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Abstract: Phase change materials (PCMs) can be used in refrigeration systems to redistribute the
thermal load. The main advantages of the overall system are a more stable energy performance,
energy savings, and the use of the off-peak electric tariff. This paper proposes, models, tests, and
analyzes an experimental water vapor compression chiller connected to a PCM thermal energy
storage (TES) tank that acts as an alternative heat sink. First, the transient model of the chiller-PCM
system is proposed and validated through experimental data directly measured from a test bench
where the PCM TES tank is connected to a vapor compression-based chiller. A maximum deviation
of 1.2 ◦C has been obtained between the numerical and experimental values of the PCM tank water
outlet temperature. Then, the validated chiller-PCM system model is used to quantify (using the
coefficient of performance, COP) and to analyze its energy performance and its dependence on the
ambient temperature. Moreover, electrical energy saving curves are calculated for different ambient
temperature profiles, reaching values between 5% and 15% taking the experimental system without
PCM as a baseline. Finally, the COP of the chiller-PCM system is calculated for different temperatures
and use scenarios, and it is compared with the COP of a conventional aerothermal chiller to determine
the switch ambient temperature values for which the former provides energy savings over the latter.

Keywords: phase change material; thermal energy storage; vapor compression system; HVAC;
energy efficiency

1. Introduction

In 1997 the existence of global warming was recognized worldwide through the Kyoto Protocol [1],
resulting in a global commitment to reduce greenhouse gas emissions in which the anthropogenic
CO2 emissions were pointed out as the main cause. Later, in December 2015, the Paris Agreement [2]
established measures to hold the increase in the global average temperature by 2100 to well below 2 ◦C
above pre-industrial levels.

The International Institute of Refrigeration estimates that the total number of refrigeration,
air-conditioning, and heat pump systems in operation worldwide is roughly 3 billion. This sector

Energies 2019, 12, 3652; doi:10.3390/en12193652 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-0263-8249
https://orcid.org/0000-0002-2320-3666
https://orcid.org/0000-0002-7424-7757
http://dx.doi.org/10.3390/en12193652
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/19/3652?type=check_update&version=2


Energies 2019, 12, 3652 2 of 18

consumes about 17% of the overall used electricity worldwide [3] and accounts for 7.8% of global
greenhouse gas emissions [4]. According to the International Energy Agency, the residential and
commercial sectors were responsible for 43% of natural gas and 49% of world electricity final
consumption in 2015 [5].

Phase change materials (PCMs) are widely used to reduce energy consumption in buildings. They
can be incorporated as a passive element in buildings to increase the thermal inertia of its components.
Applying PCM to the building envelope can reduce indoor temperature peaks and heating, ventilation
and air-conditioning (HVAC) cooling load [6]. PCMs can also be utilized to save energy in radiant
floor heating systems [7] or included in the roof to reduce the through roof heat gain in buildings [8].

Another application of PCM to enhance energy efficiency is its use in thermal energy storage
(TES) systems to provide a greater energy storage capacity in a narrower temperature range. In this
way, Anisur et al. [9] highlighted that TES, in general and particularly PCMs, could provide energy
savings and, hence, reductions in CO2 emissions. PCM TES systems can be included in solar water
heating systems to provide higher heat storage and thermal efficiency [10]. They can also be included
in an air-PCM heat exchanger for passive cooling of buildings where a cooling storage unit is cooled
during the night to reduce the indoor air temperature during the day [11]. Ventilation systems with
PCM can also be applied to air-conditioned buildings granting electricity energy savings [12].

Vapor compression systems (VCS) with aerothermal dissipation are an extended solution for
HVAC systems in residential and commercial buildings [13]. PCM based TES systems can improve
their efficiency with a load shift from on-peak to off-peak periods to take advantage of a lower electricity
tariff and a lower condensing air temperature [14]. Ruddell et al. [15] concluded that, in a city with
high air-conditioning peak demand (Phoenix, Arizona, USA), the distributed cold TES technology
could reduce the peak air-conditioning electrical power demand by 23% and the peak total electrical
power demand, by 13%.

