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ARTICLE INFO ABSTRACT
Keywords: The application of convenient modular construction has become a popular building approach. The modularity of
Phase change floor (PCF) phase change floors (PCFs) provides the possibility for flexible heating and energy storage in buildings. This
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study designs two new thermal storage schemes based on modular PCFs: cascade and partial thermal storage to
enhance the PCFs’ heating performance. A PCF simulation model is developed and verified by comparing ANSYS
simulation results and experimental measurements. Then, heating and cooling processes of PCF heating rooms
using different heating methods (full/local) and thermal storage schemes (full/cascade/partial) are compara-
tively analyzed. The results show that at full heating, the room’s thermal comfort is reduced with cascade and
partial thermal storage compared to full thermal storage, but the energy efficiency and economic performance
are improved with partial thermal storage. Localized overheating of the floor surface occurs with cascade/partial
thermal storage. While cascade thermal storage can enhance the melting of phase change materials (PCMs), low-
temperature PCMs are prone to incomplete solidification. Partial thermal storage can save up to 2 % of energy
over full thermal storage. In addition, with local heating, changes in thermal storage schemes essentially do not
affect the room’s thermal comfort. Partial thermal storage still offers the best energy efficiency and economic
performance. It has a payback period of less than 6.5 years, which is about 2.6 years shorter than full thermal
storage. Rooms with different heating methods have different suitable thermal storage schemes.

This property of absorbing a substantial amount of latent heat during the
PCM phase change is utilized to store energy, which is later released for
building heating. Compared to traditional floor heating, PCF heating
offers advantages such as energy saving and enhanced thermal comfort.
It allows for the flexible storage and utilization of heat generated from
clean energy sources and improves indoor thermal comfort [4]. Based on
these remarkable properties, researchers have conducted extensive
studies on PCFs concerning material, structure, and operational control.

In terms of material, PCM serves as the key thermal storage medium
for PCFs, with its thermophysical properties directly influencing the
floor’s thermal storage capacity and heating effectiveness. The main
PCMs commonly utilized in PCFs are paraffin [5] and various composite
PCMs [6]. There is an optimal range for both the phase transition tem-
perature and thermal conductivity of the PCM. After comparing
different PCM phase transition temperatures, Sun et al. [7] indicated
that the optimal phase transition temperature for PCM used in floor
thermal storage is between 30 and 31 °C. Furthermore, selecting the
optimum phase transition temperature also depends on factors such as

1. Introduction

With the increasing prominence of environmental issues, energy
saving and emission reduction in the building sector have received
growing attention. In 2022, building operations accounted for approx-
imately 30 % of global final energy consumption and 26 % of associated
carbon emissions [1]. Reducing building emissions is essential to
achieving the goal of net-zero emissions. In particular, the spread and
application of clean energy technologies significantly reduce carbon
emissions during building operations [2]. However, clean energy sour-
ces are heavily influenced by geographic factors and often experience an
imbalance between heat supply and demand. The emergence of energy
storage technology can more effectively address this issue and facilitate
the decoupling of heat supply and demand. Currently, common energy
storage methods include sensible energy storage, latent energy storage,
and chemical energy storage [3]. Phase change floors (PCFs) incorporate
phase change materials (PCMs) into the structure of conventional floors.
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Nomenclature c cooling
s solid
Abbreviations 1 liquid
PCF phase change floor f fluid
PCMs phase change materials a air
MAE mean absolute error MAPE  mean absolute percentage error
RMSE root mean square deviation

specific heat, kJ/kg-°C

latent heat, kJ/kg

mass, kg

simulation value, °C
experimental value, °C

constant temperature coefficient
liquid fraction

emissivity

black-body radiation constant, W/m>K*
thermal conductivity, W/m-°C
density, kg/m®

energy saving rate

dynamic viscosity, Pa-s
electricity price, ¥/kWh

O™ > Q9 m’mnkkgwn%ﬂ
&
S
&

At duration time, h

a conversion factor between hour and day, h/day
ft increase factor of the thermal comfort duration
h. convection heat transfer coefficient, W/m?K
Ty unheated surface average temperature, K

