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Abstract: Barocaloric is a solid-state not-in-kind technology, for cooling and heat pumping, rising as
an alternative to the vapor compression systems. The former is based on solid-state refrigerants and
the latter on fluid ones. The reference thermodynamical cycle is called active barocaloric regenerative
refrigeration (or heat pumping cycle). The main advantage of this technology is to not employ
greenhouse gases, which can be toxic or damaging for the environment and that can contribute to
increasing global warming. In this paper, the environmental impact of barocaloric technology was
evaluated through a Total Equivalent Warming Impact (TEWI) analysis carried out with the help
of a numerical 2D model solved through a finite element method. Specifically, we propose a wide
investigation on the environmental impact of barocaloric technology in terms of TEWI index, also
making a comparison with a vapor compression plant. The analysis focuses on both the cooling and
heat pump operation modes, under different working conditions and auxiliary fluids. The results
revealed that a barocaloric system based on ABR cycle could provide a reduction of the environmental
impact with respect to a vapor compression system. The addition of nanofluids contributes in
reducing the environmental impact up to —62%.

Keywords: barocaloric; solid-state cooling; solid-state heat pumping; acetoxy silicone rubber;
nanofluids; ethylene-glycol nanofluids; vapor compression; TEWI

1. Introduction

Barocaloric belongs to the solid-state not-in-kind (NIK) [1-3] caloric technologies for cooling
and heat pumping that are rising because of their prerogative of employing solid-state materials
as refrigerants [4-6]. The solid-state nature of the refrigerants avoids that a system based on
barocaloric cooling or heat pumping could contribute in the accidental release of refrigerants in the
atmosphere, contrary to what happens with vapor compression whose refrigerants have a fluid nature.
Barocaloric is counted among the caloric cooling and heat pumping class of technologies, all having
the common denominator of being based on solid-state refrigerants exhibiting a caloric effect [7]
(magnetocaloric, electrocaloric, elastocaloric and barocaloric effect, in dependence of the nature of the
external stimulus) [8-13].

Barocaloric technology employs solid-state barocaloric materials whose name derives by the effect
they experiment, called barocaloric effect (BCE). BCE occurs as a solid-state transformation generated
by a variation of the hydrostatic pressure of the system [14]. Such transformation could provoke
an isothermal entropy change (ASt) or an adiabatic temperature variation (AT,q) in the barocaloric
material, despite of the isothermal or adiabatic nature of the process.
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The reference thermodynamical cycle of barocaloric cooling and heat pumping is called Active
Barocaloric Regenerative refrigeration (ABR) (or heat pumping) cycle. It is applied to an active
barocaloric regenerator in which the barocaloric material is both refrigerant and regenerator. Such
structure undergoes four consecutive processes that are cycled with the aim of subtracting heat from a
cold environment and to reject it in a hot one. The transfer of the heat fluxes is entrusted to an auxiliary
fluid that crosses the caloric regenerator. The auxiliary fluid, defined as Heat Transfer Fluid (HTEF),
could be constituted by water, water ethylene glycol or by optimizing solutions for enhancing the heat
transfer, such as nanofluids [15-17].

The main advantage of this technology is to not employ greenhouse gases, that can result toxic or
damaging for the environment and that can contribute to increase global warming [18,19]. Furthermore,
it can operate with small level of noise and it exhibits the potential of recycling its components. All
these points confer to barocaloric refrigeration and heat pumping the role of potentially become a real
alternative to the conventional vapor compression refrigeration [20].

Most of the systems employed nowadays are based on the vapor compression technique, which
has been the center of attention since 1987, when the Montreal Protocol [21] was issued, because of the
environmental impact associated to the refrigerants employed, causing ozone depletion and global
warming. Over the years, subsequent measures were taken with the Kyoto Protocol [22] in 1997 and
the following amendments up to the Kigali amendment [23], held in 2016. In all these years we have
witnessed an evolution of refrigerants: ChloroFluoroCarbons (CFCs), HydroChloroFluoroCarbons
(HCFCs), HydroFluoroCarbons (HFCs), HydroFluoroOlefins (HFOs), natural fluids [24-27]. They are
devoted to vapor compression-based refrigeration and heat pumping but, more than just an evolution,
we would like the world of fluid-state refrigerants to undergo a revolution [28].

