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Supercooled sodium acetate trihydrate (SAT) allows the latent heat can be released when it is externally trig-
gered regardless of the supercooling degree. Thus, the implementation of SAT into heating systems can eliminate
the negative effects of weather variation and increase the utilization of solar energy by storing the heat for days.
However, supercooled PCMs can lose a serious amount of latent heat when their temperature falls to ambient
temperature. Moreover, the poor heat conductivity of the SAT can cause providing insufficient temperature in
the houses for different heating profiles which require auxiliary heating. In this study, the dynamic thermal
behaviour of a supercooled PCM-immersed storage tank for heating different dwellings is investigated based on
different activation orders of the PCM tubes. The controlled PCM activation order shows that the hot water
supply temperature can be increased compared to the activation of all tubes at midnight. Controlled triggering
resulted in performance improvement in all heating profiles by an increment of 1.5 °C, but it is more promising
for the Eco-house heating profile as it reaches 4.3 °C. Moreover, this method reduces the daily heat loss from the
PCM storage tank by up to 1.3 kWh. It is also found that the PCM loses its 35% of latent energy after three days of

storage.

1. Introduction

Nowadays, integration of renewable energies on the building sys-
tems is an important need as the energy consumption in the buildings is
considered as an increasing proportion of total energy consumption
around the world [1], and it has been reported that 32.5% of the UK
energy usage is consumed by buildings [2]. In the renewable energy
integrated building applications, one of the important issues is providing
heating on building demand because; intermittency, mismatch between
demand and supplying energy timing and variating ambient conditions
make using solar energy in building a cumbersome. Therefore, thermal
energy storage (TES) systems have been offered to ensure sustainable
heat supply [3,4]. Although using latent heat storage systems are the
cheapest and convenient for short term heat storage [5], for medium to
long term heat storage periods, latent heat systems continue to loss heat
even they are not in use, thus the heat is wasted.

Controllable crystallization of the phase change material (PCM) can
be a solution to this heat waste. The supercooled feature allows that the
latent heat is only released when triggered to induce crystallization,
even when stored at ambient temperature. While supercooling is
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generally considered a significant disadvantage in conventional PCM
heat storage systems, in this system it turns the problem into an asset by
controlled activation. Several supercooled materials’ properties and
triggering methods have been investigated and tested by many re-
searchers and the most well-known is supercooled sodium acetate tri-
hydrate (SAT). Its melting point is 58 °C and the latent heat of
crystallization is 247 kJ/kg in a certain concentration level where the
melting temperature depends on salt-water concentration. The heat is
released by activating the triggering device and exothermic crystalli-
zation allowing temperatures of 58 °C to be reached in minutes [6].
Incorporation of these materials with heat pump units can promote the
system. Since gas boilers release high CO; to the environment, heat
pump usage has been recommended to the public by the governments
for space heating and hot water purposes in buildings. However, the
current UK daily national grid reaches peak value in the evening around
17:00-18:00 and it was informed that the heat pump load profile rea-
ches a peak in the morning around 07:00-08:00 with 20% of the
contribution to the morning peak. It means the morning peak would be
higher in the future with higher developments of the heat pumps [7].
Thus, it is important to find a way to both cover environmental issues
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like using heat pumps and also consider the grid load. Load shifting with
thermal storage is getting popular in heating applications as it also al-
lows solar energy utilization. Teamah et al. [8] showed that a ground
source heat pump with PCM-enhanced thermal storage can successfully
provide load shifting. Xu et al. [9] presented that when the daytime
charging strategy is applied for space heating by heat pumps, indirect
CO; emissions can be reduced by up to 14% compared to the off-peak
charging strategy. However, this short-term load shifting may not
work very well if solar energy is the main heat source for the heat pump.
Supercooled PCM can be effectively used for variable solar profiles as it
can allow storage solar assisted heat pump’s heat even for a week period
at room temperature and still having some proportion of the latent heat
[10]. Moreover, in order to increase the effectiveness of PCM usage in
heat storage systems, controllable heat discharge can be key for more
efficient systems because performance of using PCM in water tanks is
dependent on the operating conditions [11]. Therefore, the attention on
controlled triggering increases for even different supercooled PCM ma-
terials such as erythritol for higher temperature applications [12].

