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Abstract: Latent heat storage in district cooling systems (DCS) offers advantages such as energy
efficiency, load shifting, and flexibility. It optimizes energy utilization by storing thermal energy
during off-peak hours and using it during peak periods. This results in cost savings, a reduced
environmental impact, and the enhanced reliability of the cooling system. In the present study, a
novel system consisting of a phase-change material (PCM) tank coupled to a 120 kW chiller generator
for cooling is proposed. During peak cooling loads, the proposed PCM tank is intended to supply
consistent thermal power at an appropriate temperature. The system is modeled using the lumped-
capacitance approach, and the effective thermal capacity approach is used to model the PCM’s
phase-transition phenomena. The system’s dynamic performance is evaluated, and the impact
of various parameters during the PCM-tank discharging process is analyzed. The computational
findings are compared to experimental data taken from a real district network, and there is excellent
agreement. Results showed that increasing the needed heat rate for the cooling process from 120 kW
to 160 kW decreases the PCM tank’s discharging duration by about 20% and increases pump energy
consumption. It was also found that increasing the capacity of the PCM tank is advantageous for the
cooling process as it extends the duration of 120 kW constant power production by about 62% when
the tank volume is increased from 5 m3 to 10 m3. Finally, it was shown that the choice of the PCM
type is crucial for improving the cooling performance. Erythritol is a suitable storage medium in the
tank compared to A118 and MgCl,-6H,0, and using erythritol instead of PCM A118 increases the
period of continuous thermal power generation by about 67%.
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1. Introduction

The progressive increase in temperature resulting from climate change in combination
with steadily improved life standards are contributing to the increase in cooling needs
around the world [1]. Arid countries and countries located in the Mediterranean area are
particularly affected as the latter have been suffering from heat waves with increasing
intensity, duration and frequency.

Solar cooling technologies are gaining popularity as an environmentally friendly
cooling technique that might be an alternative to traditional vapor compression cooling [2,3].
Solar cooling captures solar energy and utilizes it in a thermally powered cooling process
to produce cold water or conditioned air. Thermal energy storage (TES) is an important
component in these solar-powered cooling systems as it allows for the efficient utilization
of solar energy by storing excess thermal energy generated during the day for use during
periods of low or no solar radiation, such as nighttime or cloudy days. TES systems help
overcome the intermittent nature of solar energy and ensure a continuous supply of cooling.
Solar energy, being a sustainable source of energy, has the benefit of lowering greenhouse
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gas emissions, which is vital for conserving ecosystems [4]. Solar energy may help enhance
air quality and minimize water consumption associated with energy generation [5].

For the needs of heating, ventilation, and air-conditioning (HVAC), district cooling
(DC) is rising in popularity [6]. DC comprises several high-capacity chillers located within a
DC plant that distributes chilled water and provides air conditioning to buildings connected
to the system. A DC system (DCS) is an ideal energy-saving system for HVAC since it
utilizes the efficient systematic production and distribution of chilled water. It additionally
makes full use of the variety in cooling requirements for diverse buildings as well as the
economies of scale. Depending on the individual configuration of each DCS, a saving of
about 20% and 35% can usually be achieved with a DCS as compared to traditional air-
conditioning systems [7]. The installation of a DCS also ensures a reduced greenhouse gas
emission of hydrofluorocarbons as well as carbon dioxide as result of minimization of fossil
fuel consumption for power generation. DCS also enhances flexibility and reliability; unlike
a traditional centralized air-conditioning system, a DCS is typically built with standby
cooling capacity to ensure that cooling remains available at the central plant at any time.
As such, DCS provides commercial buildings with more reliability.

Generally, thermally powered cooling processes utilize thermal energy to efficiently
produce cold water or conditioned air. Common types include absorption cooling, ad-
sorption cooling, desiccant cooling, thermoelectric cooling, and thermoacoustic cooling.
Absorption cooling uses a refrigerant absorbed into an absorbent material, while adsorption
cooling utilizes a solid adsorbent to adsorb and desorb a refrigerant. Desiccant cooling re-
moves humidity from the air using moisture-absorbing desiccant materials. Thermoelectric
cooling employs the Peltier effect to transfer heat and create a cooling effect. Thermoacous-
tic cooling utilizes sound waves and temperature variations for cooling. These processes
offer sustainable and environmentally friendly alternatives to conventional air conditioning
systems. They can be driven by waste heat, renewable energy sources, or solar energy.
Thermally powered cooling technologies find applications in various sectors, including
commercial buildings, industrial processes, and decentralized cooling systems. By reducing
the reliance on electricity, these processes contribute to energy efficiency and minimize
environmental impact.