The investigation introduced in this paper will be contextualized in the common goal of reducing
both the energy consumption and the environmental impact of the nowadays employed systems. The
main parameter to evaluate global warming impact and carbon-dioxide emissions coming out from a
cooler is the total environmental warming impact (TEWI) index [29-31], which takes into account both
the direct and indirect contributions produced. Scientific literature accounts only a small number of
investigations on the environmental impact of caloric systems [18,19].

In this context we propose a wide investigation on the environmental impact of barocaloric
technology in terms of TEWI index and we also make a comparison with a vapor compression plant.
The analysis focuses on both the cooling and heat pump operation modes, under different working
conditions and auxiliary fluids.

2. The Active Barocaloric Technology for Cooling and Heat Pumping

The reference thermodynamical cycle of barocaloric cooling and heat pumping, called ABR cycle,
could be conceived as refrigeration or heat pumping cycle, depending on the desired operation mode
of the system.

The cycle is composed of four steps, reported in Figure 1. Specifically, Figure 1 shows the four
processes forming the active barocaloric regenerative cycle for: (a) cooling and (b) heat pumping
operation-modes. In (A) the hydrostatic pressure of the system grows adiabatically, causing an
augmentation of the temperature of the material due to barocaloric effect. In (B) the heat transfer
from cold-to-hot heat exchanger though the HTF flowing occurs. Subsequently, in (C) the hydrostatic
pressure decreases adiabatically inducing a temperature-falling of the barocaloric material, following
BCE. Finally, the hot-to-cold flow (D) cools down the HTF that, reaching the cold heat exchanger,
subtracts heat; thus, the useful effect of the ABR cycle is generated, if the system is working in cooling
mode. Dually, for heat pumping, the desired effect of the cycle occurs in step (B), when the fluid
heats up because of cold-to-hot flowing where, reaching the hot heat exchanger, it adds heat to the
environment to be warmed.
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Figure 1. The four steps of active barocaloric regenerative cycle: (A) adiabatically increasing the
hydrostatic pressure; (B) cold-to-hot flowing; (C) adiabatically decreasing the hydrostatic pressure; (D)
hot-to-cold flowing for (a) cooling; (b) heat pumping operation modes.

A two-dimensional model that reproduces the behavior of the active barocaloric regenerator
was developed and experimentally validated in previous investigations [32-34]. The regenerator is
designed as a parallel-plate structure [35], surrounded by a h x L packaging (20 X 45 mm?) containing
54 plates of barocaloric materials (0.25 mm thickness), stacking channels (0.125 mm thickness) where
the HTF flows in both directions. Further details on the design of the regenerator and on the model are
reported by Aprea et al. [35,36]. On the left side of the regenerator, by means of a first-type boundary
condition, the presence of a cold heat exchanger (CHEX), having T¢ as set point temperature, is
modelled. Dually, the same is done on the right side where Ty is the first-type condition associated to
the hot heat exchanger (HHEX). The mathematical system that regulates the 2D model is composed by
the following equations:
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Equation (1), defining, respectively, the continuity of mass equation, the momentum equations
of fluid (Navier-Stokes) and the fluid and solid energy equations, is imposed during the fluid flow
processes. Laminar flow and incompressible fluid are assumed.

Equation (2) acts during the phases of adiabatic field increasing and decreasing. Since in these
steps the fluid is not moving, Equation (2) is composed only by the fluid and the solid energy equations.
In the solid energy equation, the temperature change due to barocaloric effect is included by means of
the Q term, of which the expression is explicated in Equation (3). Equation (3) converts the adiabatic
temperature change, due to barocaloric effect, in a power density. The term has dependence by
the temperature of the caloric material and the external field applied to the system. The related
mathematical function for Q was evaluated through a mathematical finder software, following the
elaboration and the manipulation of experimental data of specific heat and AT,q of the barocaloric
material, provided by the scientific community and published in open literature [37]. A complete
description of all the steps followed by us in the Q terms building is reported by Aprea et al. [35,36].
Next to the construction and the manner of including Q in the field increasing/decreasing processes of
the 2D model, we explained in details how we accounted the phenomenon of the thermal hysteresis
that could become relevant for first order transition materials.