Regarding space heating and DHW applications, some techniques to
trigger the crystallization of supercooled SAT have been published such
as inserting SAT crystals [13], local cooling by cold touch [14] or using a
Peltier device [15], percussion vibration [16] and they were used in
some applications successfully. However, studies on electric nucleation
are not enough in the literature to conclude its effectiveness, thus, suc-
cessful nucleation by electrical triggering is accepted as uncertain [17].
Recently, Dong et al. [18] presented electrically-controlled crystalliza-
tion of supercooled SAT solution techniques which allows to release heat
from the supercooled SAT solution. Chen et al. [19] carried out lab-scale
tests of SAT and prepared a composite mixture to increase the thermal
conductivity.  They  maintained stable  supercooling  for
electrically-triggered nucleation.

Application of supercooled SAT as a heat storage in the heating
systems have been investigated but limited. Dannemand et al. [14]
experimentally tested two SAT units at laboratory and measured dis-
charged energies after repeating tests. They used liquid CO2 to cool
surface of the container to initiate nucleation. Englmair et al. [6] pre-
pared an experiment for a solar combi-system using SAT. Tubular col-
lectors and segmented PCM heat storage prototype were used and
different control strategies was tested for enabling the best automated
system operation. Kutlu et al. [20] carried out a simulation study by
using controllable crystallization of SAT for domestic hot water appli-
cation to eliminate morning peak. The PCMs were activated in the early
morning to prepare hot water, they informed that daily energy con-
sumption can be reduced around 13% in an average solar day. Englmair
et al. [21] investigated on-demand crystallization of SAT in solar combi
system, they calculated that annual solar fraction of 71% can be ach-
ieved by using 22.4 m? collector area and 1 m® PCM storage in a Danish
passive house. Recently, Kutlu et al. [10] carried out a simulation study
of a solar-assisted heat pump unit with controllable SAT to provide space
heating to a building. They presented that PCM storage tank can be
charged in 6.5 h and the stored tank can provide one-day heating, which
will promote solar assisted heat pump instead of an air source heat
pump.

As seen from the literature, controllable crystallization of SAT is a
promising method for load shifting and utilization of renewable energy
in heating applications. Its ability to control heat release makes it suit-
able for demand-based heating systems which have been still in progress
by using conventional PCM applications. However, the number of
studies about the controllable crystallization of SAT is limited and its
adaptation to building applications should be further investigated to
show its potential. For this purpose, this study proposes a different
perspective for the controllable crystallization of SAT applications.
Apart from activating heat release at one time in a day, this study offers
partial activation of charged PCM tubes according to peak heating de-
mand periods. In this way, daily heat loss from the storage tank can be
reduced and the supply water temperature to the building will be higher.
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Based on these targets, an electrical triggering device has been prepared
to trigger the crystallization inside the stainless-steel tube. After proving
the controlled heat release, the concept of controllable crystallization of
SAT will be further investigated especially considering the performance
of heating supply to the buildings for different profiles. Therefore, the
ability of the supercooled PCM storage tank to provide heating to
different UK heating profiles is investigated in this study. Moreover, the
effect of the initial temperature should be examined because storage
time affects the latent heat capacity after activation of the SAT. Thus, a
strategy is developed to have the advantage of different activation times.
With this application, the hot water supply temperature can be increased
at the end of the day and heat loss can be reduced.

