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Abstract 15 

 16 
   The use of phase change materials in buildings as a thermal energy storage system gained the attention of 17 
researchers all over the world. In the current study, coconut oil bio-based PCM is macro-encapsulated with enhanced 18 
thermal conductivity containers and coupled with hydronic radiant floor heating system. The study follows 19 
experimental aspect utilizing two identical small scale modular test prototypes. Investigations are directed toward 20 
studying the effect of the active CO-PCM system under different weather conditions, effect of combining active and 21 
passive systems, effect of PCM choice/type and effect of PCM location within the active floor, on the thermal and 22 
energy storage performances. Results revealed that coupling CO-PCM to active floor, passive wall and passive roof 23 
is capable of achieving load shifting and energy savings; and is affected by the control method, weather conditions, 24 
electricity tariff policy and PCM position and type. Further discussions, conclusions and perspective 25 
recommendations are summarized within the article. 26 
 27 

Highlights 28 
 29 

 Identical experimental advanced modular prototypes are designed and implemented. 30 

 Macro-encapsulation technique using enhanced thermal conductivity containers. 31 

 Thermal comfort and temperature fluctuations reduction using CO and PW PCMs.  32 

 Load shifting by combined CO-PCM applications leads to possible annual cost saving. 33 

 Positioning CO-PCM plates below heating layer ensued energy saving of 393.5 kWh.  34 
  35 

Keywords: Phase Change Materials; Modular Prototype; Coconut-oil; Paraffin wax; Radiant Heating System; Thermal Energy Storage. 36 
 37 

 38 

1. Introduction 39 

 40 

   Within the past few decades, the world has encountered a massive increase in energy consumption accompanied 41 
by an increase in CO2 emissions that lead to arising environmental risks. This enormous increase was a 42 
consequence to the growth in world’s population that stimulated the evolution of economy and energy demand 43 
[1]. Buildings proved to be accumulating for the largest energy consumption quantity world-widely, with a 44 
percentage ranging between 30-40%1 [2–5], that is expected to rise up by 2050 reaching 50% [6]. The majority 45 
of energy consumed within the building sector is directed toward heating and cooling systems. For instance,  46 

                                                            
1 The percentages differs in regions and countries: 40% in Europe [73][74], 33% in China [75], 40% in U.S. [76] and 28% in Tunisia 
[77]. 
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according to U.S. Energy Information Administration space heating and air conditioning accounts for 48% of 47 
overall energy consumption in residential site [7]; and according to ministry of electricity and water in Kuwait, 48 
cooling systems in buildings account for 70% of electricity produced in power plants [8]. For that, it is essential 49 
to develop new materials and adapt buildings and their heating/cooling systems to align with the requirements 50 
needed for energy conservation enhancement and sustainability in constructions [9].  51 
    52 
   Thermal energy storage (TES) in buildings, with its three distinctive forms: latent, sensible and thermochemical, 53 
became a key element in the process of building adaptation toward Sustainability and Green Buildings. Phase 54 
change material latent heat thermal energy storage (PCM-LHTES) proved to be a promising technique in storing 55 
energy, filling the gap between supply and demand, due to its high latent heat over narrow temperature ranges  56 
 [10,11]. With their favorable properties, PCMs are capable of increasing the buildings thermal mass, performing 57 
load shifting, enhancing occupants thermal comfort and increasing overall building energy efficiency. 58 
Furthermore, proper use of PCM applications in buildings contributes to the international trend toward 59 
implementing Net Zero Energy Buildings (NZEB) building policies (which is to be implemented by 2030 in U.S. 60 
[12]). Also, motivating people towards contributing in PCM energy storage systems utilization requires social 61 
awareness [13]. Researches focused on the use of PCM in buildings contained several applications that are 62 
categorized as Passive PCM applications or Active PCM applications. PCMs are used passively in building 63 
envelopes as: walls [14–16], Trombe walls [17], solar façades [18,19], roofs [8], floors , suspended ceilings [20], 64 
windows [21], decorative elements, furniture and textiles [22–24], and passive heat exchanger components; or 65 
actively being coupled to: radiant heating systems (RHS) [25–27], solar water heating systems (SWHS) [28], 66 
radiative cooling (RC) [29], thermally activated building structures (TABS), solar air heater (SAH) [30–32], 67 
heating, ventilating and air conditioning (HVAC), geo-cooling [2], activated TWs and activated solar façades. 68 
Any combination of the aforementioned PCM-LHTES system applications yields a particular important study as 69 
mentioned in previous works [33,34]. 70 
 71 
  Between all heating applications, radiant underfloor heating/cooling coupled with PCM has promising 72 
performance. Radiant heating systems can be either hydronic heating systems utilizing a working fluid and can 73 
be coupled to SWHS, or an electrical radiant mat system which rely on the advantage of load shifting enabled by 74 
PCMs. Recent studies related to the use of PCM coupled to radiant heating system in buildings (forming an active 75 
application) and the adapted systems as well as hybrid studies are reviewed  thoroughly.  76 
 77 
 78 
   Several research articles were conducted and targeted towards investigating the performance of underfloor 79 
radiant systems coupled with PCM. Lin et al. [35] investigated the effect of integrating paraffin-based SSPCM 80 

Abbreviations 

PCM Phase change material SAH Solar air heater 
TES Thermal energy storage RC Radiative cooling  
LHS Latent heat storage RHS Radiant heating system 
SHS Sensible heat storage EPS Expanded polystyrene Foam 
NZEB Net zero energy building XPS Extruded polystyrene Foam 
TW Trombe wall SWHS Solar water heating system 
TABS Thermally activated building structure HVAC Heating, ventilating and air conditioning 
HAR Heat accumulator PCMW PCM wallboard 
EG Expanded Graphite EP Expanded Perlite 
SAT-FA Sodium acetate trihydrate-formamide  ERFHS Electric radiant floor heating system 
  HRFHS Hydronic radiant floor heating system 
    