Qga average daily electric consumption, kWh
Subscript

) phase change material

h heating

SSp simple payback period
D number of heating days, day
H enthalpy, kJ/kg

N number

P pressure, Pa

T temperature, °C or K

Vv velocity vector, m/s

Anmush mushy zone constant

AT difference in temperature, °C

Cq average daily operating cost, ¥/day
ACiny increased investment costs, ¥

Py heating power, kW

Q PCM usage, kg

Qs thermal storage capacity, kJ

Qsts sensible thermal storage capacity, kJ
Qus latent thermal storage capacity, kJ
ij number of stages

pt phase transition

ref refer

ted thermal comfort duration

tsr temperature stable range

inital heating start moment

end heating end moment

the material’s location within the floor [8], the specific region of
application [9], and the supply water temperature for hydronic systems.
While an increase in thermal conductivity enhances the indoor tem-
perature rise [10], it can also lead to greater fluctuations in indoor
temperatures [11]. Zhou et al. [12] demonstrated that the suitable
thermal conductivity for PCM is approximately 0.4 to 0.6 W/(m-°C).
Additionally, the greater the latent heat of the PCM, the higher the
thermal storage capacity of the floor, which should exceed 120 kJ/kg
[13].

In terms of structure, since PCMs typically undergo a solid-liquid
phase change in floors, they must be encapsulated, leading to various
encapsulation structures such as plates [14] and sheets [15]. Lu et al.
[16] designed a double-layer heating coil structure with PCM filling the
outer layer of the coil. Some floors employed shape-stable PCMs that did
not require encapsulation [17]. The location of the PCM significantly
affected the thermal storage and release of the floor. Larwa et al. [18]
noted that it was preferable to position the PCM below the heating pipes.
To enhance heat transfer, Faraj et al. [19] incorporated staggered
spacers and high thermal conductivity copper wires into the PCM, which
effectively improved the thermal conductivity of the PCM encapsulation
unit. Yu et al. [20] implemented a cascade thermal storage structure
with two PCMs featuring different phase transition temperatures ar-
ranged vertically, which effectively increased the floor surface temper-
ature. Moreover, such double-layer PCM structures were often utilized
for achieving summer cold storage and winter thermal storage in floors
[21]. Cesari et al. [22] horizontally staggered two types of PCMs for cold
and heat storage respectively in a checkerboard pattern and found that
this method provided better energy savings. Unlike the traditional
method of filling the PCM in the floor as a whole, Lu et al. [23] designed
a casing to fill the PCM only in the external interlayer of the water pipe.

This method could solve the problem of slow heating in the traditional
filling method, and the melting of PCM could be promoted by reasonably
adjusting the position of the water pipe [24].

In terms of operational control, appropriate operational manage-
ment also impacts the thermal comfort and economic efficiency of PCFs.
There are optimal values for both electrical heating power and water
supply temperature during the operation of PCFs. Niu et al. [25] pointed
out that excessively low electrical heating power hindered the melting
and thermal storage of PCMs, while excessively high power could lead to
localized overheating. Similarly, problems arose when the water supply
temperature was too high. Beak et al. [26] demonstrated that the water
supply temperature should exceed the melting point of the PCM, iden-
tifying an optimal water supply temperature range of 40 to 41 °C.
Additionally, PCFs could effectively shift peak period electricity loads
and reduce operating costs by reasonably utilizing peak and valley
electricity rates [8]. The control strategy proposed by Barzin et al. [27],
based on real-time tariff regulation of room temperature, successfully
achieved both a comfortable room temperature and enhanced economic
performance. Furthermore, the control strategy developed by Cesari
et al. [28], based on outdoor meteorological parameters from weather
forecasts, could partially address the issue of indoor overheating. In
addition to these three areas of research, other scholars have explored
multifaceted studies, including the integrated application of multiple
phase change envelopes [29].