However, as a disadvantage, energy storage for cooling purposes must be done at temperatures
widely below ambient temperature, typically between 0 and 10 ◦C [16]. Therefore, all PCM TES
systems experience tank thermal losses that typically range between 1% and 5% per day [17]. These
losses make cold storage strategies inefficient when the energy is stored for long periods.

A less extended application of TES systems consists in using PCMs as an alternative heat sink to
improve the performance of the system. During the day, when the outside temperature rises and lowers
the energy performance of the chiller, the PCM tank provides a lower temperature heat sink. Then,
the heat accumulated in the tank is released at night when the temperature falls. These applications
use PCMs with melting temperatures around the average outdoor temperature, which reduces the
ambient thermal losses. Until today, few publications have assessed this topic. Zhao and Tan analysed
the use of a finned shell-and-tube PCM thermal storage system to dissipate the heat of a prototype
thermoelectric cooling system [18] and an air-conditioning application [19]. The authors focused on
the design parameters of the PCM TES and how they affected the heat exchange on it.

There is a lack of research on the parameters that affect the energy performance of vapor
compression chillers when a PCM TES is used as a heat sink. Making a direct COP comparison between
them and a conventional chiller can be considered difficult. The electrical consumption of the first
system is divided into two stages, differed in time (day and night), and the temperatures of the TES
system and the ambient air influence its energy performance. Therefore, this work models and studies
the use of an experimental PCM TES system as an alternative dissipation sink for a chiller. It focuses on
the system energy performance and savings and analyses how different ambient temperature profiles
affect it. The model is defined and appropriately validated using experimental data from a test rig
assembled and tested at different operating conditions. It is complemented by a methodology that
evaluates the energy savings provided by this kind of chiller-PCM system. After that, this model is
used to perform simulations of each functioning mode of the system that represent different ambient
temperature conditions using energy performance curves, which are included in this paper. Finally,
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the energy performance of the chiller-PCM mode is compared with that of a conventional aerothermal
mode to determine the best temperature to switch between them.

2. Chiller-PCM System Description

A schematic diagram of the proposed chiller-PCM system is presented in Figure 1. The chiller is
connected to the cooled room (cold sink) through the evaporator and to the two alternative heat sinks,
a fan, and the PCM tank, through the condenser. During the daytime, at low ambient temperatures, the
chiller uses the fan as a sink (aerothermal mode). When the ambient temperature rises and lowers the
COP of the chiller, the heat sink is switched to the PCM tank obtaining a lower condensing temperature
(PCM discharge mode). During the nighttime, when the ambient temperature falls, the heat stored in
the PCM tank is released using the fan (PCM charge mode). The PCM charge and discharge modes
(PCM mode) used instead of the aerothermal mode can imply a reduction in the electrical consumption
of the overall system.

Figure 1. Schematic diagram of the chiller-phase change materials (PCM) system.

A monitored test bench has been adapted to characterize the performance of the described
chiller-PCM system. This experimental facility consisted of a PCM tank connected to a VCS with a
proportional integral derivative (PID) controlled thermal load circuit on the evaporator side and to an
aerothermal dissipation system.

The PCM tank was made of polymeric material, and its dimensions were 3 × 0.75 × 0.75 meters.
Inside it, 192 PCM containers were arranged in 16 layers of 12 containers each (Figure 2). The PCM
containers were placed in the center of the tank, leaving 0.5 meters free on each side for a proper water
flow homogenization. Furthermore, water was driven to and from the tank using PVC T-shaped pipes
with multiple holes for proper water distribution.

Figure 2. PCM storage tank 3D representation.
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The overall latent heat of the PCM containers set was 1674 MJ, sized to dissipate a 6-kW thermal
load over more than 7 hours. The PCM used was the commercially available salt hydrate S27 from
PCM Products Ltd [20], and its main properties are shown in Table 1, where latent heat was obtained
from the study carried out by Barreneche et al. [21]. Moreover, S27 was encapsulated in high-density
polyethylene 0.5 × 0.25 × 0.032 m containers.