2. Heat pump heating profiles of the buildings in the UK

As the proposed study presents the ability to heat for different pro-
files in the UK, monitored real data for heat pump systems were used.
Heat pump heating profiles were taken from the datasets of the
Renewable Heat Premium Payment (RHPP) trial [22]. The RHPP scheme
was administered by the UK Energy Savings Trust and Buildings
Research Establishment to run the meter installation and data collection
phases of the monitoring program. The data was collected from October
31, 2013 to March 31, 2015 which is based on monitored around 700 UK
homes. The data is both domestic hot water and space heating and was
recorded at a 2-min resolution. The data shows the general heat pump
trend in the UK as it covers many different indicators affecting on
heating profile. Such as, consumer control strategies were observed in
widespread patterns of thermostat set points which ranged between
18 °C and 23 °C. The work also covers different locations in the UK,
weather conditions have an effect on the results in addition to building
age and fabrics. In order to regroup these parameters, the heating pro-
files have been generated by clustering all houses that match the given
combination [23]. The dataset includes metadata describing the kind of
heat pump, the tenure and the type of dwelling of each site. Details of the
classified buildings are given in Table 1.

Although ground-source heat pump (GSHP) and air-source heat
pumps (ASHP) are used in the classified buildings, the heating demand
from the building is assumed as same regardless of heat pump type.
Emitter types are also combination of radiators and underfloor heating,
and property age shows the variety of the insulation and fabric of the
buildings. Therefore, Fig. 1 shows the average hourly heating demands
of classified buildings. Group 3 has three bedrooms; the rest have four or
more bedrooms. Considering daily average heating demands, Groups 1
to 3 are around 30 kWh, however, Group 4 and Group 5 are around 50
kWh daily heating demands. The reason for this, of course, the sizes,
ages and types of houses even the locations are different, but the figure
gives us information about heating profiles and trends. It is necessary to
test the proposed supercooled PCM system’s heating supply perfor-
mance regarding given profiles which is the objective of this study.

To show the ability of the heating supply for the buildings, two
different heating trends were chosen to compare. Since Group 2 shows a
more stable heating requirement with a morning peak, and Group 5
shows two-peak heating times in a day, these profiles are chosen to
represent different heating profiles. Undoubtedly, daily heating re-
quirements are different for these groups, so normalizing was carried out
for Group 5. In this way, the daily heating demand of Group 5 is reduced

Table 1

Classified buildings in the study.
Group HP Type Property Type Property Age Emitter Type
Group 1 GSHP Detached After 2000 Underfloor
Group 2 ASHP Detached Pre 1919 Radiator
Group 3 ASHP Detached 1965-1980 Underfloor
Group 4 GSHP Detached Pre 1919 Both
Group 5 GSHP Semi-Detached Pre 1919 Both
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Fig. 1. Average heating demands of classified buildings.

to 30 kWh from 50 kW h by multiplying the hourly demands while
keeping the trend the same. In this way, same size of PCM storage tank
can be tested in simulation because geometry and size of the storage
tank has an influence on heating supply performance.

On the other hand, these houses are conventional houses in the UK,
but the number of eco-houses or low-carbon houses has increased over
the world to reduce heating costs and CO, emissions, thus, to extend the
impact and range of the study, the data from our previous study [10] has
been used in order to show another heating profile. In the previous
study, one of the Creative Energy Homes at the University of Notting-
ham on Park Campus a low-carbon building, The David Wilson Millen-
nium Eco-house was simulated [24]. This house was built to support
domestic size renewable energy systems. Thus, it uses air conditioning
standards to provide thermal comfort to residents. The IESVE model
[25] was used with real Nottingham, UK yearly weather data. The house
is a two-story office building with dimensions of 7.9 m x 7.9 m x 5.0 m
with interior floor area of 62.41 m? for each floor. It is assumed that a
family of 4 people live in the house. The main construction elements and
U-values of the house were taken as: External wall 0.22 W/(mzK), roof
0.19 W/(m?K), glazing 1.8 W/ (m?K), door 2.2 W/(m?K) and floor 0.2
W/(m?K). Natural ventilation is 5 1/s/person, and infiltration rate is
taken as 0.3 ach. The temperature setting is 18 °C from 22:00 to 05:30,
15 °C during unoccupied hours (7:30 to 18:00) and 21 °C during the
remaining times.