Units and symbols 
Temperature T (°C) Conductivity k (W/m.K) 
Enthalpy h (kJ/kg) Specific Heat Cp (kJ/kg.K) 
Volume V (m3) Area A (m2) 
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with electric radiant heating system in Tsinghua, Beijing, China. A large-scale test room was constructed ሺ3 ൈ81 
2 ൈ 2 𝑚ଷሻ with the floor containing electric heater above which lies the PCM. Results showed that more than 82 
50% of electric load required for sustaining thermal comfort was shifted to off-peak periods which allows 83 
economic savings due to different electricity Tariffs between day and night [36]. Huang et al. [37] focused on 84 
testing a retrofit integrated with a SWHS coupled to floor capillary tubes under which lies Macro-packs filled 85 
with Capric acid PCM and compared by a conventional room in the cold climate of Shenyang, Liaoning, China. 86 
Results revealed that PCM is able to supply the room with energy equivalent to 47.7% of energy supplied by the 87 
solar system for 16 hrs. Cheng et al. [38] tested the effectiveness of thermal conductivities of SSPCM integrated 88 
with ERFHS as retrofitting in a conventional room ሺ4 ൈ 3 ൈ 3 𝑚ଷሻ located at Yangtze, Anhui, China. Results were 89 
promising reflecting that the enhancement in thermal conductivity of PCM promotes the heating system energy 90 
efficiency as the thermal conductivity is below 1 W/m.K. Zhou and He [39] performed a comparative 91 
experimental study on the performance of HFRHS coupled with storage materials (PCM-LHTES and Sand-SHS) 92 
utilizing different pipe types (regular PE coils and capillary mat). Results proved that the use of capillary mat is 93 
more beneficial compared to PE coils during the charging phase; And, PCM is favorable over sand during 94 
discharging process (pumping-off period) with longer duration by 2 times of heat release. A numerical study by 95 
Zhou et al. [40] covered the integration of shape-stabilized PCM boards with active heating/cooling pipes for 96 
side-wall cooling and underfloor heating. Based on their results, it was depicted that an annual heating energy 97 
consumption reduction of 16.2% is achieved. Devaux and Farid [27] compared the thermal performance of two 98 
different PCM types incorporated in walls, ceilings and in-combination with underfloor heating system. Results 99 
showed that the use of PCM enhances thermal comfort and permits successive load shifting and energy 100 
consumption reduction contributing an energy and cost savings of 32% and 42%, respectively.   101 
 102 
   Lu et al. [41] introduced a solar water heating system and coupled it to PCM floor. The PCM was macro-103 
encapsulated at the circumference of the heating pipes passing the floor. The authors performed experimental 104 
analysis via two identical large-scale prototypes, and numerical analysis using TRNSYS software and results were 105 
promising. Experimental results revealed that the fluctuations in indoor temperature were reduced in the PCM 106 
room compared to control room, with a 5.87% reduction in energy consumption if the room is to be maintained 107 
at 20 ℃. Garg et al. [42] designed and implemented a PCM-based heat exchanger placed in the roof of a small-108 
scale test chamber for heat gain reduction in summer conditions of Mumbai, India. Results showed that a reduction 109 
of 50% in heat gain from the roof, and more than 6 ℃ in the mean air temperature were obtained by the PCM 110 
heat exchanger. The concept of capillary tubes embedded in PCM as an active system was studied by Jobli et al. 111 
[43]. 140 m long plastic capillaries were embedded in PCM of the ceiling of a test chamber (1.2 ൈ 1.3 ൈ 2 𝑚ଷ). 112 
A numerical model was validated with the obtained experimental results to show that the robustness of the model 113 
is fulfilled when the volumetric flow rate of the working fluid (water) exceeds 800 ml/min while correction factors 114 
are addressed in the reverse case. 115 
 116 
   The choice of PCM is essential in any application. Fang et al. [44] prepared a novel shape-stabilized PCM 117 
composed of sodium acetate trihydrate-formamide (SAT-FA) and expanded graphite (EG) as supporting material, 118 
for the use with electric radiant floor heating systems (ERFHS). The prepared PCM plates were used in an 119 
insulated small-scale simulation test facility (1.15 ൈ 1.15 ൈ 1.3 𝑚ଷ) equipped with ERFHS. Results showed that 120 
the thermal performance of the system with PCM was enhanced were thermal comfort was increased as the 121 
temperature fluctuations in vertical indoor environment decreased. In a comparative study directed toward 122 
investigating the effect of combining active and passive PCM applications, Kong et al. [5] managed to introduce 123 
a novel system composed of PCM wallboards (passive) prepared from paraffin and EP, and a heat accumulator 124 
(HAR) filled with PCM coupled to a solar heating system used as a radiating wall. Two identical test cubicles of 125 
1 m edge size comprising a window were prepared and tested under different stages. Results revealed that PCMW 126 
enhanced the thermal inertia of the test cubicle and that the functioning duration of the solar heating system was 127 
increased by means of HAR filled with Paraffin PCM; And the combination of both systems enhanced the thermal 128 
comfort and building thermal efficiency for the cubicle.  129 
 130 
   Combination of different PCM applications in buildings yields significant enhancement in building thermal 131 
performance.  Several studies focused on testing the effect of integrating two different PCM applications. Lu et 132 
al. [45] studied the effect of combining hydronic radiant floor heating system (HRFHS) as active application with 133 
a Trombe wall passive system. It was depicted that a positive difference of 7.5℃ in the average indoor temperature 134 
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between PCM room and reference room was achieved. Also, it was found that an average energy-saving rate of 135 
54.27% was achieved by the PCM room compared to the reference room. Zhu and Yang [46] validated a numerical 136 
model through an experimental study focusing on the thermal performance of a PCM building envelope embedded 137 
with radiant cooling pipes. The simulation covered the effect of pipe spacing and PCM thickness as well as 138 
orientation of the embedded wall. It was proved that pipe embedded PCM envelope is effective in terms of thermal 139 
comfort enhancement and energy saving during the heating season.  140 
 141 
   A numerical study executed by Plytaria et al. [47] focused on the simulation of solar cooling radiant walls 142 
coupled with PCM using TRNSYS software for a 100 m2 area building. Results revealed that the optimum location 143 
of PCM is in the south wall with a reduction of auxiliary energy of 30%. In another numerical study with the same 144 
building dimensions, Plytaria et al. [48] managed to investigate and optimize the performance of underfloor solar 145 
assisted heating system integrated with PCM. Using TRNSYS simulation tool authors proved that the use of 146 
BioPCM Q29 as Macro-encapsulated PCM placed under the floor heating tubes reduces the auxiliary energy load 147 
by 65%, and the rise of indoor temperature reached 0.8 ℃.  148 

   Sun et al. [49] prepared three identical laboratory small-scale test facilities to test the thermal performance of 149 
HRFHS coupled with double-layer PCM utilizing different inorganic PCMs namely: Na2HPO4ꞏ12H2O 150 

(Tm=31.3℃) and CaCl2ꞏ6H2O (Tm=20.2℃). Three identical test facilities ሺ0.44 ൈ 0.44 ൈ 0.57 𝑚ଷሻ were 151 
constructed and equipped as follows: reference cell containing pebbles (8-12 mm diameter), PCM cell 1 having 152 
TM/EG composite PCM at the bottom while DHPD-SSP/EG PCM above, and PCM cell 2 containing PCMs in 153 
reverse order. The cells were placed in an artificial climate chamber simulating summer and winter conditions. 154 
Results showed that for winter and summer climates, thermal comfort duration offered by the PCM was 2.2 and 155 
1.7 times that in the reference room, respectively, taking into account reversing the positions of the double layered 156 
PCMs (test cell 3). Lee et al. [12] performed an experimental study on the performance of high-tech HRFHS with 157 
PCM. The study involved two main aspects: thermal behavior and stress analysis. Four different systems are 158 
tested based on the amount of SSPCM coupled with the HFRHS as follows: 1000g, 2000g, 4000g and 8000g of 159 
SSPCM per unit area referred as A_10, A_20, A_40 and A_80. Results showed that HFRHS coupled with PCM 160 
could store more heat as the amount of SSPCM increases however, the compressive strength that the floor can 161 
withstand decreases. 162 
 163 

   A tabulated summary for the aforementioned studies reviewed in the literature, for direct comparison, is 164 
presented in Table 1. Also, the used PCMs in respective studies and their thermo-physical properties are presented 165 
and summarized in Table 2. 166 
    167 
 168 

  The above mentioned literature studies, presented in section 1.1, show that most previous research focused on 169 
studying the effect of using one type of PCM incorporated with a single active radiant PCM application. Few are 170 
the studies focusing on combining active and passive systems. Also, it is found that PCM incorporation methods 171 
are directed toward enhancing the thermal conductivity that PCM lack. Parametric analysis is done numerically 172 
with validation against reduced-scale prototypes. Also, it is found that plenty of studies utilized a single test 173 
facility instead of two thus lacking simultaneous experimental investigation. Some prototypes are far from 174 
simulating real case where the sizes and features are inconvenient. Besides, plenty of experiments were done in 175 
artificial controlled environments and few are the tests that covers variable real weather conditions. Therefore, 176 
the aim of this study is to perform parametric analysis to investigate the effect of integrating PCM as LHTES with 177 
HRFHS (active application) and building envelope (passive application) using sustainable enhanced macro-178 
encapsulated PCM plates containing coconut oil and paraffin wax. Two advanced modular prototypes are used in 179 
the study with conventional enhanced insulation and features. The study is terminated with relevant conclusions 180 
and future recommendations. 181 
 182 
    183 
    184 
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Table 1 Summary of literature studies for active PCM radiant heating applications in buildings. 

Author Year 
Test 

methodology 
Prototype/software Climate Used PCM PCM-LHTES 

technique/system 
Key results 

Kong et 
al. [5] 

2017 Experimental 
Two identical small-

scale test cubes 
 ሺ1 ൈ 1 ൈ 1 𝑚ଷሻ 

Tianjin, China 
Paraffin-based 

PCM 

Combination of passive 
PCMW and active solar 
water heater coupled to 
HAR filled with PCM  

- PCMW enhanced the thermal inertia of the envelope. 
- Enhancement in thermal performance, indoor thermal comfort, and 
building energy efficiency by combining active HAR with PCM and 
passive PCMW. 

Lu et al. 
[41] 

2017 
Experimental 

and Numerical 

Two identical large-
scale test rooms 

  / TRNSYS 

Ninghe, 
Tianjin, China 

CA-HA (capric 
acid with 
hexadeycl 
alcohol) 

PCM floor coupled with 
solar water heating system 

- Indoor temperature fluctuations decreased in PCM room compared 
to reference. 
- Energy consumption saving of 5.87% was achieved in PCM room 
if indoor temperature was maintained at 20℃. 