Table 1. Salt hydrate S27 main properties.

Parameter Value

Melting temperature (◦C) 27
Density (kg·m−3) 1530
Specific latent heat (kJ·kg−1) 150
Specific heat (kJ·kg−1

·K−1) 2.20
Thermal conductivity (W·m−1

·K−1) 0.54

The main components of the VCS were a shell (refrigerant) and tube (water) condenser, an
R134a thermostatic expansion valve, a flat plate evaporator (glycol based secondary fluid), and
an open alternative compressor driven by a 7.5 kW electric motor. The working fluid was the
hydrofluorocarbon R134a, typically used in water chillers. The main temperatures and pressures of
the system were registered as well as the refrigerant mass flow rate, secondary fluids volumetric flow
rate and compressor electricity consumption. In the thermal load circuit, 15 kW resistances controlled
by a PID set the temperature of a thermally insulated deposit. The aerothermal dissipation system
consisted of a 190 W fan and a 7.9 kW chiller.

3. Model Description and Validation

The model of the chiller-PCM system has been designed as a model of the PCM tank coupled
to a model of the VCS, while the water pumps and the fan have been modeled using datasheet
characteristics. Both models have been programmed using MATLAB 8.

A model of the VCS has been designed to calculate its main energy parameters from the condensing
conditions. Therefore, the evaporator conditions have been set constant to obtain chilled water operating
temperature of 7/12 ◦C. The configuration of the compressor and the expansion valve have been set
constant too. Thereby, the only parameters defining the performance of the VCS are the condenser
conditions, namely the condenser water inlet temperature (Tcnd,in) and its volumetric flow rate (

.
V)

(Figure 3). A regression model has been obtained through a set of measurements on the experimental
facility. The adjusted R2 coefficients are shown in Table 2.

Figure 3. Vapor compression systems (VCS) model structure.

Table 2. Adjusted R2 coefficients for the Vapor compression systems (VCS) regression model.

Parameter Range R2 Coefficient
.

Qcnd (kW) [7.37–9.28] 0.9558
.

Qev (kW) [5.70–7.71] 0.9738
P (kW) [2.33–3.00] 0.9912
COP [1.91–3.31] 0.9958
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The model of the PCM tank has been designed to provide the water outlet temperature (Tw,out)
given the water volumetric flow rate (

.
V), the heat transfer rate in the condenser (

.
Qcnd), the state of

the PCM in a specific instant (i) and the water outlet temperature obtained in the previous instant.
The state of the PCM in a specific instant is expressed through its temperature (TPCM,i). Finally, the
model should provide the state of the PCM for the next iteration (i+1) (Figure 4).

Figure 4. PCM storage tank model structure.

The water inlet temperature (Tw,in) is calculated using the input parameters
.

Qcnd and
.

V and the
outlet temperature obtained in the previous iteration:

Tw,in,i+1 = Tw,out,i +

.
Qcnd

.
V ρw Cpw

(1)

The tank is divided into two homogenization zones at the inlet and the outlet of the water flow,
being PCM containers stacked in the geometrical center of it. For calculation purposes, in the model, the
PCM has been discretized. It is considered divided into eight sections with the width of the container
(Figure 5). First, a perfect mixture is considered between the water inlet and the first homogenization
zone. Then, the water enters the first PCM section at the temperature of the first homogenization zone
(Thz1), successively exchanging heat with each section. After that, the water, at the outlet temperature of
the last PCM section (Tw,sc8,out), enters the second homogenization zone where again a perfect mixture
is considered. Finally, the water leaves the tank at the temperature of the second homogenization zone
(Thz2).

Figure 5. Distribution of the PCM storage tank as considered in the model.

