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Abstract

In the present study, coconut oil was used as a new bio-based phase change material (PCM) to be
integrated with a quarter-scale insulated prototype of an underfloor heating system and its performance
was investigated. Two different cases were studied. In the first case, the PCM was placed in an aluminum
container that was positioned above an electrical heater, and the adaptation of the PCM to the floor was
investigated. The second case was a control test in the absence of PCM plates. To simulate real severe
winter conditions, the prototype was tested in an agricultural refrigerator to ensure constant low ambient
temperature. The versatility of the underfloor system with PCM facilitates a reduction in heating load
during winter while maintaining residential thermal comfort. An economic study was then conducted
based on contemporary electricity shifts to inspect the system’s ability in peak load shifting. The results
show that the PCM achieved an increase of 53.7 % in the duration of energy transfer across charging
and discharging. Furthermore, the use of the bio-PCM facilitated a shift in electricity consumption from
peak time to off-peak time, yielding an annual cost reduction of 58.9% when compared with that
achieved in the control test.

Keywords: Phase change material, Energy storage, Latent heat, Coconut Oil, Prototype, Underfloor
electrical heating system

1. Introduction

The ongoing rapid growth in world population and economies is causing tremendous increases in
global energy demand and consumption, thereby playing a significant role in triggering severe
environmental impacts [1]-[4]. According to the International Energy Agency, primary energy
production and CO2 emissions have increased by 49% and 43%, respectively, over the past two decades
[5]. In the European Union, the building sector is the main consumer of energy, accounting for 40% of
the total energy usage [5]. However, the resultant environmental crisis has only just begun, with the
energy demand of the building sector forecast to increase to 50% of the total by 2050, and demand for
space cooling expected to triple during this period [5]. Hence, researchers are seeking potential solutions
to ameliorate energy conservation and energy storage in an attempt to disrupt the advance of global



warming. One of the prescribed methods is the integration of thermal energy storage (TES) technologies
in buildings to help reduce peak loads, uncouple energy demand from its availability, facilitate the
integration of renewable energy sources, and provide efficient management of thermal energy, thus
improving the energy efficiency of buildings [6]. Latent heat TES technologies using phase change
materials (PCMs) have gained extensive attention in building applications due to their high energy
storage densities [7]. The coupling of PCM layers with underfloor radiant heating systems is considered
one of the most efficient active techniques. Researchers have integrated PCM plates with underfloor
electrical heating systems more often than with underfloor hydronic heating systems [8], where, for
building applications, PCMs with melting points in the range 18-30 °C are mostly preferred to meet the
requirements of thermal comfort and floor surface temperature [4].

Several researches have been conducted on the performance of PCMs in buildings. Lin et al. [8]
conducted an experiment to test the effectiveness of shape-stabilized PCMs (SSPCMs) in an underfloor
electric heating system. The results showed that an increase in indoor temperature was achieved but
fluctuations in the maximum and minimum temperatures attained during the functioning and stopping
of the heaters remained unchanged. Additionally, more than half of the total electricity consumption was
shifted from peak hours to off-peak hours, providing economic benefits due to the difference between
the daytime and nighttime electricity tariffs in Beijing, China.

In another research, Yinping et al. [9] worked on SSPCMs to determine suitable thermophysical
properties. Their experiment included the use of PCMs with melting points of 20 °C and 60 °C. They
concluded that the optimal melting temperature of PCMs used with electric underfloor heating systems
is 40 °C, and that the optimal heat of fusion is in the range 120-160 kJ/kg. They also determined that
the PCM thickness must not exceed 2 cm.

Devaux and Farid [10] numerically validated the experimental results obtained from two identical
huts built on the Tamaki campus of the University of Auckland, New Zealand; they employed
EnergyPlus software to model the rooms installed with PCM-based underfloor heating systems. The
results emphasized that a cost saving of 42% corresponding to an energy saving of 32% was attained.
In a similar study on the same prototypes, Barzin et al. [11] reported a total cost saving of 18.8%
corresponding to an energy saving of 28.7%, with the maximum cost and energy savings attained being
35% and 44.4%, respectively. The authors highlighted the importance of the proper selection of PCMs
in terms of melting temperature to best meet the thermal comfort requirements.