The used envelope, people profile and ventilation systems have an
effect on the building heating demand profile. The heating rate will al-
ways decrease over time in conventional PCM storage systems because
of the low thermal conductivity of PCMs. However, this study also aims
to show that PCM storage tanks can provide the required heating for
different heat profiles of different houses.

In order to comply with the other profiles, daily heating demand is
adjusted to 30 kWh but keeping the same heating profiles for three cases.
Fig. 2 shows the heating loads of the three examined profiles. The
heating performance of the system will be simulated if the PCM tubes

T T

——Group 2

——Eco-house
Group 5

Heating load [kW]
=

T 1

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00

2:00 4:00 6:00

Fig. 2. Adjusted heating demands of the three cases.
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can provide the required heating to the buildings in the following
sections.

3. Material and method
3.1. System description

In the system, a heat pump provides hot temperature water, and the
high-temperature water (70 °C) is circulated between the heat pump
condenser and one of the PCM storage tanks to charge the SAT PCM
tubes. When a PCM storage tank is charged, the circulating water is
driven into the next PCM storage for charging it with help of the control
valves. After charging, the PCM storage tanks are exposed to free cooling
as they are charged for to use after days. Even after days, when heating is
needed by the building, a remote-controlled triggering device activates
the PCM tubes in the PCM storage tank. The PCMs inside the tubes start
to crystallize immediately, and the temperature of the PCM rises to
57-58 °C. Water in the tank is heated and circulated between the house
and the PCM storage tank. Relatively colder water flow comes from the
building and enters the PCM storage tank, and its temperature is
increased. Heated relatively high-temperature water flow directed into
the building to be used for hot water and space heating requirements.
Fig. 3 shows the concept of the PCM storage tanks where the heat is
charged and each PCM storage tank is designed to provide one-day
heating demand. Thus, the number of PCM storage tanks can be
placed according to needs because this study shows the heating per-
formance of one PCM storage tank. Since the proposed design aims to be
space-effective, the PCM storage tanks can be buried under the ground.
The heat storage tanks are placed in an underground container.

In this study, stored heat in the PCM tubes is partly released instead
of activating the PCM tubes together. As each PCM tube is an individ-
ually enclosed unit, each tube can be activated separately. The PCM
storage is designed as 14 PCM tubes inside one tank, so 14 cables will be
connected to the triggering controller for each PCM storage tank. The
study also aims to minimize heat losses from PCM storage to ambient
during discharging period, the PCM storage tank is modelled, and the
dynamic response of the storage is investigated based on different
heating profiles.

3.2. PCM storage tank modelling

The PCM storage unit is designed as a cylinder container where PCM
tubes are placed inside. In the simulation, the PCM storage is divided
into a number of n control volumes in horizontal direction. Energy
balance equations are considered in each volume. As the PCM tubes are
immersed in the water, heat transfer continues during the out of heating
times in discharging period. Since the PCM tubes are placed inside the
tank, both latent and sensible heats comprises the storage capacity [26].
Mass transport in the tank is assumed in one dimensional and the tank
length is divided into nodes and all node’s energy balance equations are
solved simultaneously. Additionally, each element of the tank comprises
PCM tube sections, and heat transfer between the water and PCM outer
surface happens. In a water element, the temperature of the water and
the PCM may vary when charging and discharging take place. In order to
enable heat transfer from the PCM centre to the outer edge, PCM tubes
are additionally separated into radial nodes. The PCM storage tank was
divided into 40 equal elements in the longitudinal direction and the PCM
tubes in each element were separated by 10 radial nodes while their
surrounding water is represented by one node. Fig. 4 is given to show
PCM storage tank layout. 14 PCM tubes are placed inside the tank and
the tank is filled with water which allows continuous heat transfer be-
tween the PCM and the water. Water element has contact with the PCM
outer surface and the tank wall. Convection heat transfer happens from
water to tank wall and water to PCM outer node. The PCM tube is
divided into radial elements from centre to edge, thus, conduction heat
transfer happens between PCM elements. The PCM storage tank
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Fig. 4. PCM storage tank layout of the tank and heat transfer diagram.