As demonstrated by the above analyses, many researchers have
conducted studies on PCFs from various perspectives. However, several
important issues remain unaddressed in the current study. On the one
hand, the energy consumption and operating costs of conventional PCFs
remain high. Furthermore, the high price of PCMs contributes to
increased investment costs, resulting in longer payback periods for PCFs,
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thereby hindering their promotion and application. On the other hand,
PCFs are often treated as a single unit in the horizontal direction, which
results in this direction being ignored when designing and optimizing
PCFs. Previous studies primarily focused on the heat transfer between
different materials in the vertical direction of the floor, overlooking the
heat transfer processes occurring horizontally. To address these issues,
this paper adopts a local heating method with a uniform distribution of
the heating zone based on the team’s previous research [30]. It also
proposes a novel approach to enhance and optimize the energy storage
layer of PCFs in the horizontal direction. Unlike previous integrations of
multiple PCMs [20,21], this study designs a cascade thermal storage
scheme oriented horizontally, combined with the previously described
local heating method. Additionally, considering the phase change
characteristics of PCMs in the energy storage layer during local heating,
the study proposes a partial thermal storage scheme that incorporates
PCM at specific locations only. This study modifies the heating and
thermal storage methods of PCFs to further improve energy savings and
cost-effectiveness in heating applications by reducing heating power,
enhancing the melting effect of PCMs, and reducing the quantity of
PCMs used. The heat transfer laws in the horizontal direction of the PCF
are also investigated. A combination of experimental and simulation
methods is employed to simulate the heating and cooling processes of
the PCF heating room under full and local heating methods with full,
cascade, and partial thermal storage schemes, respectively. The thermal
comfort, energy savings, and economics of PCF rooms are analyzed by
comparing the average indoor temperature, floor surface temperature,
PCM liquid fraction, thermal comfort duration, thermal storage capac-
ity, energy saving rate, and payback period in each room. Clarifying the
effects of heating and thermal storage methods on the performance of
PCF rooms, as well as designing improved energy consumption and
storage solutions, will help reduce floor energy consumption, shorten
the payback period, further expand the application of PCFs in buildings,
and promote the integration and development of energy storage and
heating technologies.

2. Methods
2.1. Geometric models

Based on the research content, the geometrical models established in
this paper include the following: fully heated plus fully thermal storage
PCF room (FPFR-ful), fully heated plus cascade thermal storage PCF
room (FPFR-cas), fully heated plus partial thermal storage PCF room
(FPFR-par), locally heated plus fully thermal storage PCF room (LPFR-
ful), locally heated plus cascade thermal storage PCF room (LPFR-cas),
and locally heated plus partial thermal storage PCF room (LPFR-par).
Additionally, a fully heated conventional floor room without PCM
thermal storage (FCFR) and a locally heated conventional floor room
without PCM thermal storage (LCFR) were also established. The heating
and thermal storage methods for the PCF rooms are shown in Table 1.
The models are full-size models based on an artificial environment
chamber in Dalian, China, with structural dimensions for doors, win-
dows, and other components illustrated in Fig. 1. The PCFs in the room
geometry model consist of the electric heating film, the energy storage
layer (PCMs), and the floor surface layer (marble), arranged in a bottom-
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heating’ refers to the complete activation of the electric heating film
during the heating process. The electric heating film power is 0.22 kW/
m?2. In contrast, for ‘local heating’, only a portion of the electric heating
film at the position indicated in Fig. 2(a) is activated. The heated area is
71.6 % of the total floor area. The energy storage layer for ‘full thermal
storage’ employs PCM30 as the thermal storage medium. As shown in
Fig. 2(b), ‘cascade thermal storage’ consists of two PCMs, PCM30 and
PCM24, which have different phase transition temperatures, with
PCM24 placed above the non-heating zone in localized heating sce-
narios. The floor area ratio between PCM30 and PCM24 is 2.52: 1;
‘partial thermal storage’ is achieved by avoiding the arrangement of the
PCM above the non-heating zone and putting PCM30 in other locations.
This study utilizes the PCF module illustrated in Fig. 3 to implement
changes in the heating and thermal storage methods. The size of the
floor module of the experimental room is 300 x 300 mm, with surface
material (marble) thickness of 15 mm and energy storage material
(PCMs) thickness of 20 mm.