In the late 19th century, pipeline refrigeration systems employing either pressurized
ammonia or brine solutions as distribution fluids constituted the first generation of district
cooling (1GDC) [8]. Between 1960 and 1970, the second generation (2GDC) was made avail-
able. It was built on the larger compression-cooling systems and cold-water distribution
fluid [8]. The third generation of cooling systems (3GDC) used water as the transfer fluid
and included a more diverse cold supply using absorption cooling systems, compression
chillers, surplus cold streams, and cold storages [9]. The use of locally accessible resources
and the phase-out of refrigerants with substantial ozone layer depletion are two charac-
teristics of 3GDC. The fourth generation (4GDC), a smart district cooling system that is
able to communicate with the electricity, district heating, and gas networks, is currently
being developed [10]. Recently, the latest generation of DC (fifth generation 5GDC) is also
under way and its description is summarized in Ref. [11]. In fact, district cooling systems
have evolved to incorporate 4GDC and 5GDC advancements. The 4GDC systems prioritize
energy efficiency and sustainability. They utilize high-efficiency chillers with advanced
technologies like variable speed compressors, heat recovery, and optimized controls. TES
allows excess cooling capacity to be stored and used during peak demand periods, improv-
ing system performance. The integration of renewable energy sources further reduces the
reliance on conventional energy and minimizes environmental impact. Smart controls and
monitoring optimize system performance, enabling load management, predictive mainte-
nance, and demand response capabilities. District energy network optimization minimizes
energy losses and improves efficiency. The 5GDC system builds upon 4GDC advancements,
aiming to enhance efficiency, sustainability, and smart capabilities. Advanced heat recovery
captures waste heat from various sources for space heating or other purposes. Integration
with urban systems like smart grids and intelligent transportation optimizes energy usage
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and enhances urban sustainability. Al and machine learning enable predictive modeling,
fault detection, and optimization. Decentralized cooling distributes smaller systems for
localized control, load management, and reduced losses. Enhanced digitalization, including
the IoT, data analytics, and cloud computing, enables real-time monitoring and integration
with smart city services. Globally, 4GDC and 5GDC advancements aim to improve energy
efficiency, reduce environmental impact, and integrate with other urban systems.

An essential problem is how energy storage technologies are integrated into the
energy system. When TES systems are properly integrated, they may lower operating
costs, improve efficiency and dependability, decrease emissions, and enable the use of
renewable energy sources [12]. TES is made up of either cold or hot energy that has been
stored in a material that enables its subsequent use in thermal or electrical applications [13].
TES units are employed in DC to store energy for cooling at night when power is less
expensive. During the daytime period, this energy is released for the cooling operation.
As a result, the district cooling plant’s running expenses are decreased. Utilizing TES
tanks in DCS improves chiller performance while lowering capital expenditures, energy
costs, greenhouse gas emissions, and plant size. It was reported in [14] that the disposal of
cold-storage technology was the most advanced and high-economical-load management
solution. Low cooling loads and a cold ambient temperature may be used to run the cooling
system during off-peak nighttime hours. The flow of the refrigerant medium during the
daytime at high peak might be used to provide cooling instead of a compressor. The TES
tank eliminates the gap between the supply and demand of energy by reducing the usage of
cooling systems during peak hours, allowing for a better cooling efficiency [15]. Fiorentini
et al. [16] numerically studied a borehole sensible TES for a district cooling/heating system.
The study showed that using the TES system contributes significantly to a reduction in
the energy consumption and in CO, emissions. Recently, Tang et al. [17] studied a TES by
using ice as the storage medium in a district cooling located in Beijing, China. It was shown
that the use of an optimal ice TES contributes to shift the peak-loads of air conditioning
and reduce its energy consumption. In another study, a long-term sensible storage system
was proposed by Todorov et al. [18]. The TES was studied for DC in Southern Finland and
its potential for reducing the energy consumption was also evaluated.

The use of phase-change material (PCM) tanks for DCSs could present several ad-
vantages compared to sensible storage systems (such as a water tank or aquifer energy
storage) because of its great energy storage capacity as well as its capacity to deliver ther-
mal energy at steady temperatures [19]. PCMs are appropriate for use in DCS because the
latent heat involved with melting/freezing may store much more energy than sensible
heat storage alone [20]. Recently, Abanades et al. [21] studied the potential of using molten
salt as a TES for district cooling and heating applications. The authors confirmed that
the use of this kind of TES is suitable for DCS application and leads to an improvement
in the network flexibility and performances. Hlimi et al. [22] investigated a PCM tank
by using a spherical shell for district heating networks. The proposed TES system was
numerically investigated and the effect of design and operation parameters on the system
performances was presented. Based on their result, they found that the spherical-shell PCM
tank for low district heating temperatures is advantageous due to its high energy-storage
density. However, this system is limited only to low-temperature district cooling systems.
In another study, Soh et al. [23] used a low-temperature PCM tank for cooling and heating
networks. The TES storage was optimized for improving the discharge exergy efficiency
and increasing the capital cost savings in DCSs. The system was also considered only
for low-temperature DCSs and its feasibility for high-temperature DC applications was
ignored. Bastida et al. [24] recently evaluated the potential of using latent heat storage for
heating and cooling applications. The authors proposed a numerical model to estimate the
state of charge of the TES during its functioning. They found that optimizing the TES is
necessary to improve the performance of thermal systems where they are employed for
either heating and cooling applications. Based on the previous literature review, there is
a lack of research on the use of PCM tanks in high-temperature DCSs in general and its
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utilization for driving the chiller generator for cooling purposes in particular. Therefore,
this work addresses this gap thorough investigating the thermal performances of a coupled
high-temperature PCM tank-chiller generator for cooling proposed in a DC network. The
aims of the present investigation were to firstly outline the potential of using a PCM tank
as the main energy source to power the chiller generator at a high temperature (higher
than 100 °C) in DCS during the peak demand periods; secondly, to evaluate the dynamic
performances of the coupled system; and thirdly, to carry out a detailed parametric study
under multiple design and operation conditions. The description of the proposed coupled
system is given in the following section.