calculation procedure is based on the validated previous study [10].
Generalized energy equation of the PCM is used in Eq. (1) [27,28]:

Djn
Vecujn ® Prcujn ® Lecuin ® 5= = Vecw;, ® Pecy;, ® Copcu;,
OTrers . .
CMjn
o Ow,—pcun T Qrem(-1) n—preutin + Qpemjn—pemj (ne1) @

Where j is radial node number and n indicates the number of horizontal
nodes. Vpcyj, indicates volume, ¢ is PCM liquid fraction, Prcmjn 18
density and Lpcy;, is the heat of fusion per unit mass of the PCM jth
element at horizontal node number n. QWFPCMJ-‘H, QPCMU,D’,I,};CMM and

QPCijn,pcw‘(nH) are convection heat transfer rate between water and the
PCM element, conduction heat transfer rate between PCM nodes in
radial direction and conduction heat transfer rate between PCM nodes in
horizontal direction, respectively.

Energy balance equation of the water element is given in Eq. (2):

Ovondn (i) + Qroge (i) + Q‘W,l—PCMj,n(i)

Tyn(i+1)=T,,(i
’ (l+ ) ’ (l) + Msz,i .C/:,w

o At

@

where an,pcwn(i) is heat transfer rate between PCM material and the
water element.

Natural convection heat transfer equations for spherical shapes can
be used to calculate the convection heat transfer coefficient for cylin-
drical shapes in the water tank [29]. Nusselt number to find natural
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convection heat transfer coefficient is found by Eq. (3):

2
.387 @ Ra'*
Nu= {0.825 —A L w} ®)
[1 +(0.492/Pr)" “"]
To calculate heat loss to the environment, Eq. (4) can be used:
Qjm\ n( ) Ut L4 Amnk n (Tcﬂnminer - Tw.n(i)) (4)

The PCM storage tanks are assumed to be buried underground for
space effectiveness, they should be placed inside a large container. The
temperature of the container is assumed as 20 °C because during the day
some PCM tanks are charged and some of them are discharged. Ak iS
heat transfer area of the water tank in one element. It is a surface area
between water and the surrounding air inside the large container un-
derground. U, is overall tank heat loss coefficient and it is taken as 0.8
W/(m?K) [30].
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Fig. 5. a) Energy content of SAT during charging and crystallization triggering.
b) Impact of subcooling degree on lost of latent heat.
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Fig. 5 a is given to present the charging and discharging states of the
SAT. The PCM is in the solid phase at state 1, its temperature and energy
content increase by sensible heating until its temperature reaches the
melting temperature at state 2. Because of the latent heat capacity of the
SAT, the temperature remains constant but energy content increases
until all SAT changes from solid to liquid from state 2 to state 3. State 3
to state 4 shows sensible heating of the liquid material during that
period. When the charged PCM is exposed to cooling, its temperature
falls from state 5 to state 6. Typically, its phase starts to change from
liquid to solid at state 6, but thanks to the supercooling, the liquid phase
is maintained and the PCM temperature falls to state 7. The degree of
supercooling depends on cooling time or temperature difference etc. In
figure 30 °C and 40 °C are given as the final temperature to show the
effect of supercooling on latent heat capacity. When the PCM is triggered
at state 7, its temperature increases to melting temperature immediately
(state 8). However, energy content depends on initial temperature as
shown in the figure because of energy conversion. Fig. 5b shows the
impact of subcooling degree on energy content. As degree of subcooling
increases, the latent heat capacity decreases. When the PCM tempera-
ture falls to 20 °C, the latent heat capacity of the SAT decreases by 40%
which makes a serious drawback of the supercooled PCM application for
long-term storage. This effect of initial temperature on performance will
be investigated in the following sections.