Garg et al. 
[42] 

2018 
Experimental 

and Numerical 
Small-scale test 

chamber 
Mumbai, 

India 

HS24  
(In-organic 
chemical 

compound) 

Radiant heat exchanger 
with PCM in the roof 

- PCM based heat exchanger decreases heat gain to test chamber by 
50% and indoor temperature by more than 6 ℃. 

Lu et al. 
[45] 

2018 Experimental 
Two identical large-

scale test rooms 
 ሺ2 ൈ 2 ൈ 2.5 𝑚ଷሻ 

Tianjin, China 
Paraffin-based 

PCM 

Combination of passive 
Trombe wall and active 

HRFHS with PCM 

- average indoor temperature is higher in the PCM room by 7.15℃ 
is passive stage. 
- 54.27% average energy-saving rate achieved by PCM room 
compared to reference room. 

Fang et al. 
[44] 

2019 Experimental 
small-scale test room 

ሺ1.15 ൈ 1.15 ൈ
1.3 𝑚ଷሻ 

- 
Salt-hydrate-

based Eutectic 
PCM 

Underfloor electrical 
heating with PCM 

- Vertical temperature fluctuations decreased with the presence of 
PCM, with an increase in thermal comfort time. 

Jobli et al. 
[43] 

2019 
Experimental 

and Numerical   
Laboratory reduced-

scale prototype 
Laboratory 
environment  

Paraffin-based 
PCM  

Hybrid capillary tube 
PCM wall and ceiling 

- Experimental and numerical results agree when the flow rate in the 
capillary tubes exceeds 800 ml/min. Otherwise, correction factors 
are introduced. 

Faraj et al. 
[26] 

2019 Experimental 
small-scale test house 

ሺ1.18 ൈ 1.18 ൈ
1.21 𝑚ଷሻ  

Agricultural 
Refrigerator  
(0℃ to 5℃) 

Bio-based PCM 
(Coconut oil) 

Macro-encapsulated PCM 
plates coupled with 

underfloor electric heating 

- CO-PCM permitted successful load shifting. 
- Cost saving of $98 per year was achieved by integrating CO-PCM. 

Plytaria et 
al. [48] 

2019 Numerical 
TRANSYS 17 ሺ10 ൈ

10 ൈ 3 𝑚ଷሻ 
Athens, 
Greece 

BioPCM Q29M91 
PCM integrated in solar 

assisted HFRHS 

- Reduction of 65% in auxiliary load is acjived for PCM layer under 
the underfloor heating pipes. 
- Increase of 0.8 ℃ in the indoor temperature. 

Sun et al. 
[49] 

2020 Experimental 
Three identical test 

cells ሺ0.44 ൈ 0.44 ൈ
0.57 𝑚ଷሻ 

Artificial 
climate 

chamber 

Double-layer of 
hydrate salt-based 

PCMs 

PCM coupled to floor 
radiant system 

- In winter climate, PCM-1 ensures thermal comfort duration 2.2 
times that in reference cell. 
- In summer climate, PCM-2 ensures thermal comfort duration 1.7 
times that in reference cell. 

Lee et al. 
[12] 

2020 Experimental 
Thermal room ሺ0.5 ൈ

0.5 ൈ 1.8 𝑚ଷሻ 

Laboratory 
controlled 

temperature 

n-Octadecane 
with xGnP 

PCM coupled to HFRHS 
- Amount of PCM added in the manufacturing process of SSPCM is 
important regarding thermal performance and stress analysis. 
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Table 2 Thermo-physical properties of key PCMs used in studied literature and coupled (or designed for the usage) with radiant heating applications for buildings 

PCM used Type 
Synthetic/ 

commercial 
Application 

Incorporation 
method 

Melting 
temperature 

Latent heat 
Thermal 

conductivity 
Specific heat Ref. 

Paraffin 75 wt% + 
Polyethylene 25 

wt% 

Paraffin-based 
PCM 

Synthetic 
Underfloor radiant 

heating system with 
PCM 

Shape-stabilization 52 °C 150 kJ/kg 0.15 W/m.K 2 kJ/kg.K  [35] 

Paraffin (Energain 
wallboards) 

Paraffin-based 
PCM 

Commercial 
Combining PCM-

ERFHS with PCMW 
in walls and ceiling 

Micro-
encapsulation 

28 °C 120 kJ/kg 0.2 W/m.K 2 kJ/kg.K [27] 

Paraffin 60 wt% + 
EP 40 wt%  

Paraffin-based 
PCM 

Synthetic 

Combined passive 
PCMW with active 
solar heated HAR 
filled with PCM 

Shape-stabilization 25 °C 106.2 kJ/kg - - [5] 

92% SAT-FA + 8% 
EG 

Salt-hydrate-
based Eutectic 
PCM mixture 

Synthetic 
Underfloor electrical 

heating with PCM 
Shape-stabilization 38.54 °C 187.6 kJ/kg 3.11 W/m.K - [44] 

Paraffin 
Paraffin-based 

PCM 
Commercial 

Combined passive TW 
with active HRFHS 

with PCM 

Macro-
encapsulation 

35-40 °C 
73.3-79.6 

kJ/kg 
- - [45] 

RT18HC 
Paraffin-based 

PCM 
Commercial 

Pipe-embedded PCM 
cooling wall 

Macro-
encapsulated 

17-19 °C 260 kJ/kg 0.2 W/m.K 2 kJ/kg.K  [46] 

BioPCM Q29M91 Bio-based PCM Commercial 
Solar assisted HRFHS 

with PCM 

Macro-
encapsulated 29 °C 

210-250 
kJ/kg 

0.15-2.5 W/m.K 2.2-4.5 kJ/kg.K [48,50] 

70% SAT-urea + 
30% fumed silica 

SiO2  

Non-eutectic 
PCM mixture 

Synthetic 
Underfloor radiant 

heating system with 
PCM 

Shape-stabilization 35.75 °C 151.6 kJ/kg - - [51] 

75% 
Na2HPO4ꞏ12H2O + 

25% EG 

Salt-hydrate-
based PCM 

Synthetic HFRHS with PCM Shape-stabilization 31.3 °C 169.4 kJ/kg - - [49] 

n-Octadecane + 
xGnP 

Paraffin-based 
PCM 

Synthetic HFRHS with PCM Shape-stabilization 28 °C 256.5 kJ/kg 0.23 W/m.K 92 kJ/kg.K [12] 

HS24 (SAVE®) Inorganic mixture Commercial 
Roof Radiant cooling 
heat exchanger with 

PCM 

Macro-
encapsulated 

23-32 °C 199 kJ/kg 1.05 W/m.K 
2.07 kJ/kg.K (solid) 
2.42 kJ/kg.K (liquid) 

[42] 

62.5% Capric acid 
(CA) + 37.5% 

hexadecyl alcohol 
(HA)  

Organic-based 
mixture 

Synthetic 
PCM floor coupled 

with solar water 
heating system 

Macro-
encapsulation 

19-25 °C 
266-288 

kJ/kg 

0.116 W/m.K 
(solid) 

0.148 W/m.K 
(liquid) 

1.975 kJ/kg.K 
(solid) 

2.21 kJ/kg.K (liquid) 
[41] 

A23 Plus-ice  Paraffin-based Commercial 
Hybrid capillary tube 
PCM wall and ceiling 

Micro-encapsulated 21 °C 210 kJ/kg 0.18 W/m.K 2.22 kJ/kg.K [43] 
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 188 