2. System Description

In DC networks, the use of TES systems plays an important role as they enable the
cooling system to operate reliably and efficiently, regardless of weather conditions or time
of day. The TES system under consideration in this paper is primarily made up of a
cylindrical PCM tank connected to a district cooling substation. The latter is powered by
absorption chillers through providing necessary chilled water to meet the cooling demand
at the district level. The PCM tank is used to supply the thermal energy required to power
the chiller generator in peak demand for cooling. The primary benefit of employing the
PCM tank on the hot side of the absorption chiller (chiller generator) is to reduce its energy
consumption during the peak load cooling period and thus lower greenhouse gas emissions.
This PCM tank will power the chiller generator by supplying the required thermal power
at the appropriate temperature. The selected absorption chiller is a double-effect type
with a high coefficient of performance (COP) and the ability to satisfy large cooling-power
needs [25]. The analyzed PCM tank is made up of numerous cylindrical tubes through
which the working fluid flows on the inside and the PCM material is inserted on the outside
(Figure 1). This shell-and-tube TES system is characterized by a high effectiveness and
it is used in several solar applications [26-28]. The selection of a shell-and-tube thermal-
energy storage (TES) system can be justified for several reasons. Firstly, these systems
exhibit high heat transfer efficiency due to their design, which includes a bundle of tubes
within a cylindrical shell, allowing for a large heat-transfer surface area. Additionally, the
counter-flow arrangement further enhances heat exchange. Shell-and-tube TES systems
offer flexibility in choosing working fluids for both the hot and cold sides, accommodating
a wide range of fluids based on specific application requirements. They are also scalable
and modular, making them adaptable to varying storage-capacity needs. Furthermore,
shell-and-tube TES systems are durable and easy to maintain, with access to the tubes for
cleaning and maintenance. They are known for their reliability and safety due to their
extensive industrial usage. Cost-effectiveness is another advantage, with lower capital costs
and reduced energy consumption during charging and discharging processes. Based on the
double-effect absorption chiller’s working temperature, where the necessary temperature
at the generator’s level is more than 100 °C [29], three commercial PCMs with a melting
point between 115-120 °C were considered. The properties of these PCMs are summarized
in Table 1. As district cooling users need a generally constant and stable cooling-power
supply, the PCM tank is also intended to provide consistent thermal power to the chiller
generator. This constant thermal power ranged in the present work from 120 kW to 160 kW
and the PCM tank volume varied from 5 m® to 7 m>. Table 2 contains further information
regarding the PCM tank design characteristics.
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Figure 1. The studied coupled PCM tank-absorption chiller for cooling purposes.
Table 1. The considered PCM properties [30,31].

Properties A118 Erythritol MgCl,-6H,0
PCM thermal conductivity (W/m-K) 0.22 0.3 (L)/0.7 (s) 0.6 (L)/0.7 (s)
PCM density (kg/m?) 900 1340 (L)/1380 (s) 1450 (L)/1570 (s)
PCM melting temperature (°C) 118 117.7 116.7
PCM heat capacity (J/g-K) 2.2 2.8 (L)/1.4(s) 2.6 (L)/2.3(s)
PCM heat of fusion (k] /kg) 195 339.8 168.6

L: liquid, s: solid.

Table 2. Design parameters of the studied PCM tank.