Each PCM section can be considered as a heat exchanger with a thermal resistance between the
water and the PCM (Figure 6). The inlet temperature of each section is the outlet temperature of the
previous one. The thermal resistance between the water and the PCM (Rw-PCM) consists of a convection
resistance between the water and the container and a conduction resistance in the container itself as
expressed in Equation (2). Furthermore, when the PCM begins to melt, the liquid phase creates an
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additional natural convection resistance between the container and the solid PCM as formulated in
Equation (3).

Rw−PCM = Rw−cont + Rcont (2)

Rw−PCM = Rw−cont + Rcont + Rcont−PCM (3)

Figure 6. Distribution of the PCM storage tank as considered in the model.

The convection thermal resistance between the water and the container (Rw-cont) is calculated from
the film coefficient (h) and the contact surface (S) which is obtained from the Nusselt number (Nu):

R =
1

h S
, (4)

h =
Nu k

dh
(5)

The Nusselt number is calculated using the Dittus Boelter correlation [22], where k is equal to 0.4
when heating the fluid and to 0.3 when cooling it.

Nu = 0.023 Re0.8 Prk (6)

The container resistance (Rcont) is a conventional conduction one, and that of the melted PCM
between the container and the solid PCM (Rcont-PCM) is calculated considering the generic natural
convection equation:

Nu = cRan (7)

where the parameters c and n depend on the geometry of the container and have been adjusted using
the experimental measurements obtaining a value of 0.45 and 0.105, respectively.

The heat transfer rate of each PCM section is calculated applying the NTU-effectiveness method to
the thermal resistance, and then, the outlet water temperature of the considered section can be obtained.

Tw,sc( j),out = Tw,sc( j),in −

.
Q j

.
V ρw Cpw

(8)

The latent heat of the PCM is modeled as a Dirac delta function (δ) overlapping the specific heat
as proposed by J. Ning-Wei [23].

δ(T) =
e−(

(T−Tm)

b2 )

√
πb

(9)

Cp(T) = H(Tmelt − T) Cpsol + δ(T) L + H(T − Tmelt) Cpliq (10)
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where b is a parameter that defines the width of the Dirac delta function, and the function H(x) takes
the following values:

H(x) =
{

0 x < 0
1 x > 0

(11)

The PCM temperature for the next iteration (i+1) for the section j can be calculated with the heat
transfer rate and the specific heat of the PCM.

TPCM( j),i+1 = TPCM( j),i +

∫ i+1
i

.
Q j

mPCM( j) CpPCM( j)
(12)

Finally, the liquid fraction of the PCM can be calculated as the integral of the Dirac delta function.

f =
∫ T

−∞

δ(T)dT (13)

To validate the model of the PCM TES tank a set of experimental measurements have been carried
out using the facility described in Section 2. These measurements have also been simulated using the
model. The output parameters of both experimental and model results have been compared. Four
different discharge mode measurements have been arranged at four different volumetric flow rates
(0.70, 0.95, 1.20, and 1.45 m3

·h−1). For the charge mode, two measurements have been arranged at two
different water flow rates (0.95 and 1.45 m3

·h−1).
Figure 7 shows the performance of the tank water outlet temperature during a typical discharge

(a) and charge (b) test. As can be observed, the model brings a good representation of the PCM
tank thermal performance, especially during the phase change of the PCM. In the discharge mode,
the maximum deviation obtained between the numerical and experimental values of the PCM TES
tank water outlet temperature was of 1.2 ◦C. In the charge mode, a maximum deviation of 1.1 ◦C
was obtained between numerical and experimental values of Tw,out. The maximum deviation was
observed usually at the beginning and the end of the simulation, being the difference during the phase
change smaller.

Figure 7. Cont.



Energies 2019, 12, 3652 8 of 18

Figure 7. Example of the tank model validation for (a) a discharge test (
.

V = 1.20 m3
·h−1) and for (b) a

charge test (
.

V = 0.95 m3
·h−1).

It must be remarked that, although the PCM melts at 27 ◦C, the values of Tw,out during the
discharge test rise over this value with an ascending slope. This temperature difference depends
on the thermal conductivity between the PCM and the water in the tank for the selected products
and configuration.