 189 

2. Methodology 190 

 191 

   The study follows one aspect which is experimental investigation using an advanced modular small-scale 192 
prototype. Two identical modular prototypes are designed and implemented where the detailed description is 193 
presented in section 2.1. PCM used is macro-encapsulated using enhanced plates and hydronic radiant floor 194 
heating is used as the active heating system for the current study. Section 2.2 deals with the measurement tools, 195 
reliability tests and uncertainty analysis as well as the control system used for heat load management.    196 
 197 
 198 
 199 
2.1 Experimental Set-up 200 
 201 
2.1.3 Experimental Prototype 202 
 203 
    Two small-scale advanced modular test prototypes are designed and implemented such that they follow 204 
specified criteria. Firstly, the prototypes are designed to allow several configurations and combinations to be 205 
modeled; These are: active, passive, heating, cooling or any combination of these applications. The prototypes 206 
are also designed to allow variable PCM types, position and amount, as well as variable envelope partitions 207 
thicknesses. Suitable scale, utilization of real features and standardized construction materials are also permitted 208 
by the design. 209 
 210 
   For each prototype, since they are meant to be identical, the following detailed implementation process is 211 
followed. Firstly, a skeletal structure made from aluminum squared-hollow beams (Ac = 100 cm2) is assembled 212 
as shown in Figure 1Figure 1. L-shape aluminum channels are embedded at the internal edges of the prototypes 213 
forming a seat for the envelope side, floor and roof layers. The prototypes are small-scale with the dimensions of 214 
1.6 𝑚 ሺ𝑤𝑖𝑑𝑡ℎሻ ൈ 1.6 𝑚 ሺ𝑙𝑒𝑛𝑔𝑡ℎሻ ൈ 1.4 𝑚 ሺℎ𝑒𝑖𝑔ℎ𝑡ሻ which are nearly 1:8 scaled to a typical Lebanese building 215 
room in Bekaa Valley. The internal volume of each prototype is 2.352 m3. Different conventional building 216 
material layers are installed in the different sides as illustrated in Figure 2Figure 2. The composition of the walls 217 
from internal to external surface is respectively made of: (1) 8 mm inner wood layer, (2) 30 mm first XPS 218 
insulation layer, (3) 15 mm Fiber glass insulation layer, (4) 30 mm second XPS insulation layer, (5) 12 mm outer 219 
wood layer and (6) 4 mm ALUCOBOND® composite finishing layer. Table 3Table 3 summarizes the different 220 
dimensions and thermo-physical properties of the different materials for the sides roof and floor composition. 221 
 222 

 223 

Figure 1 Skeletal structure of the modular prototypes. 224 

 225 
   Floor layers are installed first, then wall layers and finally the roof. All layers are fastened by relevant screws 226 
except the layers of the floor and the west wall. Complete thermal contact for floor layers is dependent on weight, 227 
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while the west wall comprises hold down toggle clamps (shown in Figure 3Figure 3) to facilitate the assembling 228 
and resembling of the prototype layers for parametric studies. The test prototypes and compete experimental set-229 
up are located at the second floor of a conventional 3-story building in Al-Rafid, Bekaa, Lebanon (33°57 N, 35°82 230 
E). The test facilities are subjected to real weather conditions where the second floor is with no walls (open at all 231 
directions). A single-glazing glass door (0.45 𝑚 ൈ 0.70 𝑚) with aluminum frames is installed at the south wall 232 
of the prototype, while a double-glazing window (0.60 𝑚 ൈ 0.42 𝑚) with aluminum frames, and air as the filler, 233 
is installed at the east wall. Each prototype is mounted on 4 heavy-duty wheels to allow free transportation, with 234 
two of the wheels comprising breaks for stability upon testing. 235 

Table 3 Characteristics of possible wall layers used in the initial assembly of the prototype. 236 

c 

Characteristics  

Thickness, t Density, ρ 
Specific 
Heat, Cp  

Conductivity, λ Flammability 
Ref. 

mm Kg/m3 kJ/kg.K W/m.K - 

Aluminum L-channel 2 2698 0.921 205 Fire resistant [52,53] 

XPS insulation 30 20.8 – 43.1 - 0.029 Fire resistant [54] 

Glass Wool insulation 15 16-40 - 0.035-0.05 Fire resistant [55] 

Wood base layer and 
wood cover layer 

8-12 - 1.3-2.4 0.41-0.19 Flammable [52,56,57] 

Aluminum composite 
(Alucobond ®) 

4 0.222 - 
(U = 5.54 
W/m2.K) 

Fire resistant [58] 

 237 

  238 

Figure 2 Wall composition showing different layers. 239 

 240 
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 241 

Figure 3 Hold down toggle clamps implemented in the west walls of the prototypes for facilitating assembling and 242 
resembling. 243 

   The final design of the modular prototype, named “ThermoGreen”, and an exploded view of the modeled 244 
prototype using SolidWorks software is presented in Figure 4Figure 4. The complete set-up of the two 245 
implemented prototypes are illustrated in Figure 5Figure 5.  246 

  247 

Figure 4 Exploded view and logo of the complete assembly of the modular prototype. 248 

 249 

2.1.2 PCM and Enhanced Encapsulation Plates 250 
 251 
   The proper selection of PCM is a critical issue within any study incorporating PCM. The used PCMs in the 252 
current study are: Coconut oil (CO) having a melting temperature of 25 ℃, and Paraffin wax having a melting 253 
temperature of 58-60 ℃. The selection was based on using a PCM that has its melting temperature range 254 
compatible with the standard of “Thermal Environmental Conditions for Human Occupancy” (ANSI/ASHRAE 255 
standard 55-2013). The standard states that the marginal limits for indoor operative temperature are 20 ℃ and 27 256 
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℃ and the marginal limits for floor surface temperature are 19 ℃ and 29 ℃ [44,59]. The compatibility for CO-257 
PCM is based on having its melting temperature within the range offered by the aforementioned standard. 258 
However, PW-PCM with high melting temperature was selected to check its effectiveness in keeping the heating 259 
source at high temperature. Therefore, the location of PCM in the system defines the proper choice of melting 260 
range. 261 
 262 
   The choice of PCM then relies on having maximal heat storage capacity and thermal stability. Environmental 263 
concerns are also quite important. CO and PW have high latent heat (~103 kJ.kg and 189 kJ/kg [60], respectively) 264 
and are not flammable, but have poor thermal conductivity. Thermo-physical properties of CO-PCM were tested 265 
in TQP2 laboratories. The melting temperature of CO-PCM was confirmed to be around 25℃ and the latent heat 266 
was tested using the method of mixtures by applying energy balance as follows: 267 

𝑄௟௢௦௦ ൌ 𝑄௚௔௜௡   (1) 268 

Which yields: 269 

𝑚௪𝐶௪ሺ𝑇௜,௪ െ 𝑇௙,௪ሻ ൌ 𝑚஼ை𝐿஼ை ൅ 𝑚஼ை𝐶஼ைሺ𝑇௜,஼ை െ 𝑇௙,஼ைሻ   (2) 270 

 271 
Where: 𝑚 is the mass of water/CO (kg), C is the specific heat at constant pressure (kJ/kg.K), Ti and Tf are the 272 
initial and final temperatures for water/CO (℃) and L is the latent heat of fusion to be determined (kJ/kg). The 273 
method is done by placing a test tube of known mass of solid-state PCM inside a well-insulated water bath of 274 
high temperature, where the heat released from the water are gained by the PCM allowing it to melt. Results of 275 
the tests are summarized in Table 4Table 4 and compared to reference data from previous researches.  276 

Table 4 Thermo-physical properties measured in TQP laboratories. 277 

CO-PCM Tm (℃) Cp (kJ/kg.K) LH (kJ/kg) S.G. K (W/m.K) 
Fire 

retardation 
Experimental 

(TQP) 
25 2.174 102.97 0.919 - 

Not 
flammable 

Reference 
22-24 [61], 25 

[62], 26.78 
[63] 

2.1 [64] 
103.25 [61], 
70-100 [62], 
110.4 [63] 

0.916 [65] 
0.321 [63], 0.5 

[66] 

 278 

                                                            
2 TQP or Trust for the Quality of Products is a leading firm in material testing that is certified to ISO-9001 and is located 
in Beirut, Lebanon. 
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 279 

Figure 5 The two identical prototypes (ThermoGreen®) used in the experimental investigation of the current study. 280 

 281 

 282 

Figure 6 Enhanced PCM macro-containers showing the steel buffers and copper wires.  283 

   The incorporation method followed for packing studied PCMs is macro-encapsulation. Galvanized steel is used 284 
to fabricate macro-containers that are designed to be 1400 mm long, 465 mm wide, and 28 mm thick. The 285 
thickness of the steel boards is 2 mm, which means that 25 mm thickness for PCM is allowed within the containers. 286 
Since thermal conductivity is a critical issue that affects the thermal performance of PCM in buildings, several 287 
studies were directed toward enhancing the thermal conductivity.  288 