The thermal performances of hot water floor panels with different heating pipes, i.e., polyethylene
coils (PE pipes) and capillary mat (CAP mat), incorporated with different TES materials (sand and
PCM), were experimentally studied by Zhou and He [12]. The results showed that when compared with
PE pipes, CAP mat provided more uniform vertical temperature distribution and higher heat storage rate
but required less time to attain a comfortable level of indoor temperature during the process of charging.
Furthermore, it was proven that the time of discharge of the PCM storage (latent) was twice that of sand
(sensible), which is evidence that PCM is the best choice for load shifting. Cheng et al. [13] discussed
the energy savings, economic benefits, and cost-effective performance of high-density polyethylene
SSPCMs used in underfloor heating systems, as well as the effect of the thermal conductivities of
SSPCMs on their performances. Huang et al. [14] performed a numerical analysis and validated it
experimentally for a newly designed solar water heating system utilizing capillary pipes placed above
and below a prefabricated concrete skeleton with 169 vacancies in which macro-encapsulated capric
acid PCM was placed. Their results showed that the energy storage capacity of the floor is greatly



enhanced while the need for space for the water tank is eliminated. The authors recommend PCM
thicknesses of 60 mm and 40 mm for use in cities with higher and lower heating loads, respectively. A
review of the studies in the literature is presented in Table 2.

Table 1 Studies in the literature on underfloor radiant heating with PCM

PCM

Heati
Author Year PCM ﬂoor. layer integration cang Results
properties method method
Indoor temperature increased, and more
Lin et al. [8] Paraffin-based Shape- than half of the total electric energy
) 2005 (Tw=52 °C and s tabilipze 4+ Electrical consumption was shifted from peak
H=150 kJ/kg) position to off-peak position.
araffin-base ptimum ayer has a melting
Paraffin-based Opti SSPCM 1 h 1ti
Yinping et al. [9] (Tm=20 °C or 60 °C Shape- . temperature of 40 °C and maximum
2006 and H=62-138 stabilized* Electrical thickness of 2 cm.
kJ/kg)
PCM floor was efficient for radiant
. Paraffin-based cooling (saving of 25% of the water used
Ansuini et al. [15] 2011 (Tw=27 °C and encl\:asc;gte d H‘?;;fgd for cooling) in summer, and did not affect
H=72 kl/kg) P the heating behavior of the plant in winter.
Storage of solar energy, thereby avoiding
Royon et al. [16] Paraffin-based Shape- large increase in indoor temperature
’ 2013 (Tw=27 °C and stabilized* Hot water during the day and facilitating energy
H=110 kJ/kg) release at night
. Paraffin-based Increase in thermal energy storage
Karim et al. [17] 2014 (Tm=27 °C and s tasttliellizee-d* Hot water capability and peak shifting
H=110 kJ/kg)
Capric acid PCM floor releases 47.7% of the energy
Huang et al. [14] 2014 (Tm=29.2 °C and encl:\:gg?a-te d Solar water supplied by solar water.
H=162 ki/kg)
Inoreanic PCM PCM (latent) attained twice as much
Zhou and He [12] 2015 (T =gzg °C and Macro- Hot water discharging time as sand (sensible) to
szz 0 ki/kg) encapsulated ensure thermal comfort.
- Cost saving of 18.8% over 5 days (35%
Barzin et al. [11] Para_fﬁn;based . . maximum) . .
2015 (Tm=28 °C and Impregnation Electrical - Energy saving of 28.7% over 5 days
H=120 kJ/kg) (44.4% maximum)
Paraffin-based PCM system had the lowest electricity
Cheng etal. [13] 2015 (Tw=30.3 °C and s t:l?iellizee-d* Electrical consumption compared with other heating
H=80.85 kJ/kg) systems.
Thieblemont et al 84% of building loads are shifted to the
’ . . nighttime while maintaining acceptable
[18] 2016 Sensible - Electrical . .
thermal comfort in cold climate.
Maximum saving of 16.2% in annual
E heating energy consumption, and a
Zhou et al. [19] 2016 (TPir;fEIzlgbf ée;jn d Shape- Hot/cold reduction of 41.3% in indoor air relative
IIX:I=170 KI/kg) stabilized* water temperature fluctuation rate for heating
g were achieved.
Devaux and Farid Paraffin-based Cost saving of 42% corresponding to an
10 2017 Tm=28 °C and Impregnation Electrical energy saving of 32% was achieved.
preg gy g
H=120 kJ/kg)
In the passive energy storage stage, the
Paraffin-based Macro- Hot water average indoor temperature of the
Luetal. [20] 2018 (Tm=36 °C and . experimental room was 7.15 °C higher
encapsulated  with sunspace

H=73.6-79.3 ki/kg)

than that in conventional storage, whereas
an average energy saving rate of 54.27%



was achieved by the PCM room in the
active control stage.