4. Consumption Analysis

To evaluate the performance of the proposed chiller-PCM system, first, the consumption of the
three different operating modes was studied separately. Then the consumption of the PCM charge and
discharge modes were added to compare the PCM mode with the aerothermal mode.

4.1. Operating Modes and Associated Consumptions

In the aerothermal mode, the chiller cools the conditioned space rejecting the heat to the air using
the fan. The three components that consume electrical energy during the operation in this mode are
the compressor of the chiller, the pump 1, and the fan.

Waero =

∫ t1

0
(Pcomp + P f an + Pp1)dt = Wcomp + W f an + Wp1 (14)

The two remaining operating modes correspond to the use of the PCM tank. First, in the PCM
discharge mode, the chiller cools the conditioned space storing the condenser’s heat in the PCM tank.
The two components that consume electrical energy in this mode are the compressor of the chiller and
the pump 1.

WPCM−dch =

∫ t1

0
(Pcomp + Pp1)dt = Wcomp + Wp1 (15)

Then, in the PCM charge mode, the heat stored in the PCM tank is rejected to the air using the fan.
The two components that consume electrical energy in this mode are the fan and the pump 2.

WPCM−ch =

∫ t2

0
(P f an + Pp2)dt = W f an + Wp2 (16)

The total energy consumed in the PCM mode to extract an amount of heat Qev from the cold sink
is the sum of the energy consumed during the PCM charge and discharge modes.

WPCM = WPCM−dch + WPCM−ch = Wcomp + Wp1 + W f an + Wp2 (17)
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It is important to remark that the charging process is differed in time from the cold generation
and has a different duration from the discharge process. As the electrical consumption during the
charge and discharge processes depends on the temperature of the tank, it is important to assign the
corresponding charge electrical consumption to each use of the chiller. Thus, for a Qev generated that
causes an increase in the liquid fraction of the PCM from f1 to f2, the charge electrical consumption
associated to this Qev is the one necessary to reduce the liquid fraction of the PCM from f2 to f1.

4.2. Consumption Analysis of The Different Operating Modes

The most commonly used parameter to evaluate the performance of a chiller is the COP. However,
it presents two limitations to be used in the performance of the PCM charge and discharge modes.
First, the COP of the charge and discharge modes would not provide a real approximation, as it would
only include a fraction of the PCM mode electrical consumption. Second, the COP of both charge and
discharge modes cannot be added to the calculation of the global COP of the PCM mode. Therefore,
the consumption ratio (CR) was used to evaluate the performance of the PCM charge and discharge
modes. It is defined as the ratio of the electrical consumption (input work) to the heat removed from
the cold sink as expressed in Equation (18). The total CR of the PCM mode can be obtained as the
addition of the PCM charge and discharge CRs, as given in Equation (19), and finally, the COP of the
PCM mode is obtained with the Equation (20) as the inverse of RPCM.

CR =
W

Qev
(18)

CRPCM = CRPCM−dch + CRPCM−ch (19)

COPPCM =
1

CRPCM
(20)

4.2.1. Consumption Analysis of The Aerothermal Mode

In the aerothermal mode, CR depends on the ambient temperature where the fan dissipates
the heat. The higher the ambient temperature, the higher the value of CR (Figure 8). The values of
CRaero were used later to calculate the energy savings provided by the PCM mode. At higher ambient
temperatures, the electric consumption increased, and the energy savings provided by the PCM mode
increased likewise.

Figure 8. Value of the consumption ratio (CR) in the aerothermal mode for different ambient
temperatures.

4.2.2. Consumption Analysis of The PCM Discharge Mode

In the PCM discharge mode, the performance of the chiller was independent of the ambient
temperature but becomes dependent on the PCM tank temperature, which determined the condensing
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temperature of the chiller. To evaluate the CR of this mode, a simulation was carried out with the
initial temperature of the PCM tank at 18 ◦C. The chiller dissipated the condenser heat in the PCM
tank, increasing its temperature and thus, the value of CR, as shown in Figure 9a. Figure 9b shows the
evaluation of this consumption ratio against the liquid fraction of the PCM, which is useful to link
the electrical consumption of the PCM charge and discharge modes. Both figures show that, as the
PCM melted, the temperature of the PCM tank increased and raised the value of CR. In addition, they
highlight that for values of f close to the unity, the value of CR sharply increased.