Renewable Energy 206 (2023) 848-857
4. Controlled crystallization and model validation

In order to test the controlled crystallization of the SAT, an electrical
triggering device which includes two electrodes was prepared based on
the technique described by Ref. [18]. The study offered that the elec-
trodes can be made of various materials, however, the combination of
graphite cathode (—) and a silver anode (+) was used for electric trig-
gering of the SAT. In order to trigger crystallization, some treatments to
the anodes are required, because it is necessary to have a thin layer of
SAT powder on the anode surface to start nucleation. The procedure can
be summarised as: The anode was polished with P80, P360 and P1200
grit sandpapers and dusted with SAT powder after each polishing,
respectively. Later, to remove any remaining SAT powder on the silver
rod surface, it was immersed in a 75 °C sodium acetate trihydrate so-
lution for 2 h.

As proposed in the study, a stainless-steel tube was filled with liquid
SAT at 75 °C and the prepared triggering device was placed inside the
tube and also a K type thermocouple was used in the test. According to
the manufacturer, the operative range is —75 °C-250 °C and the accu-
racy of the thermocouples is F 0.5 °C. The top and bottom sides of the
tube were sealed to avoid any leakage. The sample was exposed to free
cooling for cooling down to room temperature. After being sure of the
PCM temperature was 30 °C, 9 V voltage was supplied to the sample via
a triggering device, and the nucleation began. Fig. 6 shows the prepared
PCM tube sample and the temperature change of the SAT during the test.
It can be seen that PCM temperature was increased from 29.5 °C to 57 °C

Anode, cathode, and thermocouple
inside the tube

Graphite cathode

Silver anod

&0

S0

-
hd
— 40
w Triggering time
=
—
E 30
V]
£
& 20 ==t -
10
o
L & P & » o
P J GBQPQ & P
S FF&FFFE S

Ref. Junction ('C)

Fig. 6. PCM triggering tube sample and temperature change.
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in seconds. Thus, 57 °C was used as a phase-changing temperature in the
simulations. A validation study for cylindirical PCM container consid-
ering melting process, and in all tests, the errors of melting time between
the model and experiment were less 5% [10].

5. Results and discussions

Since the system performance is dependent on the size and design of
the PCM storage, Table 2 is given to show the design conditions of the
PCM storage tank. The daily heating load was chosen as 30 kWh for
three cases. Based on the validated design of the previous study, 14 PCM
tubes are placed in the tank. Therefore, 14 triggering devices are con-
nected to the controller. Half of the PCM tubes are activated at midnight
which refers to starting of the simulation, and the remaining half of the
tubes are activated 30 min before the morning peak load in order to
prepare the temperature of the water in the tank for space heating.

5.1. Determination of initial temperature by storage time

Before simulations of heating performance, the analysis starts with
testing the temperature reduction of the PCM storage after charging. It is
important to see the effect of storage time because the initial tempera-
ture of the PCM when triggering occurs has an impact on the latent heat
capacity of the SAT. When PCM storage is charged, the heat pump
provides hot water at 70 °C, after hours, PCM crystals are melted at 57 °C
and the water temperature in the tank will be at 70 °C. The tank should
be used for heating just after the charging stage because of sensible heat
energy in the tank can heat the house for a certain time, it shouldn’t be
wasted. So, the free cooling stage is assumed to start when the PCM
storage temperature falls to 40 °C which is not useful for space heating.
Therefore, the PCM storage tanks are exposed to free cooling during the
storage time. Fig. 7 shows the temperature change of the water and PCM
in the storage tank by days when the underground container tempera-
ture is 20 °C. At the end of first day, the water temperature in the PCM
storage tank falls to 32.67 °C, at the end of the third day it falls to
25.4 °C. For a longer period of storage such as seven days, the tank
temperature will be 21 °C which will affect the latent heat content after
triggering. The impact on temperature will be investigated in following
sections.