Properties Value
Volume of PCM tank (m?3) 5,6,7
Length of PCM tank (m) 5
Tube number in PCM tank (-) 400
Diameter of one tube (m) 0.036

A controlled pump attached to the PCM tank is employed to generate steady thermal-
power output from the PCM tank. The fluid’s mass flow rate is adjusted by this system
depending on the needed thermal power P itsp1, chiler at the cooling system generator as
the following:

Psuitable,chiller @)
Cp (Tpane = Trin)

As the required thermal power by the chiller generator must be steady (constant), the
mass flow rate of the working fluid must be also adjusted as the working fluid tempera-
ture varies. This regulation could be performed using a proportional-integral-derivative
controller (PID controller) where it adjusts the mass flow rate based on the actual outlet
temperature from the TES tank (See Equation (1)). This mass flow rate variation is limited
by the maximal and the minimal capacity of the pump. Thus, based on this maximal and

My =
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minimal pumping capacity of the flow rate, the variation in the working fluid flow rate
may be approximated using the following equation:

' H Psyitabie chiller ;
m i 1 —F Y~ <m i
f,min f Cot (Thout—Trim) f,min
. . . itable,chiller ;
e — m i sui g >m 2
f f,max f Cp,f(Tf,nut*Tf,in) f,max )
Psuitable,chiller H " suitable,chiller ;
e s A f Mg i < : <m
G (=) Mmin = G iy = Mo

where Ty, and Ty, are the outlet and the inlet working fluid temperature at the PCM
tank; and m £,min and m f,max are the minimal and the maximal mass flow rate capacities
of the commercial pump and they are equal to 0.2 kg/s and 1.58 kg /s, respectively. The
energy consumption of the pump can be also estimated by using the Bell-Delaware method

as the following:
. AP
Epump = / mg———
P pump

where AP is the pressure drop and #ump is the pump efficiency.

By using this proposed functioning strategy, the district substation will be powered
only by the PCM tank with a constant thermal power which will lead to the stable operation
of the absorption chiller and a stable cooling-power production.

dt 3)

3. Modelling and Verification

The adopted modelling approach of the studied thermal storage systems is based on
the application of the first thermodynamics law on each studied medium. This principle
expresses the fluctuation of internal energy in an individual control quantity as the total of
the thermal energy exchange rate. In the PCM tank, there are two mediums identified: the
working fluid and the PCM material. To study the dynamic thermal behavior of storage
systems, transient energy equations and a localized-capacity (LC) modeling method are
used. The LC modeling method can be a valuable approach for studying the dynamic
thermal behavior of latent heat-storage systems. This method is particularly useful when
dealing with systems that exhibit significant spatial variations in temperature and heat
transfer. In an LC modeling approach, the storage system is divided into discrete control
volumes or cells, where each cell represents a specific region or element within the system.
The temperature and heat-transfer characteristics within each cell are modeled individually,
considering the unique properties of the PCM, the surrounding materials, and the boundary
conditions. This approach allows for a detailed analysis of the transient behavior of the
latent heat storage system, capturing spatial temperature variations and heat transfer pro-
cesses. By considering localized capacities, the model can accurately represent the dynamic
response of the system, accounting for factors such as non-uniform heat fluxes, temperature
gradients, and local phase-change phenomena. The LC method enables the investigation of
various design and operating parameters, such as the effects of PCM properties, container
geometry, inlet/outlet configurations, and charging/discharging strategies. It can help op-
timize the system performance by identifying potential thermal issues, such as overheating,
thermal stratification, or inefficient heat transfer, and proposing design modifications or
control strategies to address them. The adoption of this LC approach is mainly motivated
by its simplicity and reduced computation time compared to the time-consuming computa-
tional fluid dynamics (CFD) approach. Indeed, the CFD method requires the resolution
of several coupled partial differential equations (PDEs), which considerably increases the
simulation time and requires powerful computing resources. On the other hand, with the
proposed LC approach, only the resolution of the ordinary differential equations (ODEs) is
necessary for each domain studied, which allows a significant reduction in the computation
time. Using this modeling approach, the storage system is subdivided into several control
volumes, each comprising both the HTF (high-temperature heat-transfer fluid) domain and
the PCM (phase-change material) domain (see Figure 2). It is pertinent to point out that
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the storage system is well insulated and that the temperature is assumed to be uniform in
each domain of each control volume. Due to the staggered arrangement of the tubes in the
thermal storage system, a zone of symmetry forms around each tube, where no conductive
heat transfer occurs. In other words, there is no heat exchange through this symmetrical
region. Thus, studying only one single storage unit is sufficient to describe the whole
system behavior. The same assumption for this type of shell-and-tube storage system has
been adopted and validated experimentally by several authors in the literature [26,32,33].

J—
2 A -4
A .
Storage unit "
segmentation ; .. :
P NS I T |
-~ !
:7.'..” .‘ 1
o o L
S 1 .
P - I
H 1
[T S BT 1
N I I |
is::: -
e
............ i
Thermal storage system Single tube-storage unit

Figure 2. Physical model segmentation.