Figure 9. Value of CR in the PCM discharge mode against (a) heat stored in the tank and (b) liquid
fraction of the PCM.

4.2.3. Consumption Analysis of The PCM Charge Mode

During the PCM charge mode, the fan dissipated the heat stored in the PCM tank to the ambient
air. Consequently, the efficiency of this process depends on the ambient temperature. Additionally, as
the tank lowers its temperature and the temperature difference between the air and the tank narrows
the value of CR increased as represented in Figure 10a. Figure 10b shows how at higher ambient
temperatures, the energy cost of solidifying the PCM to low values of f increased and, in some cases, it
could be inefficient to completely solidify the PCM.
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Figure 10. Value of CR in the PCM charge mode against (a) heat released from the tank and (b) liquid
fraction of the PCM.

4.2.4. Consumption Analysis of The PCM Mode

The total electric consumption of the PCM mode is the sum of the charge and discharge modes.
As the charge electric consumption depends on the f of the PCM, it must be evaluated at the same f
than the discharge that caused it. Therefore, the charge and discharge values of CR are linked by the f
of the PCM as the sum of Figures 9b and 10b. Figure 11a represents the CR of the PCM mode, which
depends on the liquid fraction of the PCM and the temperature of the air during the charge of the
PCM tank.

Although the discharge electric consumption was lower for low values of f, the higher electric
consumption that required a complete solidification of the PCM increased the CR of the PCM mode,
especially at higher night temperatures. At higher values of f, the charge electric consumption was low,
but the higher discharge electric consumption slightly increased the CRPCM. The lowest values of the
consumption ratio take place for the central values of f.

Once the charge and discharge consumption ratios are unified, the COP of the system can be
calculated using Equation (20). Again, the COP was maximized in the central values of f, where the
lowest values of the consumption ratio were observed, as shown in Figure 11b.
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Figure 11. (a) CR and (b) coefficient of performance (COP) against liquid fraction of the PCM in the
PCM mode.

4.3. Consumption Comparison Between Aerothermal and PCM Modes

The CR of the PCM operating mode was compared with the CR of the aerothermal mode to
evaluate the convenience of connecting the PCM tank to the condenser of the chiller. The percentage of
energy savings was the parameter selected for this comparison, and it is calculated as

Savings(%) =
CRaero −CRPCM

CRaero
·100 (21)

CRaero depends on the ambient temperature during the cold generation, whereas CRPCM depends
on the ambient temperature during the charge mode and the f of the PCM during both, the charge and
discharge modes. Therefore, the energy savings must be evaluated given the ambient temperature
conditions. Daily temperature can be represented as a sinusoidal curve with good accuracy [24]
given a mean temperature Tm and an amplitude A defined as the difference between the maximum or
minimum temperature and Tm.

First, an evaluation of the energy savings provided by the PCM mode was carried out considering
different values of Tm and A. This analysis can guide for the sizing of the chiller-PCM system and
the selection of the melting temperature of the PCM. Then the performance of the PCM mode was
compared with the aerothermal mode for different use and temperature conditions. This analysis
can determine the switch temperature above which the first mode provides energy savings over the
second one.
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4.3.1. Analysis of Energy Savings for Different Values of Tm

The relation between the Tm and the melting temperature of the PCM will determine the energy
savings provided by the chiller-PCM system. A high value of Tm entails a high ambient temperature
during the cold generation and the charge of the PCM tank and vice versa. For high values of Tm, the
consumption ratio of the aerothermal mode will rise, whereas the cost of the PCM discharge mode
remains constant, increasing the energy savings provided by the chiller-PCM system during the cold
generation. However, a high Tm also entails a high ambient temperature during the PCM charge mode,
increasing its consumption ratio and that of the overall PCM mode. However, for low values of Tm,
the energy savings during the cold generation decrease, but the cost of the PCM charge mode will
decrease as well.