A 40% reduction in heating load was

Bio-based Q29-M91 achieved using PCM in the floor, and a

Plyariaetal [21] 2018 (Tn=20°Cand MO S‘}’ll:;aslj;;ted reduction of 42-67% in electricity
H=180 kJ/kg) P pump consumption was obtained in solar-driven
systems.

* Shape-stabilized PCM plates that are considered novel are eutectic composites of paraffin and a supporting material [9].

The above review of the literature reveals that most published works have focused on the use of
commercial PCM that is mainly organic with the objectives of realizing energy savings and desirable
thermal behaviors. A few researchers have included economic studies in their works. Some researches
were based only on simulations and others focused on experimental results, which merit further
investigation. Therefore, the present work presents macro-encapsulation using containers to yield cheap
bio-based PCMs with suitable thermophysical, economic, and environmental properties for use in
underfloor electrical heating systems, with a transition temperature range close to the optimal
temperature required to ensure human comfort. The purposes of this work are to: (1) introduce and offer
a comparative experimental study of an underfloor electric heating system integrated with coconut oil-
PCM (CO-PCM) plates with a melting point of 28 °C; (2) experimentally investigate its thermal
performance and feasibility of practical application; (3) offer experimental data to model and simulate
such a system; and (4) offer an economic study that is applicable to residents of Lebanon.

2. Theoretical Background

The investigation of the performance of CO-PCM plates led to experimental results of temperature
as a function of time, and the thermal comfort temperature is the limit at which the process of heating
stops. At that stage, the energy consumed can be calculated using the following relation.

E=PXxAt (1D

where E is the energy consumed (kWh), P is the power consumed (kW) and is equal to the voltage (V)
multiplied by the current (A), and At is the duration of the process of heating when the heater is on (h).

Furthermore, the operational cost is evaluated using the following equation.
0.C.=EXEr 2

where O.C. is the operational cost (in USD or LBP), and Er is the electricity rate (USD/kWh) or
(LBP/kWh).

3. Materials and Methods

In the current work, the effect of using CO-PCM with an underfloor heating system on the thermal
comfort temperature and energy consumption reduction in a quarter-scale test prototype is investigated.
The set-up of the prototype, instrumentation used, and measurement methodology are presented in the
following sections.



3.1 Prototype set-up

The prototype is composed of four walls, a floor, and a roof. One wall contains a small glass door,
and on the wall to its right is a small window. A schematic diagram showing the appearance of the test
room and a photographic image of its realistic appearance are presented in Figure 1.
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Figure 1 (a) 3D schematic drawing of the prototype, and (b) photo of the real prototype

The prototype proposed is assembled such that its walls and roof have the same structural design
whereas a more complicated design is prescribed for the floor as it contains the source of energy in the
system.

3.1.1 Wall and roof designs

The walls and roof are designed such that each section comprises 3 layers. There is a set of double
medium density fiberboard (MDF) wooden layers with relatively low thermal conductivity (Awood = 0.3
W/m.K) and thickness of 17.65 mm. Between these layers lies a thick layer of extruded polystyrene
foam (XPS) used as insulation material with thickness of 50 mm, thermal conductivity (Axps) of 0.033
W/m.K, specific heat of 1.5 kJ/kg K, and density of 35 kg/m>.

3.1.2 Underfloor design

For the square floor with sides of 118 cm, previous researchers [8] have proposed that the floor
sections comprise five main layers from the bottom to the top as follows: base layer, insulation layer,
the heating system, PCM containers bearing PCM with an air gap above, and finally the floor surface
layer. The basic dimensions of the room with a cross-section showing the floor assembly as per the
prescribed design are illustrated in Figure 2.