By adopting the previous assumptions, the transient energy balance for each medium
can be given as

e  For the HTF medium:

Control volume 1:

T .
(mCp) 1 —aj;l =hfA (Tst,l - Tf,l) + mfcp,f<Tf,inlet,1 - Tf,out,l) 4)

Control volume 2:

oT .
(mCp) f/2$ =hfA (Tst,z - Tf,2) + mfcp,f<Tf,inlet,2 - Tf,out,Z) ©)

Control volume N:

oT .
(mCp) fN —aj;'N =hfA (Tst,N - Tf,N) +msCp s (Tf,inlet,N - Tf,out,N) (6)

Tf intet,i+TF,out,i
where Ty injer,i = Tfouti—1 and Ty = 5=

my is the mass flow rate in one tube which is equal to the total mass flow rate divided
by the total number of tubes in the storage system. In each control volume, A denotes
the heat transfer surface that occurs within the HTF and the media of storage medium.
The coefficient of convective heat transfer (/) is derived using Gnielinski’s correlation as
follows [34,35]:
4.36 R, <2300
_ kf (Jg’) (R,—1000) P, @)

hg R, > 2300
D 1+12.7(§)0'5<(P7)%—1> ¢
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where Dj, represents the hydraulic diameter of one tube and f is the coefficient of friction.
e  For the PCM storage medium:

By using the energy balance for the storage medium, the following system of equation
can be obtained:
Control volume 1:

oT.
(mcp)st,l astt’l = th (Tf,l - Tst,l) (8)
Control volume 2:
oT.
(’”Cp)st,sztt'z =hfA (Tf,z - Tst,Z) )
Control volume N:
aT.
(mcp)st,N%N = th(Tf,N - Tst,N) (10)

The required heat for running the cooling generator P51, varies from 120 kW to
160 kW in the examined DCS, and the maximum/minimum speed of the water pump are
obtained coming from [26,36] and are 1.58 kg/s and 0.2 kg/s, respectively.

Physical phase transition is simulated in the PCM tank by utilizing a temperature-
dependent heat-capacity function. When PCM is melting or solidifying, its heat capacity
changes with temperature, allowing it to store more energy than a sensible storage medium
whose heat capacity remains constant. The PCM heat capacity is computed as the follow-
ing [26,37-39]:

CPrpcm(T) = Cbuse(T) + Cexcess(T) (11)

where
Cbase(T) = Cp,s(T) + Cp,l(T) (12)
Cexcess(T) = Ls# (13)

The liquid fraction of PCM is represented by f(T), while the latent heat capacity is
represented by L, in [J/kg].
PCM’s baseline heat capacity may be estimated as follows:

Cpase(T) = Cps(T) + Cp(T) = (1 = f(T) )Cos + f(T)Coy (14)

where Cy s is the heat capacity of solid PCM and Cy, is the one at liquid state.

PCM liquid fraction is represented by the quantity f(T), and its value can range
from 0 (for the solid state) to 1 at any given temperature (for liquid state). f(T) varies
during the change in phase process and may be represented as a temperature-responsive

function [38,40]:
f(T) = % [arctun [ZIY(TATTM)} + 721 (15)

The final version of the PCM thermal-capacity function may be derived using Equa-
tion (15) as
2y
CP/PCW(T) = Cbase(T> + Ls 2

(GRS

For the purpose of simulating the transient heat transfer in PCM while the examined
system is operating, the dependent temperature function described above is incorpo-
rated into the energy equations (Equations (8)—(10)). This methodology has been tested

~

(16)
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and validated against experimental measurements such as those described in the litera-
ture [38,39,41].

To verify the validity of the developed dynamic model for the PCM tank, the PCM
tank model used the PCM tank’s heat-capacity function, and results from simulations were
compared to realistic shell-and-tube PCM tank data gathered from published sources [36].
The current PCM tank is of the same design as that used in the experimental work of
Ref. [36], where it was employed to produce the hot water for an urban heating network.
It is interesting to note that the accuracy of the measured temperature in the experiment
tests is 0.5 °C. More information about this investigation may be obtained from our prior
publications [20,26]. The numerical results produced by the proposed dynamic technique
were checked against experimental data, and the resulting findings are displayed in Figure 3.
Analyzing this result reveals that our computational model simulates the thermal dynamics
of the storage system with adequate accuracy. The largest relative inaccuracy discovered is
less than 5%. Based on these findings, it is possible to infer that the suggested PCM tank
transient model is accurate and can accurately represent the real thermal fluctuating of
the system.

e T —T A Tinet

outlet_Exp outlet_Num

90

Temperature (°C)

55

N7 T T T T T T T T T 1
0 25 50 75 100 125 150 175 200 225 250 275 300

Time (minutes)
Figure 3. Comparison between obtained numerical results and experimental data from Ref. [36].

4. Results and Discussion

This section analyzes the thermal fluctuation of the connected PCM tank to the DCS
substation, as well as the influence of different design and operating factors on system
performance. The confirmed PCM tank model was used for numerical simulations, and
the system’s operation was examined throughout the discharge phase. During this period,
the cooling loads from the DCS are assumed high and thus in general, the chiller’s energy
consumption is at its peak. To reduce this chiller’s energy consumption, The PCM tank
will supply the thermal power required to run the chiller generator. The chiller generator’s
adequate thermal power is considered constant to support the DCS substation’s reliable
operation and is set to 120 kW. As the required temperature level at the chiller generator is
around 120 °C (double-effect absorption chiller), commercial PCM A118 with a melting
temperature of about 118 °C is used as the storage medium and obtained results are given
in Figure 4.