During the HTF flow processes the interaction among the regenerator and the cold and hot heat
exchangers is entrusted to Dirichlet boundary conditions: In the cold-to-hot flow process, the CHEX
mean temperature T is imposed in the left side; in the hot-to-cold Ty (HHEX mean temperature) is
forced on the right side. During the steps of adiabatic pressure increasing/decreasing, the coupled
boundary condition in this process is thermal insulation applied to all the boundaries.

The model is solved through finite element method (FEM). The ABR cycle was repeated cyclically
many times until detecting the regenerator reaching the steady-state condition. The latter must satisfy
the cyclicality criterion in every point of the active caloric regenerator:

6 =max{T(x,y,0+¢q0) - T(x,y,4t +q0)} <FE, 4)
3. Materials of the Investigation

3.1. Barocaloric Refrigerant

To the purpose of the investigation introduced we chose a barocaloric material that could result
suitable as refrigerant for both the cooling and the heat pumping operation modes. Among the general
requirements of moderate costs, easiness of synthesis, no-toxicity, there was the necessity of manifesting
large values of AT,q in the working temperature range. Therefore, considering the temperature range
devoted to cooling and heat pumping applications, we selected a barocaloric elastomer called acetoxy
silicone rubber (ASR) [37] which belongs to the class of vulcanizing rubbers. The materials of this



Climate 2019, 7, 115 5o0f 14

class can be reversibly stretched many times to their initial length upon moderately low applied
pressures. Acetoxy silicone rubber made of polydimethylsiloxane, additive, preserving agent and
fillers, exhibits a super-giant barocaloric effect with a peak of AT,q located in correspondence of the
crystalline-amorphous transitions with the consequence of polymer chains rearrangements. Figure 2
reports the adiabatic temperature change detected in acetoxy silicone rubber during unloading process
with Ap = 0.390 GPa. The peak was 41.1 K in proximity of 298 K. This makes ASR eligible for both
cooling (255 + 290 K) and heat pumping (278 + 298 K) working ranges. In Table 1 the thermodynamic
properties of the ASR are summarized.
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Figure 2. Adiabatic temperature change as a function of the working temperature of acetoxy silicone
rubber for decompression (Ap = 0.390 GPa).

Table 1. Thermal and physic features of acetoxy silicone rubber.

Density Thermal Conductivity
[kg/m®] [W/mK]

ASR 298 0.390 411 960 1.48

Material Tpeax K] Ap [GPa] AT,ag,max [KI

3.2. Auxiliary Fluids

The selection of the auxiliary fluids of the investigation is a crucial point. Based on the temperature
working range, as preliminary choice we selected water and a 50%Ethylene-Glycol (EG)/50%water(W)
mixture, addressed respectively to heat pumping (above 0 °C) and cooling (below 0 °C) operation
modes. The freezing point of the 50%EG/50%W mixture is 236 K. The thermophysical properties of the
above two fluids are provided by the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) as table functions of the temperature [38]. These two fluids are the most
commonly employed in caloric technology and therefore we deem they are significative for the
purposes of the analysis introduced.

To enlarge the spectrum of the investigation, we decided to evaluate the environmental impact of
barocaloric technology while the system mounts advanced HTF: The nanofluids [39-45]. Specifically,
we tested variable concentrations of Al,Osz-water nanofluids and of Cu-50%EG/50%W nanofluids,
respectively, for heat-pumping and for cooling usages.

The thermophysical characteristics of the AlO3 and Cu nanoparticles are listed in Table 2.
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Table 2. Thermophysical characteristics of Al;O3 and Cu nanoparticles.