5.2. Delivery temperature variation for cases (all triggered at midnight)

In the first scenario, all PCM tubes are activated at the beginning of
the day, at midnight. Although this activation is not applicable for the
application of the following days, it will show the coverage potential of
the heating supply of the PCM tank. The initial temperatures of water
and PCMs are assumed as 30 °C. Fig. 8a shows temperature variation of
the delivery and return temperature when providing heating to Group 2
buildings. At midnight, all PCM tubes are activated which means the
PCM temperature increases to 57 °C immediately, and the water de-
livery temperature increases to around 55 °C after 30 min. Since the

Table 2
Initial design conditions of the PCM storage tank.
Daily heat demand 30 kWh Flow rate between 10 L/min
building and PCM storage
PCM tube diameter 0.09 m Storage tank diameter 0.42m
Total PCM mass in 516 kg Water mass in the tank 200 kg
the tank
Total PCM volume 356 L Initial temperature 30°C
in the tank
Volume of onePCM  25.45L Tank heat loss coefficient 0.8 W/(m?K)
tube [30]
PCM latent heat 264 kJ/kg PCM Specific heat 2.9/3.1kJ/
[17] (kgK) [17]
PCM conductivity 0.6/0.385W/  PCM density 1450 kg/m>
(mK) [17] [17]
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Fig. 8. Hot water supply temperature variations for Group 2 (a), Group 5(b)
and Eco-house (c).

building needs heating, the water return temperature is around 2 °C
lower than the delivery but the difference increases with higher heating
demands during the day. The delivery temperature is 54.13 °C during
the morning peak and falls to 33.45 °C at the end of the day. Fig. 8b
shows the temperature variation of the supply for Group 5 buildings. A
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similar activation method is followed and the delivery temperature in
the morning peak is 54.35 °C and at the end of the day, 32.87 °C was
observed. Fig. 8c shows the same parameters but for the Eco-house. The
difference here, the morning peak occurs at 6.20 a.m. instead of 7 a.m.
The delivery temperature in the morning peak is 52.97 °C and at the end
of the day, the temperature falls to 35.52 °C. The delivery temperature
should be higher than 40 °C in all groups and it makes it suitable for
underfloor heating. However, this model is built by assuming that
heating demand is extracted from the supplied water and the return
temperature is calculated. It means in higher demands return tempera-
ture goes down. This approach can be okay for initial simulations but the
size of the heat exchangers in the house will be constant, and the heat
exchanger area should be taken into consideration in future works.

5.3. Delivery temperature variation for cases (half at midnight, half
before peak)

As this study investigates different activation times of the PCM tubes,
Fig. 9 is given to show the effect of different activation times on delivery
temperatures. The activation time and activated number of tubes will
affect temperature but here half of the PCM tubes are activated at
midnight and the remaining tubes are activated 30 min before the
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Fig. 9. Effect of different activation times on hot water supply temperature
variations for Group 2 (a), Group 5 (b) and Eco-house (c).

854

Renewable Energy 206 (2023) 848-857

morning peak. In order to eliminate the constant heat transfer area of the
radiators, it is aimed to keep higher delivery temperatures when the
demand is high. For this target, the remaining tubes are activated at 6.30
a.m. in Group 2 and Group 5, at 5.50 a.m. for Eco-house. Fig. 8a shows
the delivery temperature change of Group 2.7 PCM tubes were activated
at midnight and the delivery temperature reaches to maximum 47 °C
because heating demand continuously consumes the activated heat and
also, the remaining PCM tubes use the heat for sensible heating of tubes.
After the remaining PCMs tubes are triggered, the delivery temperature
reaches 52.46 °C in the peak time and falls to 34.97 °C at the end of the
day. In this way, the delivery temperature at the end of the day is
increased by 1.5 °C by using controlled triggering. One of the reasons for
this increment can be explained by the reduction of the heat losses
because the daily heat loss from the SAT tank to ambient was 6.04 kWh
and it decreases to 5.35 kWh by using partial triggering. Fig. 9b shows
temperature variation for Group 5. After activation of half of the tubes,
the delivery temperature reaches 49.6 °C because the heating load is
lower than Group 2 during the early morning period. After activation of
the remaining tubes, the temperature increases to 53.49 °C the peak
time and falls to 34.38 °C at the end of the day. Similar to Group 2,
delivery temperature is increased at the end of the day by 1.5 °C. For
Eco-house, Fig. 9c is given. The first activation happens at 2 a.m. and the
temperature reaches 50 °C. After activation of the remaining tubes, the
temperature increases to 52.70 °C in the peak time and falls to 39.76 °C
at the end of the day. Eco-house showed the highest temperature
increment in the cases, delivery temperature increases from 35.52 °C to
39.76 °C by this controlling method. As expected, daily heat loss to the
ambient was reduced by 1 kWh which results in a temperature rise of
4.26 °C.