The fluctuation in the temperature at three distinct points within the PCM tank
throughout the discharging operation is shown in Figure 4a. It is worth noting the re-
turned temperature that comes from the cooling generator is set at 90 °C and the tank
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is supposedly completely loaded with a starting temperature of 140 °C. Analyzing this
figure reveals that the PCM temperature at the tank’s entrance declines quickly from 140 °C
to the PCM transition point (118 °C) when compared to the temperatures at the tank’s
midsection and exit. In fact, the PCM located at the tank inlet rapidly releases its heat to
the working fluid which leads to a decrease in its temperature until reaching the melting
point. In this period, the stored latent heat is released which is translated by the PCM
temperature stabilization at 118 °C. Then, the PCM temperature continues decreasing until
reaching the inlet working fluid temperature (90 °C). As the discharging operation progress,
the PCM located at the middle and at the outlet of the tank follows the same previous
behavior with a time lag as they are far from the entrance of the tank. The time needed
to discharge the tank completely, i.e., so that the PCM tank temperature is equal to the
working fluid inlet temperature, is about 5 h. This discharging behavior is confirmed in
Figure 4b where the PCM liquid fraction variation is given at different locations in the tank.
These findings represent the physical state change of the PCM throughout the discharge
time. At the beginning of this period, all PCM contained in the tank has a liquid physical
state (liquid fraction equal to one). As heat is transported through the PCM to the operating
fluid during this process, the PCM temperature decreases, which also leads to change in the
PCM physical state from a liquid to a solid. The PCM at the entrance of the tank changes
its physical state rapidly compared to that located at the middle and at the tank outlet, as
this location is the nearest to the working fluid coming from the chiller generator.

By examining Figure 4c, it is clear that the suggested PCM storage tank may benefit
the chiller generator by maintaining a steady thermal output of 120 kW up to 3.6 h. This
behavior is made possible by the flow rate control system, which alters the operating
fluid’s mass flow rate within 0.57-1.58 kg /s according with the operational approach (See
Equation (2)). The generated fluid’s working temperature coming from the PCM tank
reaches a high level at the start of the discharging operation; hence, the flow rate which
needs to be used is low. This flow rate increases with time as the discharging operation
progresses and the produced temperature from the tank decreases.

Inlet - - -Middle ~ ------ Outlet

Tinet = 90 °C

inlet —

PCM Temperature (°C)

—7rt r 1 - r -1t -1t 1T 1T 1 1 - 1 - 1
0 30 60 90 120 150 180 210 240 270 300 330 360
Time (min)

(a)

Figure 4. Cont.
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Figure 4. (a) PCM temperature variation, (b) average liquid fraction of PCM variation, and
(c) working-fluid mass flow and delivered thermal power.

4.1. Influence of Generator Thermal Load

Three distinct thermal power values, namely 120 kW, 140 kW, and 160 kW, were
studied to assess the impact of the cooling generator thermal need on the PCM storage
performances, and simulations were performed throughout the discharging process. The
change in the output fluid’s working temperature is shown in Figure 5a. This result
demonstrates that raising the needed power at the cooling generator causes the HTF output
temperature to decrease rapidly. In practice, at the start of the discharging process, the fluid
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temperature at the tank exist stays constant, and the heat is discharged into the sensible
form. The outlet HTF temperature decreases until reaching a plateau around 118 °C where
the heat is released into the latent form. When the phase-change process is completed, the
HTF outlet temperature decreases until the end of the discharging process where the HTF
outlet temperature is equal to the inlet temperature. The discharge period is reduced by
around 20% by raising the required thermal capacity from 120 kW to 160 kW.

Figure 5b confirms that under various operating circumstances, the suggested PCM
tank can supply the requisite thermal power to operate the chiller generator. The produced
thermal power remains constant for about 2.1 h, 2.9 h and 3.7 h for 160 kW, 140 kW and
120 kW, respectively. The length of the continuous thermal power generation is lowered by
about 43% by raising the necessary thermal power for the cooling process from 120 kW to
160 kW. Regarding the mass-flow regulation system, when the cooling generator’s needed
thermal power is raised, peak water-flow values are obtained. (Figure 5c). To fulfill the
chiller generator’s thermal-power need, the mass flow rate is enhanced to extract high
thermal energy rates stored in the PCM unit in the discharge operation. After 126 min from
the start of the discharge period, the pump’s maximum capacity is achieved. However,
this maximal value is reached after 220 min from the beginning of the discharging process.
This result can be translated by the increase in the pump energy consumption with the
cooling loads.