Material Specific Heat Density Thermal Conductivity
[J/kgKI] [kg/m?] [W/mK]
AL O3 765 3970 36
Cu 383 8933 401

We considered different concentrations of nanoparticles dispersed on equal volume of base
fluid as:

Vip _ MMnp
==, (5)
nf - Mnf
The thermophysical properties of the nanofluids are dependent on the volume fraction of
nanofluids ¢; therefore, to include such dependence in the model, we adopted the following correlations
available in scientific literature [46,47] (valid for both Al,Oz-water and Cu-50%EG/50%W nanofluids):

Pnf = (1= @)pps + @pup, (6)
Pnfcp,nf = (1 - (P)(Pcp)bf + @(Pcp)npr (7)
np + 2y = 20Ky = k)
knf = kos , 8
knp + Zkbf + (P(kbf - knp)
The viscosity of the Al,O3-water nanofluids was modeled according to [46]:
Hnf = tpf(1+7.740), ©)
The viscosity of the Cu-50%EG/50%W nanofluids was modeled following [48]:
b = ———=p (10)
nf (1- q0)2.5 bfs

4. The TEWI Analysis

The TEWI index is one of the most comprehensive ways to evaluate and quantify the environmental
impact of refrigeration or heat pumping systems. Based on the concept that a refrigeration or heat
pumping system is related to direct and indirect environmental impacts, TEWI accounts for both,
combining the effect of direct refrigerant emission with the energy consumption and to the related
combustion of fossil fuels for electric energy production. TEWI is calculated as:

TEWI = CO, iy + CO2 jngir [kg CO2], (11)
1-Pg
CO, 41 = RC[PL + ( )]V-GWP kg COyl, (12)
 Qn
COZ,indir = D(—COP -H-V {kg COz], (13)

Global warming potential (GWP) is an index employed to quantify the direct impact of greenhouse
gases on global warming. It counts the mass of CO, that would result in the same net impact on global
warming as the release of a single unit (kg) of the atmospheric component in question.

The direct contribution (Equation (12)) to the TEWI index depends on the GWP of refrigerant
fluids employed and on the fraction of refrigerant charge released into the atmosphere: it is mainly due
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to leakage during the operational plant lifetime (P} ) and to the residual amounts, which, according
to the current state of technology, are not recyclable and thus are released into the atmosphere when
taking a plant out of operation (1-Pr). In the simulation, Py, is assumed to be 5%, whereas Pr has not
been considered. The barocaloric system does not exhibit a direct contribution to global warming
since the caloric refrigerant has a solid state. The indirect contribution (Equation (13)) is due to the
energy-related contribution. The literature provides some indicative average levels of CO, release per
kWh of electrical energy for various countries. For Italy, the value is 0.6 kg CO,/kWh.

5. The Operating Conditions of Investigation

The investigation was performed numerically through the 2D model introduced in Section 2. The
barocaloric system was tested both in cooling and heat pumping operation modes.
During the cooling mode, the investigation was performed under the following operating conditions:

e the set point temperature range was 255 + 290 K;

e the frequency of repeating ABR cycle was 1.25 Hz;

e the adiabatic variation of applied hydrostatic pressure was Ap = 0.390 GPa;

e the velocity of the HTF during the flowing phases varied by 0.04 + 0.2 m/s;

e the nanoparticle volume fraction of the Cu-50%EG/50%W nanofluids was increased from 2%
to 10%.

During the heat pumping operation mode, the following operating conditions were forced:

e the set point temperature range was 278 + 298 K;

e the frequency of repeating ABR cycle was 1.25 Hz;

e the adiabatic variations of applied hydrostatic pressure were: Ap = 0.273 GPa and Ap = 0.390 GPa;
e the velocity of the HTF during the flowing phases varied by 0.15 + 0.25 m/s;

e the nanoparticle volume fraction of the Al,Os-water nanofluids was increased from 2% to 10%.

