under different heat
source temperatures are exhibited in Fig. 21. Consistent with the
abovementioned findings, little difference (1.08%) in system carbon
emissions is predicted by different correlation combinations at Ty, =
80 °C. Also, a visible distinction among the 16 pairs of correlations is
perceived at T, = 85, 90 and 95 °C with the maximum relative difference
of 6.38%, 4.73% and 4.24% respectively. From the comparative anal-
ysis, it can be concluded that the choice of two-phase correlations may
cause a visible uncertainty in the environment performance evaluation
index.

4. Conclusions

To investigate the influence of different two-phase heat transfer
correlations on the heat pump system performance assessment, a
comparative study was conducted from the heat exchanger design and
the system’s 4 E performance. 8 two-phase correlations (4 flow boiling
ones proposed by Amalfi et al. [32], Yan and Lin [33], Zhang and
Haglind [34], and Liu and Winterton [29]; 4 flow condensation ones
suggested by Zhang et al. [35], Kuo et al. [36], Han et al. [37], and Yan
et al. [38]) were investigated and compared in this study. Obtaining the
screened optimal fluid candidate R1234ze(Z) and the corresponding
working condition for designing heat exchangers, in the component
viewpoint, the dimension, economy and environment distinctions
among designed heat exchangers were focused and compared. Further,
from the system viewpoint, a comparative analysis of the heat pump
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system performance assessment was conducted under the 4 E analysis
method. The major conclusions are illustrated as:

1) Given that the Zhang and Haglind correlation [34] and the Zhang
et al. [35] correlation were developed under experimental conditions
closely resembling those in the evaporator and condenser of high-
temperature heat pumps (e.g., similar working fluids and temperature
ranges), these correlations appear to provide reliable predictions for
plate heat exchanger design among the eight evaluated. However,
further experimental validation across diverse PHE geometries and a
wider range of operating conditions is essential to confirm their
accuracy.

2) During the heat exchanger design procedure, the selection of the
two-phase correlations had a significant impact on the theoretical di-
mensions, cost and carbon emissions of the condensers and evaporators.
For the condenser, the obvious relative distinctions (136.0% of the
dimension, 98.6% of the cost and 134.7% of the carbon emission) were
found between the Zhang et al. correlation [35] and the Kuo et al.
correlation [36]. And for the evaporator, a noticeable relative difference
(106.5% of the dimension, 78.5% of the cost and 106.1% of the carbon
emission) was found between the Zhang and Haglind correlation [34]
and the Amalfi et al. correlation [32].

3) As for the systems’ energy and exergy behaviors, under the design
heat source temperature, little relative distinctions (1.45% of the

20

heating capacity, 0.38% of the COP and 0.31% of the exergy efficiency)
were observed. While under the off-design heat source temperatures,
obvious relative distinctions (9.88% of the heating capacity, 3.27% of
the COP and 6.76% of the exergy efficiency) were derived.

4) As for the systems’ economy and environment behaviors, under
the design heat source temperature, tiny relative differences (0.26% of
the heating cost ¢, 0.89% of the payback time PBT and 1.08% of the
carbon emission) were gained. While under the off-design heat source
temperatures, much higher relative differences (1.91% of the heating
cost cp, 4.44% of the payback time PBT and 6.38% of the carbon emis-
sion) were obtained.

5) Among the correlations studied, the Zhang et al. correlation [35]
might lead to a low level of the COP value, while the Zhang and Haglind
correlation [34] produced the opposite effect. The correlation proposed
by Zhang et al. [35] or Zhang and Haglind [34] predicted a much high
exergy efficiency and the lower level of exergy efficiency was derived by
the Kuo et al. correlation [36] or the Amalfi correlation [32]. The Zhang
etal. correlation [35] and Amalfi et al. correlation [32] forecasted a high
level of the heating cost c,, and the payback time PBT. A high level of the
carbon emission was obtained by the Zhang and Haglind correlation
[34] or the Kuo et al. correlation [36]. The results would be helpful to
picture out the true effect of the two-phase correlation selections on the
heat pump performance assessment.
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