Figure 6 shows the evolution of the consumed energy by the used regulated pump
system. These results were obtained through determining the actual mass flow rate and
determining the cumulated pump energy consumption from Equation (3). This graph
illustrates how an increase in the chiller generator’s necessary thermal power results in
an increase in pump energy usage. At the end of the discharge process, the pump energy
consumption is equal to 420 Wh, 475 Wh and 512 Wh for a required chiller thermal power
of 120 kW, 140 kW and 160 kW, respectively.

— 120 kW ---140kW  ------ 160 kW

140 - Tinet = 90 °C

Outlet HTF temperature (°C)

. — .
0 30 60 90 120 150 180 210 240 270 300 330 360
Time (min)

(a)

Figure 5. Cont.
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Figure 5. (a) Outlet temperature variation from the tank, (b) generated thermal power coming from

the storage unit, and (c) flow rate variation of the working fluid.
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Figure 6. Pump energy consumption during the functioning of the system: effect of thermal
power loads.

All previously found results are summarized in Table 3.

Table 3. TES thermal performances: the effect of generator thermal load.

Case Discharging Constant Power Pumping Energy
Duration (h) Production Period (h) Consumption (Wh)
120 kW 5.2 3.7 420
140 kW 4.75 29 475
160 kW 44 2.1 512

4.2. Effect of PCM Tank Volume

In this section, the tank capacity is raised from 5 m® to 7 m3 in order to explore
the impact of changing the storage volume on system performances. The results are
shown in Figure 7. It is noteworthy that PCM A118 is employed as the storage media,
and the identical operational circumstances are maintained for all examined instances.
Figure 7a depicts the change in the PCM tank’s output working-fluid temperature during
the discharge procedure. It can be shown that increasing the PCM volume leads to an
increase in both the production duration of hot working fluid from the tank and the
duration of the discharging operation. The latter is increased by about 73% when the PCM
tank volume is increased from 5 m? to 10 m3. This behavior is due mainly to the increase in
the storage capacity with the amount of used PCM in the tank. The change in the generated
thermal power coming from the storage container is shown in Figure 7b. This result is
given to highlight the impact of the PCM tank size on the system capacity to deliver the
same thermal power for driving the cooling process. This graph indicates that increasing
the quantity of utilized PCM in the tank benefits the chiller generator by extending the
production period of unchanging heat rate of 120 kW. This duration of 120 kW constant
power production from the tank is increased by about 62% when the PCM tank volume is
increased from 5 m3 to 10 m3. This result confirms that the increase in the tank volume is
suitable and will reduce the chiller generator energy consumption with a stable operation.
As the proposed operation strategy of the coupled PCM tank-chiller generator is based on
the regulation of mass flow rate, this variation is plotted in Figure 7c. It can be seen that
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for all studied cases, the mass flow rate variation follows the same behavior where it is
low and stable at the start of the discharge procedure. When the discharge advances, the
used mass flow rate in the system increases and it reaches a plateau due to the released
latent heat at a nearly constant temperature from the storage unit. The output working
temperature decreases at the end of the discharging operation, requiring the employment
of a high mass-flow rate to provide the needed thermal power. By analyzing this figure, it
can be observed that increasing the storage volume is beneficial as it leads to a reduction
in the pump speed through using low values of the HTF flow rate. The maximal flow
rate is reached rapidly when the use of minimal PCM volume is adopted and it is reached
after 220 min and after 285 min from the beginning of the discharging operation for a tank
volume of 5 m® and 7 m?, respectively.

The cumulative energy used by the circulation system for the three values of tank
volume is shown in Figure 8. It can be seen that making the tank bigger has a small effect
of the pump energy consumption. In fact, the increase in the PCM tank volume from 5 m>
to 10 m3 induces a reduction in the pump energy consumption by about 23%.

All results found in this section are summarized in Table 4.

Table 4. TES thermal performances: the effect of PCM tank volume.

Constant Power

Discharging . . Pumping Energy
Case Duration (h) Product:}(:;‘t Period Consumption (Wh)
5m3 5.2 3.7 420
6 m3 6 42 400
7 m3 6.5 4.75 380
10 m® 9 6 323
—5m® ---6m’® - 7m®  ——10m?
150
Tinlet =90°C

-

Y

o
1

130
120

110 4

HTF outlet temperature (°C)

100
90 —71r - 1 r r - r 1~ 1t 1t - 1 " 1 &t 1 ° 1 —
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Time (min)
(a)

Figure 7. Cont.
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Figure 7. (a) Outlet temperature variation from the tank, (b) generated thermal power coming from
the storage unit, and (c) the flow rate variation of the working fluid.
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Figure 8. Cumulated pump energy consumption during the discharge operation: effect of the
tank volume.