   For the current study, steel buffers (λst = 50.2 W/m.K [52]) are welded inside the containers at a distance of 100 289 
mm between each two consecutive buffers. The length of each buffer is 350 mm. Also, 3 mm high-conductivity 290 
copper wires (λCu = 385 W/m.K [52]) are inserted at the mid plane through the aforementioned buffers after being 291 
drilled at 50 mm intervals, forming a net matrix that centralizes PCM and thus enhancing the thermal conductivity 292 
of the plate. Figure 6Figure 6 demonstrates the PCM plates showing the formed conductive matrix and the final 293 
outcome. The plates are equipped with two drain openings that are capped with screws, and placed at the top edge 294 
of the plate to allow filling and draining of liquid PCM.  295 
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   It is recommended to use other synthesized bio-PCMs that have favorable thermos-physical properties. Nano-296 
encapsulation of Beeswax through Composite Nanotubes [67,68] and Nano-encapsulation of Palmitic Acid PCM 297 
[69,70], are two examples of enhanced PCMs having high melting temperature close to paraffin wax (around 298 
60℃) used in the study but with higher thermal conductivities reaching 2.8 W/m.K and latent heats reaching 299 
115.5 kJ/kg for beeswax nanocomposite, and 180~188 kJ/kg for Palmitic acid nanocomposite.  300 

  301 

 302 

Figure 7 Cross-section of the prototype showing the envelope’s material composition. 303 

2.1.3 Active Hydronic Radiant Floor Heating System  304 
 305 
   The used system for fulfilling the heating load is active hydronic floor heating system (HRFHS) using PEX-306 
AL-PEX composite pipes of 16 mm diameter (will be called PEX throughout the context for simplification). These 307 
pipes are coextruded crosslinked polyethylene composite pressure tubes that are reinforced by a welded aluminum 308 
tube in-between inner and outer layers [71]. The composition of the floor, starting from the outer covering layer 309 
at the base, inwardly, is: 12 mm wood layer, 30 mm XPS insulation layer, 4 mm EPS layer with circular pins (16 310 
mm height) by which the piping net is fixed, 28 mm CO-PCM enhanced macro-containers and finally an 8 mm 311 
floor covering surface layer of wood. Figure 7Figure 7 illustrates a cross-sectional view for the assembled 312 
prototype showing the composition of walls and floor. The layout of the pipe is spiral as shown in Figure 8Figure 313 
8 upon implementation phase and the distance between two adjacent pipes is 10 cm.  314 
 315 
   The heating tubes are connected to an electrical water heater with a capacity of 50 L (heater element rated 316 
power: 1.5 kW, at 50-60 Hz). Figure 9Figure 9 shows a schematic representation for the heating system equipment 317 
and connections with measurement, power and control system, for the two prototypes. Heated water is delivered 318 
to each prototype via circulating water pump running at a flow rate of 0.15 to 0.17 kg/s. Technical data for each 319 
pump are summarized in Table 5Table 5. At the inlet and exit of each water pump, one-way valve is connected 320 
for preventing counter flow and protecting the equipment. After being circulated in the prototypes, water is 321 
returned to the heater cold water inlet to be reheated, and thus a closed loop/cycle is formed. The electrical heater 322 
has a vent at its top for safety against over pressurization, and contains a thermostat and temperature gauge for 323 
temperature regulation at a set point chosen by the operator. The two prototypes are positioned next to each other 324 
such that all the faces are subjected to same weather conditions and no face is shaded by another face. 325 
 326 
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 327 

Figure 8 Hydronic pipes configuration at the prototype’s floor.  328 

 329 

Table 5 Technical data for circulating water pumps used in the study. 330 

Name 
Automatic Boosting Pump 

BPS-100 

Manufacturer Saad Tahan Co. 

Specification Value Unit 

Power consumption 100 W 

Power supply 220/50 V/Hz 

Max. capacity 16 L/min 

Max. head 12 m 

Max. suction 4 m 

Pipe diameter 0.5 inches 

Rotational speed 2850 rpm 

Protection Thermally protected 

Notes Certified to ISO9001 

 331 
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 332 

Figure 9 Hydronic radiant heating system implemented in the prototypes and the respective connected measurement and 333 
control systems. 334 

2.2 Measurement Instrumentation and System Control 335 
 336 
2.2.1 Sensors Used and Reliability Tests 337 
 338 
   Measurements are done to test the thermal behavior of the rooms in the presence of PCM. The parameters tested 339 
are: (1) temperature T in ℃, (2) humidity Φ as percentage %, (3) solar radiation Gs in W/m2 and (4) wind speed 340 
Vw in m/s. Temperature is the most influencing and critical parameter in the study. For that, 12 K-type 341 
thermocouples are used to measure temperatures at different positions within the prototypes with an accuracy of 342 
±1.5℃ and a resolution of 0.25 ℃. Humidity is measured using a humidity sensor; Wind speed is measured using 343 
an air-flow anemometer AR816+ (manufactured by SMART SENSOR®) with an accuracy of േ5% and a 344 
resolution of 0.1 m/s; And solar radiation is measured by a solar power meter with േ5% accuracy and 0.1 W/m2 345 
resolution, TES1333 (manufactured by TES Electrical Electronic Corp., Taipei, Taiwan), and is certified to ISO-346 
9002. Temperature data are recorded at 1-minute time interval using PA Hilton data acquisition system (data 347 
logger) and its respective HDL software. A desktop computer is equipped with the measurement tools to save 348 
data acquired by the data logger and transform them into excel tables. 349 
 350 
   Repeatability tests were done and the uncertainty analysis is performed following two methods: (1) standard 351 
uncertainties for parameters measured by instruments with known precision are calculated following the 352 
rectangular distribution (since no confidence level is given and expectations for extreme values are likely) 353 
(equation 9); (2) Combined uncertainty for Thermocouples is calculated using equation 10 considering the effect 354 
of precision error of temperature measurement related to thermocouple fixation (calculated as standard 355 
uncertainty) and the repeatability standard deviation; both equations in reference to EURACHEM / CITAC Guide 356 
CG 4 [72] and are written as follows: 357 

𝑢ሺ𝑥ሻ ൌ 𝑎
√3ൗ   (3) 358 

𝑢௖ሺ𝑥ሻ ൌ ට𝑢ሺ𝑥ሻଶ ൅ 𝑆௫
ଶ  (4) 359 
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   Where: x represents the parameter under measurement (temperature, solar radiation, wind speed, or humidity), 360 
𝑢ሺ𝑥ሻ represents the standard uncertainty using rectangular distribution, ‘a’ represents the certified precision of 361 

the measuring tool specified by the manufacturer, √3 which is the coverage factor, 𝑢௖ሺ𝑥ሻ represents the combined 362 
uncertainty and 𝑆௫ is the repeatability standard deviation (or repeatability uncertainty) obtained from repeatability 363 
tests that are graphed in Figure 10Figure 10 (3 examples are given). 𝑆௫ is calculated using equation 11 [49]. 364 
Repeatability test is done by cooling hot water in a container 2 times under identical test conditions for a specified 365 
time interval.   366 

𝑆௫ ൌ ට
ଵ

ேሺேିଵሻ
∑ ሺ𝑥௜ െ 𝑥̅ሻଶே

௜ୀଵ   (5) 367 

   Where: N is the number of repeated tests (trials), xത is the average reading and x୧ is the current actual trial reading. 368 
Table 6Table 6 summarizes the results of uncertainty tests done for the instruments used in the study and states 369 
the confidence level as well. 370 

Table 6 Detailed information of measurement equipment. 371 

Measured 
Parameter 

Measuring 
Equipment 

Type Manufacturer Precision Resolution 
Standard 

uncertainty 
Combined 
uncertainty 

Confidence 

T Thermocouple K-type - ±1.5℃ 0.25℃ 1.583 1.8 98.2% 

Gs 
Solar power 

meter 
TES1333 

TES 
Electrical 
Electronic 

Corp. 

±10 
W/m2 

0.1 W/m2 5.77 - 94.23% 

Vw Anemometer AR816 
Smart 

Sensor® 
±5% 0.1 m/s 2.88 - 97.12% 

Φ 
Humidity 

sensor 
- - ±5% 0.1% 2.88 - 97.12% 

Data 
logger  

Data 
acquisition 

system 
HDL 

PA Hilton 
Ltd. 