Floor Assembly

Room Cross-Section

Figure 2 Schematic diagram obtained from SolidWorks showing the cross-section of the prototype tested and
the floor assembly

The base layer is made of MDF wood (Awood = 0.3 W/m.K) and has a thickness of 17.65 mm. The
insulation layer is composed of materials with low thermal conductivities to minimize downward energy
loss. For the design of the insulation layer, Lin et al. recommended the use of polystyrene (A = 0.03
W/m.K) with a thickness of 120 mm [8]. However, Zhou et al. used expanded polystyrene sheets (A =
0.035 W/m.K), 10 mm thick [19]. The current study adopts the design of Lin et al. with modifications
to the thickness; the XPS layer is 50 mm thick due to the difference in the scale of the room tested and
the resultant size limitations. Another MDF layer, 17.65 mm thick, is bound to the insulation with the
heater lying on the wooden layer. The heating system is composed of an underfloor electric heating mat
with specifications as listed in Table 2.

Table 2 Specifications of the underfloor electric heating system used in the prototype.

PMAT specification Value
Rated power 200 W
Voltage 220V
Current 1.8 A
Resistance 251-290 Q

Above the heating system lies an aluminum plate with 9 cavities to hold the PCM (see Figure 3).
Yinping et al. recommended that the PCM should have a minimum thermal conductivity of 0.5 W/m.K,
minimum heat of fusion of 120 kJ/kg, and maximum thickness of 20 mm [9]. For emphasis, Lin et al.
included in their design a PCM with thickness of 15 mm [8]. However, in the current study, coconut oil
is employed as the PCM, with a thickness of 25 mm and thermophysical properties as given in Table 3.
The latent heat for CO-PCM was measured to be 254.5 kJ/kg using the T-history method wherein the
reference values of 249 kJ/kg and 198 kl/kg are obtained from a previous study on the thermophysical
characterization of coconut oil [22]. An air gap, 10 mm thick, was left above the PCM (hair = 0.0263
W/m.K at 27 °C [23]) to prevent any spillage during phase change. Finally, a 10 mm thick wooden board
covered the plate. Figure 3 shows the design of the floor with its dimensions.



Table 3 Thermophysical properties of CO-PCM used in the study

PCM specification TQP experimental tests Reference
Name Coconut Oil
Type Bio-PCM
Heat of fusion Hr (kJ/kg) 254.5 249 [22], 198 [22], 70-100 [24]
Melting temperature Tr, (°C) 28 25[22], 26 [24]
Specific heat Cp (kJ/kg.K) 2.1 2.1122), 3'2?2(48]? I;d; 2[1;(51]2'35 (liquid)
Thermal conductivity A (W/m.K) - 0.5 [25]
Density p (kg/m?) - 924.2 [22],918 [26]
Firing alerts Not flammable -

! TQP Factory (Trust for the Quality of Products) is a firm owned by Dr. Mohammad S. Dokmak, and specialized in testing construction
and industrial raw materials and products. It is located in Beirut and works for Lebanon, the Middle East and abroad.

Ts@ 100.94

(a) (b)
Figure 3 (a) Cross-section of the floor showing the dimensions of its different sections, and (b) the dimensions
of the top view of the PCM plate.

Wood 17.65 mm -._\\

Air Gap 10 mm ——.

CO-PCM 25 mm —

Alurminum Plate

Aluminum Foil 5 mm —
Underfloor Electric Mat 5 mm
100.94
Wood 17.65 mm —

KPS Polystyrene |
Insulation 50 mm

—

Wood 17.65 mm ———

3.2 Instrumentation

To test the performance of coconut oil, thermocouples of type K were used in separate positions, as
illustrated in Figure 3. The thermocouples were connected to a data logger, which was equipped with a
P.A. Hilton Data Loggers program (HDL software) operated by a desktop computer. The prototype was
tested in a large agricultural refrigerator in I1zz Al Arab village, Bekaa District, Lebanon. A simulated
cold weather (temperature in the range 0—5 °C) was maintained during the period of testing.

Since the analysis in the study is based on the temperatures measured, the uncertainty analysis is
based only on temperature. Variations in heater temperature in the prototype are considered in the case
of tests repeated twice under identical operating conditions and configurations. It was found that the
mean temperature difference between the tests is about 0.547 °C, i.e., 1.123% in relative terms,
suggesting that the temperature variation is well reproduced by repeating the test and conserving the
same operating conditions. These behaviors were also observed indoors and on floor surfaces with the
relative differences remaining lower than 1.5%. With a minimum temperature of 40 °C, the maximum
relative error due to the present method of thermocouple fixation does not exceed 0.5%.