To evaluate the effect of Tm on energy savings, a simulation was performed with four different
values of Tm. Additionally, an arbitrary value of 8 ◦C was set for A. The resulting day and night
temperatures are shown in Table 3. Day temperature was considered constant during the aerothermal
mode and night temperature was considered constant during the PCM charge mode.

Table 3. Day and night temperatures for different values of daily mean temperature (Tm) and a daily
temperature amplitude (A) of 8 ◦C.

Tm (◦C). Day Temperature
(Tm+8) (◦C)

Night Temperature
(Tm−8) (◦C)

23 31 15
25 33 17
27 35 19
29 37 21

The energy savings obtained for each Tm are represented in Figure 12. For high values of Tm

concerning the melting temperature of the PCM high energy savings were obtained for values of f
close to 1. However, the high cost of charging the PCM with a high night temperature makes the
complete solidification of the PCM inefficient and part of its latent heat would remain unused. For low
values of Tm, the charge mode had a lower consumption and energy savings were obtained for low
values of f, but the energy savings were reduced for values of f close to 1. Considering the PCM and
the chiller analyzed in this work, the best energy savings profile was obtained for a Tm of 25 ◦C, two
degrees Celsius below the melting point of the PCM.

Figure 12. Energy savings obtained with the PCM mode for different values of daily mean temperature
(Tm).
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4.3.2. Analysis of Energy Savings for Different Values of A

A high amplitude in the ambient temperature profile entails a high day temperature and a low
night temperature, and both result in higher energy savings. It is evident that the higher the A, the
higher the energy savings. However, there is worth in determining the profile of energy savings for
different values of A and the threshold for this parameter below which the energy savings disappear.
Therefore, a simulation was designed for five different values of A. A constant value of 25 ◦C was
chosen for Tm as it showed the best performance for the system. Table 4 shows the night and day
temperatures for this simulation. Day temperature was considered constant during the aerothermal
mode and night temperature was considered constant during the PCM charge mode.

Table 4. Day and night temperatures for different values of A and a Tm of 25 ◦C.

A (◦C) Day Temperature
(25+A) (◦C)

Night Temperature
(25−A) (◦C)

6 31 19
7 32 18
8 33 17
9 34 16
10 35 15

Simulation results show the expected increase in energy savings when A is increased (Figure 13).
For a value of A equal to 6 ◦C and below the energy savings were negligible for the PCM, and the
chiller analyzed in this work. A configuration with a lower thermal resistance between the PCM and
the water would provide lower water temperatures at the outlet of the PCM tank and, thus, higher
energy savings lowering the threshold value of A obtained in this simulation.

Figure 13. Energy savings obtained with the PCM mode for different values of daily temperature
amplitude (A).

4.3.3. Performance Analysis for Different Use and Temperature Conditions

The energy savings obtained when replacing a conventional aerothermal chiller with the proposed
chiller-PCM system depend on the ambient temperature during the cold generation (day) and the
PCM charge mode (night) and on the liquid fraction of the PCM. As seen in the previous sections,
there was a decrease in the energy savings provided by the PCM mode when completely melting or
solidifying the PCM, whereas they reached their maximum value when f was near 0.5.

If the PCM discharge mode is used for a short period, the most energy convenient point of
functioning can be selected, with an f value near 0.5. However, for longer periods, a larger range of f
must be used, extending it to values with lower energy savings.
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A simulation was performed comparing the COP of the aerothermal mode with that of the
PCM mode, depending on the day ambient temperature. Three different values of the night ambient
temperature (16, 18, and 20 ◦C) and three different use periods (1, 3, and 5 hours) were considered
resulting in nine different scenarios. For periods of 1 hour, the most convenient fraction of f was
selected, resulting in a high COP. For periods of 3 and 5 hours, the f fraction was extended to less
convenient fractions reducing the global COP of the whole period.