2.2. Simulation setting

The study was conducted to simulate the heating and cooling pro-
cesses of PCF heating rooms using ANSYS Fluent software. To simplify
the simulation, several common assumptions were adopted: (1) mate-
rials such as marble and PCMs are homogeneous and isotropic; (2) the
PCM thermophysical parameters are constants, without subcooling and
phase separation, ignoring the volume change during its phase transi-
tion, and disregarding the natural convection process during the heat
transfer of the PCM [31]; (3) the contact thermal resistance between
materials is not considered; (4) the temperature of the outer wall surface
of the room remains constant; and (5) there is no heat exchange with the
external environment at the bottom and perimeter of the floor, which
creates an adiabatic condition. The study employed transient simula-
tions, activating the energy equation, melting/solidification model and
surface to surface (S2S) radiation model [10]. The enthalpy-porosity
method was employed in ANSYS Fluent [32]. There is no need to
track the solid-liquid interface, which is represented as a mush zone. The
mush zone is considered to be a “pseudo” porous region with a porosity
equal to the liquid fraction, which is between 0 and 1. When the material
is fully solidified, the porosity is reduced to zero. The control equations
for the phase change region and for materials other than PCMs as follows
[32-34]:

Energy equation:

pc%—f =Adiv (grad T)+S. (@D

Where p, c, 4, and T denote density, kg/m3, specific heat, kJ/kg-°C,
thermal conductivity, W/m-°C, and temperature, °C, respectively. S, is
the source term in the energy equation, and in the phase change region
Se = — pohy/ot, the energy equation can be expressed as:
H .

Poge = Apdiv (grad T) (2)
Where the subscript p refers to the PCM; H consists of the sensible
enthalpy hs and the latent enthalpy h.

up order. The primary distinction among the six room geometry models H=hs+h 3
lies in their respective heating and thermal storage methods. ‘Full
Table 1
Six types of PCF rooms.
Room FPFR-ful FPFR-cas FPFR-par LPFR-ful LPFR-cas LPFR-par
Heating method (Power/ full (3.48) full (3.48) full (3.48) local (2.50) local (2.50) local (2.50)
kw)
Heat storage method full cascade (PCM30 & partial (PCM30 & non- full cascade (PCM30 & partial (PCM30 & non-
(PCMs) (PCM30) PCM24) PCM) (PCM30) PCM24) PCM)
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0, T<T,
T-Ts
f = , To<T<T 6
Py T | (6)
1, T'<T

Where h, is the reference enthalpy, kJ/kg; T, is the reference tem-
perature, °C;  is the liquid fraction; h is the latent heat, kJ/kg; Ts and T;
are the solid and liquid phase temperatures, °C.

Continuity equation:
ou ov ow

Momentum equation:
oV .
P\ o + (V-grad)V | = pdiv (grad V) —grad P+ S, 8)

Where V is the velocity vector, m/s; u, v, and w are the velocity com-
ponents in the x, y, and z directions, m/s; y is the dynamic viscosity, Pa-s;
P is the pressure, Pa. The source term (Sy,) in the momentum equation is:

1-p? -
S :Eﬁ:;f/j;)Amush(V - vp) ©

Where q is a very small constant preventing division by 0; Apysh is the
mushy zone constant, taking the default value of 10°.
The boundary and initial conditions as follows [10,11]:
Perimeter and bottom surfaces of the PCF:
oT oT dT
=== 1
ox dy o0z 0 (10)
The PCM surface inside the PCF is the coupled boundary with
continuous temperature and heat flux:

T(xy,z,t) }1 = T(xy.z,t) |2 (1 1)
oT
715)1 =h(T-Ty)|, 12)

Upper surface of the PCF:

2 h(T- T +eo(T - T) 13

0z v
Exterior wall surfaces of the room:

T=-9C 14
initial moment:

Tieyze=0) = 18°C (15)

Where h, is the convection heat transfer coefficient, W/m2K; ¢ is the
emissivity; o is the black-body radiation constant, W/m2~K4; T, T, and
T, are the fluid, indoor air and unheated surface average temperature,
K, respectively.

Two PCMs with different phase transition temperatures were used in
the study. The phase transition temperatures of PCM30 and PCM24 were
28-30 °C and 22-24 °C, respectively. Other thermophysical parameters
of marble and PCMs are shown in Table 2. Additional material param-
eters for the walls and other components can be found in the literature
[38]. The differences in thermal storage led to variations in the amounts

Table 2

Thermophysical properties of materials.
Materials Ty (°C) h (kJ/kg) p (kg/m®) ¢ (kJ/kg-°C) A (W/m-°C)
PCM30 [35] 28-30 150 810 2.14 0.21
PCM24 [36] 22-24 150 880 2 0.2
marble [37] - - 2800 1 3.5

Journal of Energy Storage 121 (2025) 116520

of PCMs used in the room. The amount of PCM30 at full thermal storage
was 256.61 kg. The amounts of PCM30 and PCM24 at cascade thermal
storage were 183.71 kg and 79.2 kg, respectively. The 183.71 kg of
PCM30 was allocated for partial thermal storage. The initial room
temperature was set to 18°C. The outer wall surface temperature was set
to —9°C [39]. The study simulated one complete heating and cooling
cycle for each room. During the heating process, the average indoor
temperature increased from 18to 24 °C. Then, the heating was stopped,
and the cooling process began. It was over when the average indoor
temperature returned to 18 °C.

2.3. Model validation

To verify the accuracy of the simulation results, this study conducted
a comparative analysis of the experimental and simulated data. A small-
size experimental test platform was constructed, as shown in Fig. 3.
Heating and cooling tests were performed for both full heating (where
9PCF modules were heated) and local cross-heating (where 5 PCF
modules were heated) by adjusting the number of activated electric
heating films in the PCF experimental box. The air temperature was
monitored at a vertical distance of 200 mm from the floor surface. The
accuracy of the temperature sensor (Probe 485 type) [40] used was
+0.3 °C, with an applicable range of —40 to 80 °C. Both the full and local
heating experiments were conducted six times, and the average tem-
peratures were recorded as experimental data. Meanwhile, the same PCF
box simulation platform was constructed, and the temperature varia-
tions during the heating and cooling processes at the same location
under identical heating conditions were recorded as simulation data.

From Fig. 4, it is evident that the temperature variation trend over
time is consistent between the experimental data and the simulated data
during the heating and cooling processes. Although a slight discrepancy
exists between the two data sets due to factors such as inconsistencies in
the initial temperature of the box and variable outside temperatures
during the actual test, the maximum temperature deviation does not
exceed 0.6 °C, and the maximum absolute error is only 2.25 %. Mean-
while, the root mean square error (RMSE), mean absolute error (MAE),
and mean absolute percentage error (MAPE) calculated from Egs. (16)~
(18) [41] are 0.27 °C, 0.23 °C, and 0.97 %, respectively, during full
heating. For local heating, these values are 0.13 °C, 0.1 °C, and 0.45 %,
respectively. This demonstrates the accuracy and feasibility of analyzing
the heating and cooling processes of PCFs using simulation methods.
Furthermore, to ensure the accuracy of the simulation results while