6. Results

As a prerequisite to the results on the environmental impact, we report the COP of the barocaloric
system evaluated for cooling and heat pumping modes, respectively, as:

QVE
COPpy = ——F (14)
Qn - Qref + WP
COPy, = - On (15)

QH - Qre f + WP

Figure 3 reports the coefficients of performance detected when the system works with common
heat transfer fluids. Figure 3a shows the COP as a function of the velocity of the HTF (50%EG/50 W)
while the system works with ASR under Ap = 0.390 GPa. Figure 3b displays COP as a function of
velocity of the auxiliary fluid (water) for different Ap applied to the barocaloric material. The first
set of data emerging shows that, even if they were detected under different working conditions, as
expected, the COPy, values are greater than those of COP,. Furthermore, one can notice that the
optimal point is red shifting toward higher velocities when the system works in the heat pumping
mode. The reason must be found in the mechanical power associated to the work of the pump (for
fluid motion) that becomes much more predominant if the system and that employs an EG/W mixture,
of which the viscosity is higher than that of water. Such an effect produces a deep knocking-down of
the COP,,, for v greater than 0.1 m/s.
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Figure 3. Coefficients of performance detected in: (a) cooling mode and (b) heat pumping mode, when
the system works with base fluids as HTF.

Figure 4 exhibits the coefficients of performance as a function of velocity when HTF is formed by
nanofluids. In Figure 4a COP vs. fluid velocity is plotted when the system works in cooling mode
employing ASR (0.390 GPa) and Cu + 50%EG/50%W nanofluids, as barocaloric refrigerant and HTF
respectively. From Figure 4a one can observe that the addition of nanoparticles in the base fluid carries
to COP increments up to +8.5% if ¢ grows till 10%. In Figure 4b,c, COP vs. HTF velocity is reported for
the heat pumping mode where the auxiliary fluid is Al;O3 + water and the solid-state refrigerant (ASR)
operates under two different pressure ranges (Ap = 0.273 GPa and Ap = 0.390 GPa). The addition of
Al,O3 + water nanofluids in an active barocaloric heat pump working with acetoxy silicone rubber
under Ap = 0.390 GPa provides a COP increment up to 19.2% registered at ¢ = 10%.
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Figure 4. Coefficients of performance detected in: (a) cooling mode Ap = 0.390 GPa; heat pumping
mode (b) Ap = 0.390 GPa and (c) Ap = 0.273 GPa when the system employs nanofluids as HTFE.
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To evaluate the environmental impact, we introduce the relative percentage ATEWI index with
respect to a VC system working in the same operative conditions and modes, as follows:

(TEWIacg — TEWIyc)

TEWIyc (16)

ATEWIpp =

(TEWIucg — TEWIyc)
TEWIyc

TEWI direct contribution of an active caloric heat pump cycle is zero because the refrigerant has
solid state and it has zero GWP; whereas direct contribution of the vapor compression plant accounts
for about 10% of the whole value. In the cooling mode, we compared the environmental impact of the
barocaloric system with the one provided by a domestic vapor compression cooler and we evaluated
the energy performances of the latter through an experimental setup of a single evaporator HFC134a
domestic refrigerator (with a total volume of 473 L). The description of the test apparatus was reported
in [30]. The refrigerant fluid used in the domestic vapor compression refrigerator was HFC134a. The
VC heat pump taken as reference in the simulations is a system for domestic usage, mounting scroll
compressor and employing HFC134 (GWP = 1430).

Figure 5 exhibits the relative percentage ATEWI indexes vs. fluid flow rate for: (a) cooling mode;
(b) heat pumping mode, when the system works with base fluids as HTF. From the figures one can
observe that a barocaloric system based on ABR cycle provides reduction of the environmental impact
with respect to a vapor compression system that touches maximum of —58% and —57%, respectively, in

ATEWI, = (17)

cooling and heat pumping modes.
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Figure 5. ATEWI percentage vs. fluid flow rate for: (a) cooling mode; (b) heat pumping mode, when
the system works with base fluids as HTF.

Figure 6 reports the influence that the addition of nanoparticles carries on the TEWI index.
Specifically, Figure 6a shows the ATEWI percentage vs. fluid flow rate, when the system works in
cooling mode employing ASR (0.390 GPa) and Cu + 50%EG/50%W nanofluids as barocaloric refrigerant
and HTF respectively. The addition of Cu + 50%EG/50%W nanofluids, in an active barocaloric heat
pump working with acetoxy silicone rubber under Ap = 0.390 GPa, provides a further reduction of
environmental impact, touching a maximum of —60% at ¢ = 10%.
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Figure 6. ATEWI percentage vs. fluid flow rate for: (a) cooling mode Ap = 0.390 GPa; heat pumping
mode (b) Ap = 0.390 GPa and (c) Ap = 0.273 GPa when the system employs nanofluids as HTE.