Finally, with a repeatability of 1.5% and precision error of temperature measurement of 0.5%, the
uncertainty is ((1.5)? + (0.5)%)% = 1.5%, resulting in 98.5% confidence in temperature measurements.

3.3 Measurement Methodology

The prescribed scenarios and conditions are subdivided into two tests: (a) the control test with no
PCM involved, and (b) the test involving the integration of the CO-PCM plates in the floor. Both tests
were conducted under the same conditions of ambient temperature, heating power, testing time, and
prototype design involved.

According to the measurement protocol followed, each test is started by running the data logging
software and the heater simultaneously once the ambient temperature has stabilized below 5 °C. The
thermocouples record data into the software and this data is saved in Excel files. In both the tests, the
heater is switched off once the temperature inside the test room reaches the optimum design condition
in cold weather (22 °C), as proposed by the American Society of Heating, Refrigeration and Air-
Conditioning Engineers [27]. Data continues to be recorded until the room temperature returns to its
initial value. The duration of each test is summarized in Figure 4.

Test
|
[ |
Presence of
. No CO-PCM,
Duration 1620 min 1218 min

I—l—ll—l—l

Charging/dischargin °an S34h an >4n
ging ging Charging Discharging Charging Discharging

Figure 4 Test scenarios and their respective specifications and durations

4. Results and Analysis

The basic function of the PCM is to store latent heat energy while the room is being heated and
discharge the stored energy when the heater is off or the electricity rate becomes high, i.e., during peak
hours in developed nations and as the case may be in developing nations. Figure 5 shows the variations
in the different temperatures as functions of time during the control test in which no PCM is integrated
in the prototype.
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Figure 5 Variation in temperature with respect to time in the control test.

As shown in the figure, the duration of heating the room from 15 °C to the comfort temperature of
22 °C was 2 h, and thereafter the room temperature decreased and the temperature of the PMAT returned
to its initial value in 5.4 h. The remarkably rapid decrease in the PMAT temperature after it is switched
off (31.26 °C over 5.4 h) is evident. The ambient temperature T4 appeared to fluctuate in the range 0—
10 °C with an average value of less than 5 °C. This fluctuation is due to the thermostatic effect of the
agricultural refrigerator containing the test room.

The next step was the integration of the PCM with the floor to investigate its performance. Scenario
2 was implemented through the addition of the plates containing CO-PCM. As depicted in Figure 5, the
duration of heating the room from 15 °C to 22 °C was 6.5 h, which is much higher than in the control
test. This is due to the lack of thermal contact between the PCM and the floor surface due to the presence
of the low-thermal conductivity air gap or the fusion of oil, and hence a new method of transferring
coconut oil into a SSPCM would contribute to the alleviation of such a problem. On the other hand, the
time taken for the room temperature to decrease from 22 °C to 15 °C in the presence of the PCM was
8.34 hours, which reflects an increase of 53.7% in duration when compared with the control test. It is
also observed from Figure 6 that the room temperature remained approximately constant at the comfort
temperature for more than 75 min after the heater was switched off before starting to decrease and
eventually return to its initial value. Thus, the delay ensured the effectiveness of the CO-PCM even
before the onset of the latent heating stage.

For a closer look, figures 5 and 6 are plotted on the same graph (Figure 7). It is obvious how time
shifting took place between indoor temperatures (T6) of control and CO-PCM tests. For approximately
the same outdoor conditions (T4), floor surface temperature (T5) increased to 25 °C in the control test
while achieving the comfort indoor temperature level, while it reached 34 °C in the PCM case, thus
reflecting the capability of reaching suitable floor surface temperature while maintaining thermal
comfort for a longer duration with less fluctuation.
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Figure 7 Variation of temperature with respect to time in both tests: (1) Control test and (2) PCM test.

A separate graph representing the comparison between the indoor and outdoor temperatures as
functions of time in the case of both the control and PCM tests is presented in Figure 8 to ensure precise
analysis of peak load shifting, thereby adding to the investigation that the rationale of the first law of
thermodynamics is pragmatic in this study wherein energy is conserved.