4.3. Effect of PCM Type

The choice of the storage medium in the district cooling applications plays an impor-
tant role as it directly affects the system performances and its reliability. To determine how
the type of PCM storage media affects the system performance under study, three commer-
cial PCMs were considered, i.e., A118 from PCM Products Ltd. (Yaxley, UK), Erythritol
and MgCl,-6H,0 [42], and the obtained results are given in Figure 9. The properties of
these commercial PCMs are given in Table 1. By analyzing the produced working fluid
temperature from the tank, it can be seen that the used PCM type in the DCS significantly
affects the system performances. In fact, the use of Erythritol as PCM instead of A118 and
MgCl,-6H,0O is appropriate as it enables the output working temperature to be kept high
and close to the PCM meeting point during the whole discharging duration (Figure 9a).
This behavior is advantageous for the chiller generator as the latter performances increase
with the used working fluid temperature [43]. The tank’s generated temperature remains
between 140 °C and 115 °C when Erythritol is used as the storage system, between 140 °C
and 100 °C for PCM MgCl,-6H,0 and between 140 °C and 90 °C for PCM A118. Through
analyzing Figure 9b, it is clear that using erythritol as a PCM results in the generation
of steady thermal power of 120 kW during the whole discharging period of 6 h which
will ensure a stable cooling power production. However, PCMs A118 and MgCl,-6H,0
generate 120 kW of continuous thermal power production during only 3.6 h and 5.2 h,
respectively. Thus, the period of continuous thermal power generation is increased by
about 67% when Erythritol is used as PCM instead of PCM A118. Although these PCMs
have the same phase-change melting interval, their performances are different. In fact,
this behavior is due mainly to the difference in the storage density of each PCM and in
particular the heat of fusion. The latter is equal to about 340 k] /kg for Erythritol and only
195 kJ /kg for A118.

Figure 9c represents the time-wise evolution of the used flow rate of fluid in the PCM
tank during the discharge period for all studied cases. When A118 is used as the PCM
instead of MgCl,-6H,O and Erythritol, the maximum flow rate is recorded. This behavior
confirms that the PCM type also affects the hydraulic system performance and reduces its
use when Erythritol is used as PCM instead of MgCl,-6H,0 and A118.
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To highlight the impact of the utilized PCM type on the hydraulic system energy
consumption, the progression of the pump’s energy usage during the discharge cycle is
depicted in Figure 10. This result clearly demonstrates that the storage media selection does
not affect only the system thermal performances but also the pump energy consumption.
The maximal value of pump energy consumption is reached when A118 is used as PCM
and minimal pump energy consumption is obtained when Erythritol is employed as the
tank’s storage medium. This pumping energy consumption is reduced by about 25% when
Erythritol is used instead of PCM A118.

The previous obtained results can be summarized in Table 5.

Table 5. TES thermal performances: The effect of PCM type.

Case Discharging Constant Power Pumping Energy
Duration (h) Production Period (h) Consumption (Wh)
A118 5.2 3.7 420
Erythritol 6 6 317
MgCl,-6H,O 6 5.2 360
— A118 - - = Erythritol ~ ------ MgCl,6H,0
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Figure 9. Cont.
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Figure 9. (a) Outlet temperature variation from the tank, (b) generated thermal power coming from
the storage unit, and (c) flow-rate variation of the working fluid.
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Figure 10. Evolution of the pump energy consumption in the discharging operation: effect of the
PCM type.

5. Conclusions

A novel coupled PCM tank-120 kW chiller generator for cooling processes was sug-
gested and examined numerically. The PCM tank was intended to provide consistent
thermal power to the chiller generator with a suitable working fluid temperature during
the peak cooling load period. The system was modeled using the lumped-capacitance
approach, and the transition phase of the PCM physical state was simulated by adopting
the method of effective thermal capacity. The system’s dynamic performance is assessed
and the impacts of various factors on the PCM tank discharging process are given and
examined. The numerical findings are firstly compared to experimental observations from
an existing district network and the main findings can be summarized as the following:

e  The suggested PCM storage tank can produce a continuous heat rate of 120 kW within
3.6 h, which is advantageous and reduces the chiller generator’s energy consumption
during this period.

e  Through increasing the thermal power needed by the generator cooling system from
120 kW to 160 kW, the duration of the PCM tank discharging process is decreased by
about 20%, and the pump energy consumption is increased from 420 Wh to 512 Wh.

e  The duration of 120 kW of constant power production from the tank is enhanced by
about 62% when the PCM tank volume is increased from 5 m? to 10 m®.

e  The PCM tank volume variation has a small effect on the pump energy consumption.
The latter is increased only by 23% when the tank volume is increased from 5 m® to
10 m?.

e  The utilization of erythritol as a medium for storage process is preferable to both
PCMs A118 and MgCl,-6H,O.

e  The period of continuous thermal power generation of 120 kW is increased by about
67% when erythritol is used as PCM instead of PCM A118.

In conclusion, it can be inferred that the utilization of the suggested PCM tank is
suitable for improving the performances of the cooling systems and the proposed dynamic
model is an appropriate tool for system design and simulation under multiple operation
conditions. For perspectives the economic and the environmental impacts of the studied
system will be presented and investigated in future works.
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