In Figure 6b,c, COP vs. HTF velocity is reported for heat pumping mode where the auxiliary
fluid is Al,O3 + water and the solid-state refrigerant (ASR) operates under two different pressure
ranges (Ap = 0.273 GPa and Ap = 0.390 GPa). The addition of Al;O3; + water nanofluids in an active
barocaloric heat pump, working with acetoxy silicone rubber under Ap = 0.390 GPa provides a further
reduction of environmental impact that touches a maximum of —62% at ¢ = 10%.

7. Conclusions

In this paper, the environmental impacts of solid-state barocaloric technology were evaluated
through a TEWTI analysis carried out through a numerical 2D model of an active barocaloric regenerator.
We reported the results of a wide investigation on the environmental impact of barocaloric technology
in terms of TEWI index, also making a comparison with two vapor compression-based systems. The
analysis focuses on both the cooling and heat pump operation modes, under different operating
conditions and auxiliary fluids. The considered barocaloric refrigerant is acetoxy silicone rubber, tested
under different pressure fields. Regarding the auxiliary fluids, in a first step we selected water and
a 50%ethylene-glycol/50%water mixture, addressed respectively to heat pumping (above 0 °C) and
cooling (below 0 °C) operation modes. To enlarge the spectrum of the investigation, we decided
to evaluate the environmental impact of barocaloric technology while the system mounts advanced
heat transfer fluids: the nanofluids. Specifically, we tested variable concentrations of Al,O3-water
nanofluids and of Cu-50%EG/50%W nanofluids, respectively, for heat-pumping and for cooling usage.
To evaluate the environmental impact, we introduced the relative percentage ATEWI index evaluated
with respect to the vapor compression system acting under the same operating conditions and mode.
The results revealed that a barocaloric system based on ABR cycle could confer a reduction of the
environmental impact with respect to a vapor compression system, touching a maximum of —58%
and —57%, respectively in cooling and heat pumping modes, considering the base-fluids as HTF. The
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addition of nanofluids contributes in reducing the environmental impact up to —62%. Barocaloric
technology is not yet mature for vapor compression and there is still a long way to go before it can
become fully competitive, but we hope that this study demonstrates that barocaloric refrigeration and
heat pumping show strong benefits in terms of environmental impacts.
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Nomenclature

Roman symbols

C specific heat, J kg™! K~!

CO; contribution to global warming, kgcop
annual operating hours per year, hr yr~!

height of the regenerator, m

thermal conductivity, W m~1 K~!

length of the regenerator in fluid flow direction, m

0
<

percent annual refrigerant leak rate, % yr~!
pressure, Pa
power density associated to barocaloric effect, W m~3

0B W e AT

number of ABR cycles, -

refrigerant charge, kg

temperature, K

total equivalent warming impact, kg CO,
time, s

longitudinal fluid velocity, m s~
1

— = .a

3" A
z

1

orthogonal fluid velocity, m s~
lifetime of the system, yr
longitudinal spatial coordinate, m
orthogonal spatial coordinate, m
reek symbols
CO, emission from power conversion, kgco, kWh yr~!
finite difference, -
infinitesimal difference, -
infinitesimal quantity, -
period of the ABR cycle, s

dynamic viscosity, Pa s

2 -1

cinematic viscosity, m* s~
density, kg m3
volume fraction, %

period of each step of the ABR cycle, s

A D RXRET OO O X << g -

Subscripts

ad adiabatic

ABR active barocaloric refrigerator
bf base fluid

C cold heat exchanger

cool cooling

D decompression

H hot heat exchanger
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hp heat pump

L regular operation lifetime

nf nanofluid

np nanoparticles

P pump for fluid motion

R refrigerant recycling

ref refrigeration

s solid

\Ve vapor compression
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