Temperature (°C)
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Figure 8 Variations in room and ambient temperatures with respect to time in both control and CO-PCM tests

To inspect the processes of charging and discharging of CO-PCM, the variations in the temperature
of CO-PCM and room temperature as functions of time are shown in Figure 9. The graph shows that the
CO-PCM entered two stages: sensible heating and latent heating. After the process of PMAT heating
ended, the sensible energy of the PCM contributed to a delay in the process of cooling of the room.
However, it is evident from the graph that the latent energy stored in the PCM started being utilized at
a lower temperature (22-23 °C). This shows that the solidification temperature of the CO-PCM is lower
than its melting temperature, which is a property that was inspected by Vik et al. while studying the
thermal performance of a bio-PCM named “Bio-PCM Q23 M51” that had a melting point of 23 °C and
solidification point of 18.5 °C [6]. Thus, the use of PCMs with higher solidification points would shift
the utilization of their latent heats into more efficient zones.
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Figure 9 Variation in PCM lower surface temperature with respect to time in the CO-PCM test



Coconut oil used in this study is indeed one of plenty of bio-PCMs available in nature, and its
characteristics compared to other PCMs is of great interest. Several studies on using PCMs with
underfloor heating systems were conducted by implementing bio-PCMs and other common PCMs like
paraffin. For direct comparison, and to show the advantages of using Coconut oil on other PCM types
in such a case, Table 4 below summarizes the thermophysical characteristics for PCMs of some similar
studies. It is shown that CO-PCM has dominant properties that best suits the application of underfloor
heating. Most paraffin-based PCMs are highly flammable if not adapted with fire retardant materials that alerts
their thermophysical properties. Coconut oil being inflammable have a priority on paraffins. It is clear that the
most advantage that CO-PCM has is its relatively high heat of fusion compared to other PCMs. The melting
temperature is found to be suitable in many choices, however, the low latent heat problem arises. Some BioBased
PCMs such as: Hydrogenated Palm Kernel vegetable fat seems to be promising. It is chemically and thermally
stable, and of suitable melting temperature. Unfortunately, its lower storage capacity (74.35 kJ/kg) which
decreases to 41.13 kJ/kg upon adding supporting materials makes the choice quite far. In-organic PCMs such as
sodium acetate trihydrate-urea with expanded graphite have both high heat of fusion and suitable high thermal
conductivity, but with high melting temperature. A study with new class of organic-based BioPCM was prepared
by Muruganantham et al. [28] showed a maximum energy and cost savings of about 30%, and a maximum peak
load shift of about 1 hr. The study utilized BioPCM with thermophysical properties that are very close to those in
the current study for CO-PCM.

Table 4 Characteristics of other PCM types compared to the PCM in the current study

Characteristics
Heat of fusi Melti ifi tivi
PCM type eat of fusion, elting Specific Conductivity, Flammability
He temperature, T,  Heat, C, A Ref
kJ/kg °C kJ/kg.K W/m.K -
Paraffin-based
cutectic SSPCM 62.24 19-26 3.26 0.12 - [29]
Paraffin GR27 72 27 1.5 0.2 - [15]
In-organic salthydrate
(sodium acetate
I ———— 223.1 47.84 - 2.076 - [30]
+ expanded graphite)
L 0.36 (solid)
Capric acid 162 29.3 2 0.17 (liquid) - [14]
Palm Kernel
74.35 26.53 - - 31
vegetable fat 02 [31]
Organic-based
BioPCM 219 29 1.97 0.2 Less-flammable [28]
Coconut oil (CO) 2545 28 2.1 0.5[25]  Nonflammable (;Lt‘f;y“t

Finally, the essential portions of the resultant graphs, which is the variation in room temperature
between 22 °C and 20 °C during heating and cooling in both the scenarios, are replotted on a daily basis,
as shown in Figure 10. As one cycle comprises heating from 20 °C to 22 °C and subsequent cooling to
20 °C, the graph shows that the duration of one cycle is 138 min in the control test and 333.25 min in



the PCM test. So, the number of cycles needed for one day is 10.43 in the control test and 4.32 in the

PCM test.
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Figure 10 Heating and cooling cycle for the room between lower and upper comfort temperature bounds over