Figure 14 shows the results of the simulation, where the intersection between the aerothermal
COP and each of the nine PCM scenarios determined the switch day ambient temperature above which
the PCM mode grants energy savings over the aerothermal mode. As can be observed, the scenario
with the highest COP (use period of 1 hour and night temperature of 16 ◦C) provided energy savings
for day temperatures above 22 ◦C while the scenario with the lowest COP (use period of 5 hours and
night temperature of 20 ◦C) provided energy savings only for day temperatures above 32 ◦C.

Figure 14. COP of the PCM mode and the aerothermal mode for different use and temperature scenarios.

5. Conclusions

PCM TES systems can provide energy savings when used as a heat sink for a chiller, and there is
worth in analyzing the parameters that affect their performance. In the present work, an experimental
PCM TES system used as a heat sink for a chiller has been modeled and analyzed under different
temperature and use conditions for a better understanding of the behavior of its energy performance.

First, a model of the chiller-PCM components was developed and validated using data from an
experimental setup adapted for this purpose. The model showed good accuracy with a maximum
deviation between the modeled and the experimental temperatures of 1.2 ◦C, and it can be used in
systems of similar purpose.

Then, this model was used to carry out simulations of the different operating modes of the system
providing consumption and COP curves and analyzing the effect of the ambient temperature and the
liquid fraction of the PCM. Moreover, the energy savings provided by the system was evaluated for
different temperature profiles.

Energy savings between 5% and 15% were observed in the simulations. Furthermore, the system
showed the best energy savings profile for a value of Tm around 2 ◦C below the melting point of the
PCM. Simulation results also showed that a minimum difference of 12 ◦C was necessary between day
and night temperature to obtain energy savings with the components used in this study. Although the
system showed moderate savings, there is a potential improvement of these results if a higher thermal
conductivity between the water and the PCM is achieved. This increase in thermal conductivity, which
is the focus of recent studies [25–27], would reduce the water outlet temperature during the discharge
mode shown in Figure 7a, and this would increase the COP of the chiller.

Finally, the COP of the aerothermal mode was compared with that of the PCM mode for different
use and temperature conditions obtaining, for each case, the switch day ambient temperature over
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which PCM mode provided energy savings. Considering the model assumptions, for the most
profitable conditions, the chiller-PCM system provided savings for day temperatures over 22 ◦C,
whereas under worse conditions, switch temperatures of up to 32 ◦C were obtained.
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Nomenclature

A Daily temperature amplitude (◦C)
CR Consumption ratio (-)
Cp Specific heat (kJ·kg−1

·K−1)
dh Hydraulic diameter (m)
f Liquid fraction (-)
h Film coefficient (W·m−2

·K−1)
k Thermal conductivity (W·m−1

·K−1)
L Latent heat (kJ·kg−1)
m Mass (kg)
Nu Nusselt number (-)
P Power (W)
Pr Prandtl number (-)
Q Heat (J)
.

Q Heat transfer rate (W)
R Thermal resistance (K·W−1)
Ra Rayleigh number (-)
Re Reynolds number (-)
S Surface (m2)
T Temperature (◦C)
Tm Daily mean temperature (◦C)
Tmelt Melting temperature (◦C)
.

V Volumetric flow rate (m3
·s−1)

W Work (J)
Greek symbols
δ Dirac delta function
ρ Density (kg·m−3)
Subscripts
aero Aerothermal mode
cnd Condenser
ch Charge mode
comp Compressor
cont Container
dch Discharge mode
ev Evaporator
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hz Homogenization zone
in Inlet
liq Liquid
out Outlet
p Pump
sc PCM section
sol Solid
w Water
Abbreviatures
COP Coefficient of Performance
HVAC Heating, Ventilation and Air-Conditioning
PCM Phase Change Material
PID Proportional Integral Derivative
TES Thermal Energy Storage
VCS Vapor Compression System
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