5.4. Impact of initial PCM storage temperature

The effect of initial temperature on the latent heat capacity of the
SAT was given in Fig. 5. The SAT may lose around 40% of latent heat
when its temperature falls to 20 °C. Since the heat storage system in the
proposed study aims to store heat for days, Fig. 7 was given temperature
reduction rates by the day and referring to that figure, at the end of the
third day the temperature falls to 25.4 °C. Thus, it is necessary to
investigate the effect of the initial temperature of the PCM. Fig. 10 shows
the delivery temperatures at the end of the day for examined groups
considering different initial temperatures and controlling methodology.
Fig. 10 also shows daily heat losses from the PCM storage during the
discharging period. Overall, a higher initial temperature increases the
delivery temperature at the end of the day regardless of the groups. It
also increases the daily heat losses. 10 °C increase in the initial tem-
perature results in an 8-9 °C increment in final delivery temperatures for
all controlled triggering groups.

Fig. 10 also clearly shows the effect of controlled triggering on water
heating performance. Controlled triggering increases the delivery tem-
perature around 1.5 °C for Group 2 and Group 5, however, temperature
increments can be achieved from 2.2 °C to 4.3 °C when controlled
triggering is used in Eco-houses. Heat loss from the PCM storage varies
from 0.5 kWh to 0.9 kWh for Group 2 and Group 5, but for Eco-houses,
the heat loss can be eliminated up to 1.3 kWh.

6. Conclusions

In this paper, ability of the supercooled PCM storage tank to provide
heating to different UK heating profiles has been investigated. Since the
advantage of using SAT is the stored latent heat can be discharged
externally by inducing crystallization, the heat can be stored even at
ambient temperature and when it is needed. However, the effect of the
initial temperature has been examined because storage time affects the
latent heat capacity after activation. Moreover, controlled heat release
has been adapted to different profiles to reduce heat losses from the
tank. Thus, a strategy was developed to show different activation times
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Fig. 10. Impact of initial temperature on final delivery temperature and daily heat losses, Group 2 (a), Group 5 (b) and Eco-house (c).

can give better results. This strategy shows hot water supply tempera-
ture can be increased at the end of the day and heat loss can be reduced.
Based on the analysis, conclusions are drawn as follows.

o After charging PCM storage and using the sensible useful heat in the
building, the stored heat can be used after three days at 57 °C but
35% of latent heat is lost.

e Controlled triggering resulted in performance improvement in all
heating profiles, but it is more promising for Eco-house heating
profile.

e By using controlled triggering, hot water delivery temperature is
increased 1.5 °C for Group 2 and Group 5, however, 2.2 °C to 4.3 °C
increment can be achieved in Eco-houses.

e Daily heat loss from PCM storage can be reduced by up to 1.3 kWh.

In future work, the number of tubes and their activation times will be
optimised such as temperature-controlled activation and higher melting
temperature PCMs will be used.
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Nomenclature

<SSO FyvZRTR

Area, m?

Heat of fusion, kJ kg™

Mass, kg

Nusselt number

Pressure, kPa

Prandtl number

Rayleigh number

Heat rate, W

Temperature, °C

Overall heat transfer coefficient, W m 2K
Volume, m®

-1

Greek letters

P Density, kg m ™3

@ PCM liquid fraction
Subscripts

am Ambient

htf Heat transfer fluid

st Storage

n Node number

w Water

t Tank

Abbreviations

DHW Domestic hot water

HP Heat pump

HTF Heat transfer fluid

IESVE IES Virtual Environment
PCM Phase change material
LHTES Latent heat thermal energy storage
SAT Sodium acetate trihydrate
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