- - - - - 

 372 

 373 

Figure 10 Repeatability tests for 3 typical thermocouples T5, T8 and T11. 374 

   The repeatability test yielded the following graphs (Figure 10Figure 10 and Figure 11Figure 11) that shows 375 
reliable results obtained by the thermocouples with the standard deviation Sx being below 2 for the range of 376 
operation related to the experiments. Higher standard deviations are accumulated at high temperatures which are 377 
far from comfort level zone. The number of trials for the repeatability tests is 5. 378 
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 379 

Figure 11 Standard deviation repeatability uncertainty as function of time for selective thermocouples during calibration. 380 

2.2.2 Control System  381 
 382 
   The control system used, for each prototype, comprises an ST1000 (220V AC) all-purpose digital temperature 383 
controller thermostat module with an NTC thermistor temperature sensor probe. The accuracy given by the 384 
manufacturer is +/- 1℃ and the resolution is 0.1 ℃ with a sensor error delay of 1 minute. This gives a standard 385 
uncertainty of 0.577% (refer to equation 3). A relay module for protecting the circuit from high currents is 386 
connected prior to the pump as shown in Figure 12Figure 12.  387 
 388 

 389 

Figure 12 Control system configuration showing all connections, and a real photo of the instruments. 390 

   The procedure of testing accompanied by the control system states that: The NTC sensor is placed inside the 391 
room at a height of 0.5 m; When the temperature of the room falls below 18℃, switch ‘a’ in the microcontroller 392 
closes and the AC current is allowed to pass into the AC electrical relay; The three switches in the relay will then 393 
close allowing the passage of the current into the pump that will suck hot water from the 50 L electrical heater 394 
that is already functioning; the floor will possess radiant heat until the temperature of the room reaches the set 395 
point which is in this case 25 ℃ at which switch ‘a’ in the microcontroller will be opened and the pump will be 396 
switched off. The procedure of control is illustrated in Figure 13Figure 13, where Tset and ∆T are the set point 397 
temperature and the the temperature difference set by the user while Tin is the indoor temperature of the room 398 
under test and is read by the NTC temperature sensor. 399 
 400 
 401 
 402 
 403 
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 404 
Figure 13 Flowchart for control methodology for heating and cooling systems. 405 

 406 

3. Results and Analysis 407 

 408 

   The experiments were done during the terminating months of the cold winter season of 2020, namely between 409 
March 1st, 2020 and May 3rd, 2020; and the second phase of the tests took place during the middle of December 410 
2020. Four main configurations were implemented and analyzed covering the effect of weather conditions, 411 
combining active and passive systems, effect of PCM type on thermal performance of HFRHS and effect of PCM 412 
position in regards of the floor heating system. Table 7Table 7 below summarizes the different experimental tests 413 
and their respective details of different configurations. The locations of thermocouples for tests 1 and 5 are 414 
illustrated in Figure 14Figure 14.   415 
 416 

Table 7 Prototypes configurations for different experimental tests. 417 

# 
Date & Time 

Experimental Objective 
ThermoGreen® Specifications  Heating 

system 
Notes 

Date  Time  Prototype ‐A‐  Prototype ‐B‐ 

1 

Monday 
10/2/2020 

till 
Thursday 
13/2/2020  

80 hr 
start 6:00 

Effect of PCM integration 
with active underfloor 

radiant heating system at 
different weather* 

conditions and different 
PCM substitution layer 

Underfloor active 
radiant with CO‐PCM 
above Heating Pipes 

Reference  Hydronic 
No PCM in 

ref. 

2 
Wednesday 
26/2/2020 

24 h 
start 6:00 

Effect of active underfloor 
radiant heating – combined 
with passive PCM wall and 

roof 

CO‐PCM in all floor, 
roof and west wall 

Reference  Hydronic 
No PCM in 

ref. 

3 
Wed. 

19/2/2020 
24 h 

start 6:00 

Effect of PCM type in active 
underfloor radiant 

application 

Underfloor active 
radiant with CO‐PCM 

in floor 

Underfloor active radiant 
with PW‐PCM in floor 

Hydronic   

4 
Saturday 

19/12/2020 

10 h 
start 
20:00 

Effect of PCM position in the 
floor (below PCM plates) 

Underfloor active 
radiant with CO‐PCM 
below Heating Pipes 

Reference  Hydronic 
No PCM in 

ref. 
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 418 

 419 
Figure 14 Location of K-type thermocouples for temperature measurement in tests 1, 2, and 3. 420 

3.1 Active radiant heating with PCM under different weather conditions 421 
 422 
   The preliminary tests investigated the effect of CO-PCM placed in the floor, above the hydronic radiant pipes 423 
and compared with a control room with no PCM. Figure 15Figure 15 shows the temperature variations recorded 424 
by the floor and room sensors for prototypes A (containing CO-PCM plates) and B (deprived from PCM and 425 
considered as control) during three consecutive days encountering variable weather conditions (refer to Figure 426 
16Figure 16). It is shown that for the first cold rainy day with 78% relative humidity and a wind speed varying 427 
between 0.4 and 1.2 m/s, the first heating phase lasted 18.567 hr. for the Active CO-PCM room. Then, the cooling 428 
phase remains for 5.33 hr. as the ambient temperature fluctuates between 5.7 and 11.7 ℃. However, for the control 429 
room 4 heating-cooling cycles are observed with the first cycle having heating and cooling durations of 8.5 hr. 430 
and 1.033 hr., respectively. This indicates that the PCM is storing thermal energy in the form of latent heat after 431 
which the penetration of heat continues to the floor surface in a slow manner. Then, the heating unit is powered 432 
off so the PCM releases its heat slowly maintain the room temperature with its thermal comfort range for more 433 
time. The room temperatures are illustrated in Figure 17Figure 17. It is observed that the fluctuations in the control 434 
room (within the comfort zone by means of the control system, i.e. between 18 and 24 ℃) are eliminated by 435 
means of PCM in Active CO-PCM room. Where the number of heating-cooling cycles is reduced from 12 to 5 436 
compared to the control room. The observed water heating tubes temperature fluctuations (between 50 and 65 ℃) 437 
is due to the thermostatic effect of the boiler. 438 
 439 
   As the ambient temperature decreased in the second day of the experiment, the heating duration for the control 440 
room lasted for 11.45 hr. followed by a temperature decay lasting 1.733 hr. bearing in mind that the weather was 441 
cloudy with a relative humidity of 68% and a wind speed varying between 0.4 and 1.6 m/s. As the weather starts 442 
to get warmer (sunny day but with no solar radiation reaching the prototypes) and the humidity decreases to the 443 
upper comfort bound of 60%, the heating-cooling cycles increased from 1 to 2 and from 2 to 4 in rooms A and B, 444 
respectively. 445 
 446 
   The floor surface temperature during the three days was varying between 19.7 and 28.6℃, as the upper surface 447 
of PCM macro-containers varied between 21.3 and 39.8℃. However, for the control room, the floor surface 448 
reached a temperature of 37.7℃ which is beyond thermal comfort. The results revealed within the graphs depict 449 
that CO-PCM is suitable for load shifting and indoor temperature fluctuations reduction thus maintaining residents 450 
thermal comfort. 451 
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Figure 15 Temperature variations recorded by the floor and room sensors for prototypes A (containing the PCM) and B 455 
(deprived from PCM - control) during test 1 for different weather conditions. 456 

 457 

      The power curves showing the pump power consumption as function of time for the two test prototypes are 458 
shown in Figure 18Figure 18. It is clear from the curves that there is a reduction in energy demand fluctuation thus 459 
a decrease of start-up and shut-down processes of the electrical boiler and pump, thus maintenance requirements 460 
are reduced.  461 
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 462 

Figure 16 Maximum and minimum wind speeds, weather conditions and average humidity during experiment 1. 463 

 464 

Figure 17 Variation of room temperatures for experiment 1 as function of time within three testing days. 465 
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 466 