5. Economic evaluations

24 h, with PCM and without PCM

The use of coconut oil as a PCM in an underfloor electric heating system proved to be an effective means
of energy conservation. The Lebanese government offers electricity to each district in intervals of 4 h,
and this is shown in Figure 10, wherein the shaded parts (zones A) represent the time of availability of
government-supplied electricity (considered off-peak times) and the unshaded parts (zones B) represent
the time of personal electricity generation (considered peak times). To compare the operational cost of
the control test with that of the PCM test, it is assumed that the hours of zone A are used for heating and
those of zone B are used for cooling. The graph displayed in Figure 10 is accordingly replotted in Figure

11. Table 5 shows the specifications of zones A and B.

Table 5 Specifications of Zones A and B

Electricity generation

Electricity cost

Zone responsibility of Electricity cost (L.L./kWh) (USD/kWh)
A Lebanese Government [32] 112 0.07392
B Personal electricity generator 500 0.33
[33]
» B A B B A B A
22.5
E 22
2 215
=
E 21
B_' 20.5
g 20 |
H 19.5
0 5 10 15 20 Time (h) 25

T control
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Figure 11 Heating and cooling cycles for the room distributed over time zones A and B.



For the purpose of economic evaluation, the values pertaining to zone A in Table 5 are retrieved from
the website of the Lebanese government, assuming that zone A is outside the night drop and evening
peak periods for medium tension [28]. The electricity cost is calculated based on the time-of-use tariff
policy; however, for extreme performance enhancement using PCM, the assumption was made such that
the tariff policy is unique (medium tension, and outside night drop and evening peak periods).

Based on the distribution assumed, it is evident that the use of CO-PCM shifted electricity
consumption from zone B to zone A by approximately 57% when compared with the control test.
Given that the operational voltage and current during both the experiments were measured to be 220 V
and 0.98 A, respectively, the results show that by using CO-PCM in the prototype designed in this study,
the decrease achieved in annual running costs is USD 98, which is equivalent to a reduction of 58.9%
when compared with the control room with no PCM, as depicted in Table 6.

The total daily energy consumption in the PCM test was approximately 25% higher than that in the
control test. This difference might be due to the thermal resistance effect caused by the air gap above
the PCM and the low thermal conductivity of the PCM, resulting in greater loss through the floor and
walls at the boundaries of the plate.

Table 6 Durations of heating and cooling cycles and the respective operational costs

. . . . Total daily energy Total daily Total annual
. Heating duration Heating duration . . .
Test Scenario zone A (min) zone B (min) consumption operational cost operational cost
(kWh) (USD) (USD)
Control test 243 330 2.058 0.4558 166.38
CO-PCM test 705 0 2.533 0.1872 68.34

The assembled prototype parts and their respective initial costs are presented in Figure 12 below. The total
initial cost is calculated and found to be USD 650. Then, with a total annual saving of USD 98, the estimated
payback period for the underfloor electrical heating integrated with CO-PCM plates system is 6.63 years.

Walls, floor & roof Wood USD 10 /m?
USD 240 XPS insulation USD 4 /m?
Complete System Under Floor . S USD 10/
oconut oi [ kg
USD 650 USD 360

Aluminum plate USD 60
Door and Window
ey Single pane + frame USD 50 /m?
USD 50

Figure 12 Total and detailed initial costs for the prototype and the system used



6. Conclusions

The present work aimed to experimentally investigate and physically analyze the thermal
performance of an underfloor electrical heating system integrated with coconut oil plates during winter.

The experiments were conducted on quarter-scale insulated prototypes placed inside an agricultural
refrigerator that served as a thermal chamber to simulate severe winter conditions. The study compared
two different cases: one with PCM plates above the electrical heater, and the other without the PCMs
and plates.

It was shown that during the process of heating, i.e., the charging phase, the duration for regulation
of indoor temperature from 20 °C to 22 °C was 2.08 h in the PCM test compared with 0.89 h in the
absence of CO-PCM. However, the duration of cooling, i.e., the discharging phase, in the PCM test was
3.50 h compared with 1.41 h in the control test. A total of 4.32 heating-cooling cycles were required for
daily temperature regulation using PCM compared with 10.40 heating-cooling cycles using the control
test. This reflects the prevailing outcome, i.e., coconut oil achieved a shift in electricity consumption
from peak position to off-peak position and a reduction of 58.9% in running costs when compared with
the control test.
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