Figure 18 Pump power consumption for rooms A and B during test 1. 467 

3.2 Combining active and passive applications 468 
 469 
   The second experiment was focused on combining the active CO-PCM floor system with passive PCM layers 470 
at the west wall and roof. In this case, two plates filled with CO-PCM were installed in the west wall of prototype 471 
A with the remaining vacancy3 being occupied with XPS insulation. The roof also contained two PCM plates with 472 
XPS at the remaining edges to comply with the west wall design. A clear presentation is given in Figure 2Figure 473 
2 for the roof.  474 
 475 
   The plots of the temperatures recorded for the different layers of the floor, indoor and outdoor are illustrated in 476 
Figure 19Figure 19. It is shown that during 18 hours of continuous data acquisition, the PCM in the tested room 477 
was capable of shifting the load by 4.184 hrs. The heating durations for the 1st cycle were 4.983 hr. and 1.65 hr. 478 
in rooms A and B respectively. However, room, floor, PCM plate upper surface, and PEX temperatures decreased 479 
from their peak values to lower values during 4.184 hr. and 4.15 hr. in rooms A and B, respectively. The decay 480 
in temperatures during cooling had a lower slope value in comparison with the decay in the control room. Three 481 
heating-cooling cycles were observed for the control room while two heating-cooling cycles were observed for 482 
the PCM room. A plot for the power consumption is illustrated in Figure 20Figure 22 showing the intervals of 483 
high and low peak loads based on the Tariff policy of electricity within the site of experiment, Lebanon. The 484 
shaded parts of the plot represent the time of low-peak load and the unshaded parts represent high-peak load 485 
interval (discussed in details in section 5). It is obvious that the presence of PCM in floor, wall and roof caused 486 
the complete shifting from high to low peak loads. For instance, the operation of the heating system in the control 487 
room occurred for 0.667 hr. within low-peak load and for 3.933 hr. within high-peak load; However, the presence 488 
of PCM altered the thermal behavior of the room and shifted the load so that 0.983 hrs. were within high-peak 489 
load, and 4 hr. were within the low-peak load. This variation resulted in cost savings that are discussed further 490 
more (section 5).  491 
 492 
   It is depicted in the figures of temperature profiles that the heating duration when PCM is present above the 493 
PEX tubes is relatively high, and causes a delay in reaching the thermal comfort. This is favorable to a certain 494 

                                                            
3 The remaining vacancy is a result of having the plates each with a width of 46.6 cm and the total height available within 
the side walls is 120 cm, thus 26.6 cm remains and are occupied by XPS. 
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limit where temperature fluctuations decrease. On the other hand, such long time increases the residents’ 495 
dissatisfaction. As for the temperature of the room that have reached 24 ℃, the CO-PCM in the room did not melt 496 
and thus the performance of PCM in the roof was similar to the XPS insulation where sensible heat loss penetrated 497 
through the PCM whereas the presence of PCM in wall encountered partial melting. For that, it is recommended 498 
to choose the PCM in the roof and wall within the margins of 18-20 ℃ as for benefiting from the complete latent 499 
energy of the PCM. For higher temperature set value (i.e. 30℃ for example) wall and roof PCM could be 500 
functioning with their complete effectiveness, however, room temperature will be exceeded. Also, one important 501 
consideration is the use of auxiliary electric mats placed below the PCMs present in the wall and the roof so that 502 
upon heating the room, complete melting for CO-PCM occurs all over the envelope.  503 

 504 
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Figure 19 Temperature variations recorded by the floor and room sensors for prototypes A (containing PCM in floor, west 507 
wall and roof) and B (deprived from PCM - control) during test 2. 508 
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 509 

Figure 20 Pump power consumption for rooms A and B during test 2. 510 

 511 
 512 
3.3 Comparison between CO-PCM and PW-PCM 513 
 514 
   The third experimental test is directed toward comparative investigation of the thermal performance of the two 515 
prototypes having different PCM types (different thermo-physical properties especially: melting temperatures and 516 
latent heat). The preliminary results are shown in Figure 21Figure 21, where it combines readings from the two 517 
prototypes. Room A contained CO-PCM above the heating tubes and is considered as the control; and room B 518 
contained paraffin wax (PW-PCM), also above the heating tubes, and is considered the variable test (refer to 519 
Figure 14Figure 14-A to check the layers’ order). Table 8 shows the thermo-physical properties of CO and PW 520 
PCMs.    521 
 522 
   The start of the heating cycles had the same trend in both rooms, from time 0 till 9.683 hr. at which PW-room 523 
B reached 24 ℃ where the pump is powered off and a gradual decay in temperature starts accounted by release 524 
of stored energy in PW plates. However, the heating in room B continued for an extra 6.95 hr. to reach the desired 525 
room temperature, before its gradual decrease accompanied by the heat release from melted CO. After that, PW-526 
room starts a new heating cycle where as CO-room remains decaying within thermal comfort. It is observed that 527 
at the time heating stops in cycle 1 of room B, the room temperature remains increasing to 27.6 ℃ which is caused 528 
by the relatively high temperature of the PCM plates (where the melting point of PW is 58℃, thus replacing the 529 
role of the PEX tubes at this stage).  530 
 531 
   A plot of the power consumption shown in Figure 22Figure 22 indicates that although there is load-shifting 532 
accompanied by CO-PCM, the large margin of heating time (caused probably of the relatively low thermal 533 
conductivity of CO-PCM compared to PW-PCM, or due to experimental sources of error: incomplete thermal 534 
contact between layers of PCM and PEX for example) over continuous tariff shifts of 4 hr. each, is not favorable. 535 
PW in this case shows better thermal response, with less time of operation within high-peak and low-peak load 536 
margins. 537 
 538 
   Summing up the aforementioned and analyzed tests, Figure 23Figure 23 compares the number of heating-cooling 539 
cycles for control and test prototypes for each test. It is shown that lower number of cycles is always a property 540 
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of the tested rooms containing the PCM. This ensures the two major advantages of using PCM in active floor 541 
system, and passive walls and roof: (1) Enhancement of thermal comfort by decreasing indoor temperature 542 
fluctuations, and (2) Load shifting resulting in cost savings for regions of variable electricity tariff policy shifts. 543 

Table 8 Thermo-physical properties measured in TQP laboratories. 544 

PCM Tm (℃) Cp (kJ/kg.K) LH (kJ/kg) K (W/m.K) 
Coconut oil 

(CO) 
25 2.174 102.97 

0.321 [63], 0.5 
[66] 

Paraffin wax 
(PW) 

58-60 [60] - 189 [60] 0.21 [60] 

 545 
 546 
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 547 

Figure 21 Temperature variations recorded by the floor and room sensors for prototypes A (containing CO-PCM in floor) 548 
and B (containing PW-PCM in floor) during test 3. 549 

 550 

Figure 22 Pump power consumption for rooms A and B during test 3. 551 

 552 
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 553 

Figure 23 Comparison for the number of heating and cooling cycles in rooms A and B at various tests.  554 

 555 
3.4 Effect of PCM position within the floor (CO-PCM Below HRFHS) 556 

   The last test in this study investigates the effect of CO-PCM position in reference to test 1. CO-PCM plates were 557 
placed below the PEX tubes as shown in Figure 24Figure 24. The EPS layer that holds the hydronic tubes is 558 
eliminated and the tubes are connected to the wood layer by means of 18 mm diameter clips, to maintain the spiral 559 
layout. During this test, the prototypes were rotated such that the doors are at the west direction. The test was 560 
performed among two stages: (1) 10 hrs. of variable weather conditions taking into account solar radiation effect, 561 
and (2) 24 hrs. of stable weather with no solar radiation effect (shadings are used and the focus was on ambient 562 
temperature).  563 

   Stage 1 – The results are plotted on the same graph illustrated in Figure 25Figure 25. It is shown that the 564 
temperature of the hydronic pipes increased and remained above 55 ℃ upon heating when the pumps were 565 
switched on, leading to an increase in PCM and floor surface temperatures. During the first 2 hrs. of the test, the 566 
control test room (B) was subjected to solar radiation ranging between 628 and 819 W/m2, wind speed of 0.2 – 567 
0.8 m/s and humidity ranging between 60.9 and 62.6%. The solar radiation was facing the south wall of room B 568 
and penetrating through the window. This caused the slightly higher slope of room temperature compared to room 569 
A, where the room temperature was increased from 18 to 27 ℃ by means of the PEX and solar radiation – this is 570 
reflected by the increase of floor surface temperature reaching 39 ℃ at the end of the cycle which is less than the 571 
floor surface temperature reached in room A before reaching the room desired temperature. As time continues 572 
increasing to reach 2.83 hr., the floor surface temperature in room A continues its gradual increase to reach 42 573 
℃, while the room temperature reaches 26.5 ℃. It is shown that the PCM till this point did not melt, and its 574 
temperature is increasing sensibly from 12.4 to 25 ℃ at which it starts melting.  575 

   The delay of 1 hr. to reach the comfort set point in room A compared to B was mainly due to the advantage of 576 
having solar radiation in room B. Then, all temperatures decrease during 2 hrs. at which both rooms are heated 577 
again, with solar radiation being eliminated from room B. It is observed that the temperature of PCM remained 578 
increasing till 28 ℃ and remained at this temperature although the PEX tubes are heated again; this indicates the 579 
phase change phenomena (melting) of the PCM. The floor surface temperature and thus the room temperature in 580 
room A reaches the set points before room B, and the decay in temperatures had a lower slope in room B after the 581 
pump is switched off indicating the functioning of PCM in releasing its stored heat. Two similar cycles occurred 582 
where the durations of heating and cooling in room A were 0.65 and 2.53 hrs.; and in room B were 0.88 and 2.27 583 
hrs., ensuring a difference of 0.26 hr. in cycle 2 (0.37 hr. in cycle 3).     584 
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 586 

Figure 24 Location of K-type thermocouples for temperature measurement for test 4. 587 

 588 

Figure 25 Temperature variations recorded by the floor and room sensors for prototypes A (containing CO-PCM in floor 589 
below PEX tubes) and B (control) during test 4 - stage 1. 590 

   Stage 2 – The test in stage 2 was conducted for a complete day with shadings used to eliminate the effect of 591 
solar radiation. Two graphs showing the results of the temperature distribution of the floor and room for 592 
prototypes A and B are illustrated in Figure 26Figure 26. Three heating-cooling cycles are observed in both rooms. 593 
To have a closer view of the detailed outcomes, floor surface and room temperatures with ambient outdoor 594 
temperature are plotted against time in Figure 27Figure 27. As depicted in the graph, for a relatively cold weather 595 
of an outdoor ambient temperature fluctuating between 7.6 and 13.6 ℃, a total heating duration of 4.784 hrs. in 596 
the control room B is reduced to 3.418 hrs. in room A by means of CO-PCM. This indicates the capability of the 597 
PCM in saving energy. The concept behind this observation is that the hydronic PEX tubes are radiating and 598 
conducting heat on all directions of their circumferences. Heat that is directed toward indoor is the useful heat, 599 
whereas heat that is being transmitted downward in the floor is being lost. The presence of PCM below the PEX 600 
tubes, captures this heat and releases it when the pump is switched off, thus forming a source of heat energy again 601 
to the room.  602 

   Room temperatures increase from 18 to 24℃ in a higher slope within room A compared to room B however 603 
the phenomenon is opposed while discharging (the slope of room temperature decay is smaller for rom A). This 604 
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leads to smaller heating times and larger cooling times in the presence of PCM. Also, it is observed that after the 605 
last heating cycle, the decay in temperatures of room and floor surface for A and B encountered some differences. 606 
The slopes of temperature decay for A were smaller than that for B indicating the PCM functioning; And at the 607 
end of the test a difference of 2.5 ℃ in room and 1 ℃ in floor surface temperatures between A and B, respectively, 608 
were obtained. 609 

   Finally, a plot of the power input for rooms A and B consumed by pumps delivering hot water for heating is 610 
illustrated in Figure 28Figure 28. It is shown clearly that the duration of heating in room B is larger than that in 611 
room A, and that, as aforementioned before, there is a delay in powering on the pump in room A as an effect of 612 
PCM. The energy stored by the PCM is reused for maintaining thermal comfort within the room. Therefore, 613 
placing PCM below the heating system results in energy savings that are translated into cost saving furthermore, 614 
even with a defined electricity cost with stable rate (no differentiation for electricity cost into high-peak and low-615 
peak shifts).  616 
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Figure 26 Temperature variations recorded by the floor and room sensors for prototypes A (containing CO-PCM in floor 619 
below PEX tubes) and B (control) during test 4 - stage 2. 620 

 621 

Figure 27 Variation of room temperature and floor surface temperatures for prototypes A and B of experiment 4 – stage 2. 622 
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 623 

Figure 28 Pump power consumption for rooms A and B during test 3 624 

 625 

 626 

4. Conclusions and Recommendations 627 

 628 

   The current research was focused on studying the thermal performance of underfloor hydronic radiant heating 629 
system coupled with enhanced coconut oil PCM plates. Experimental aspect was followed, where four different 630 
experimental tests were done to: (1) investigate the effect of active CO-PCM coupled with variable weather 631 
conditions; (2) effect of combining active PCM system with passive PCM system; (3) effect of PCM type 632 
comparing CO-PCM with PW-PCM; and (4) the effect of PCM position, namely placing the PCM below HRFHS. 633 
The investigation utilized two identical small scale modular prototypes (ThermoGreen®) with automated control 634 
systems for sustaining thermal comfort temperature range as for bounding heating and cooling phases within each 635 
test in each room. The study included thermal and economic analyses directed toward investigating the effects of 636 
PCM systems on achieving thermal comfort and reducing energy consumption and yearly operational costs. The 637 
major arising conclusions are: 638 

1. The proposed modular design of the used prototype proved its capability to accommodate various 639 
parameters and their effect on thermal performance of the room.   640 

2. Using CO-PCM filling enhanced thermal conductivity macro-containers within the layers of the tested 641 
prototypes is beneficial in terms of thermal comfort enhancement and annual cost savings.   642 

3. Using CO-PCM as active application coupled to HRFHS, and when combined with passive wall and roof 643 
permit load shifting from high-peak to low-peak periods resulting in daily and annual cost savings.  644 

4. Weather conditions alters the time zone (period) of heating operation which might lead to negative 645 
feedbacks regarding cost saving (experiment 1), where the operational cost of the control room is slightly 646 
less than that of PCM room.  647 

5. The choice of PCM in the roof was not beneficial as the temperature of the roof did not reach the working 648 
temperature range of the PCM while maintain the room at 24 ℃. 649 

6. PW-PCM proved to be more efficient than coconut oil in the case of using PCM as Active TES coupled 650 
to HFRHS although load shifting was attained by CO-PCM. 651 

7. The position of PCM is very critical. Placing CO-PCM below HRFHS is more beneficial than placement 652 
above the heating system. This was obvious where experiment 4 proved the capability of PCM in 653 
achieving energy savings even if there were no electricity tariff shifts, unlike placing PCM above the 654 
PEX tubes that results in load shifting and requires differences in electricity costs at specific changeable 655 
time zones.  656 
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8. Temperature fluctuation reductions leading to achieving residents’ thermal comfort was attained by all 657 
cases utilizing PCM.  658 

9. Using PCM is a key method toward environmental sustainability and reduction of greenhouse gases 659 
caused by heating and cooling conventional systems in residential buildings. It is a keyway toward 660 
changing renovations and new erections into NZEB.   661 

 662 
   As for future work, the following recommendations are suggested: 663 

1. The study was focused on heating season and the effect of PCM on reducing heating annual operational 664 
costs, however using the system with additional features such as solar façade and nocturnal sky radiation 665 
coupled to the hydronic floor system is to be studied. 666 

2. Economic and Environmental aspects are to be studied to surround the topic in more detail.  667 
3. Combing PCM applications is favorable and requires that the choice of PCM for each system must 668 

comply with the other system. In the case of the current study PCM selection should follow the 669 
conventional uniform temperature distribution from the floor reaching the roof.  670 

4. The skeletal frame of the prototype is recommended to be insulated from the envelope layers especially 671 
the underfloor heating layer as it represents a thermal bridge between envelope layers and indoor with 672 
outdoor, thus increasing losses. 673 

5. The combination of triple systems: active HRFHS with passive envelope combined to active Trombe wall 674 
system is to be studied further on. 675 

6. Thermally activated building structure utilizing CO-PCM in its envelope using capillary tubes and electric 676 
mats might be of favorable efficiency.   677 

7. A simulation model using COMSOL Multiphysics can be beneficial in supporting optimization studies 678 
with ThermoGreen®. 679 

 680 

 681 
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