Full heating

28 - —=— Experimental data —e— Simulation data

I Absolute error
26 -
24

2.25%
1.93%

O 18 1.01%
0.8%

B 0.52% y 069% 0.54%
5 16
2
,.‘E
2. 28  —=— Experimental data —e— Simulation data Local heating
E 2% L I Absolute error

24+

22

20

1.21%
18 S 0.96%

0.3% .17940.28% 104 0.11%

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Time/h

Fig. 4. Experimental validation.
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saving computational power and time, a mesh number of 1.6 x 10®and a
time step of 10 s were selected for the study. This decision is based on the
observation that the effect of changes in mesh number on temperature
clearly diminishes when the mesh number exceeds 1.6 x 10°, as illus-
trated in Fig. 5. Additionally, as the time step increases from 1 s to 20 s,
the temperature variations remain minimal. Notably, when the time step
is less than 10 s, the simulation results are essentially unaffected by
changes in the time step.

(16)

7)

Xi —Yi

x 100% 1s)

Yi

Where N is the number; x; and y; are the simulated and experimental
values at moment i, respectively, °C.

2.4. Evaluation indicators

The study comparatively analyzes the variation trends of the average
indoor temperature, floor surface temperature, and PCM liquid fraction
in each room throughout a heating and cooling cycle. Additionally, the
indoor thermal comfort, energy savings, and economic performance of
PCF heating rooms are evaluated using the following indicators.

(1) Heating and cooling time (At and At.)

Heating time is defined as the duration required to raise the average
indoor temperature from 18 to 24 °C. This period corresponds to the
time during which the electric heating film remains activated within the
heating and cooling cycle.

Cooling time refers to the duration taken after the electric heating
film is turned off until the average room temperature is reduced back to
18 °C.

(2) Thermal comfort duration time (At,q) and its increase factor (f;)

[42]
2% Time step 10s:
—=— Mesh number: 0.89x10°
—&— Mesh number: 1.05x10°
23 | —A—Mesh number: 1.60x10°
—¥— Mesh number: 2.32x10°
—&—Mesh number: 3.33x10° o ___
Q 2 Mesh number: 1.60x10°:
o —<4—Timestep 1 s
L) 21 b —>—Time step 5 s
2 —&— Time step 10's
s —&—Time step 155
4 —— Time step 20 s
220 | P
e
o
=
19
18
17 20 5 3.0
1 1 1 1 1 1 1 1 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3:5 4.0
Time/h

Fig. 5. Independence test.
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Thermal comfort duration represents the time during which the
average indoor temperature can be maintained within the thermal
comfort range (18-24 °C [43]) throughout a heating and cooling cycle.
It consists of the thermal comfort duration during the heating process
(Ateqn) and the cooling process (Atiqc). Since the average indoor
temperature may be lower than 18 °C at the beginning of the heating
process, Atiqn does not equal At,. Furthermore, the average indoor
temperature may exceed 24 °C after the electric heating film is turned
off, resulting in At,.q. being less than At..

The increase factor (f;) is the ratio of the thermal comfort duration in
the PCF room to that in the reference room, where heating relies solely
on the stored heat of the floor after the electric heating film has been
switched off (cooling process).

ft = Attcd,c,ref/Attcd.c (19)

Where Aticqcref is the thermal comfort duration of the reference room
during cooling, h.

(3) Relative stable temperature (T}, ) and stable duration time (At;s)

In a PCF heating room, there exists a time range where the average
indoor temperature varies minimally. This range reflects indoor thermal
comfort to some extent. Therefore, this study introduces two indicators
to evaluate it in terms of both temperature and duration. The relative
stable temperature (Ti;) and stable duration time (At ) represent the
relative average temperature at which the stability condition (Egs. (21)
and (22)) is met and the duration for which it can be sustained. This
paper assumes that the temperature remains stable if it does not change
by more than 0.01 °C/min.

1 N
Ttsr = N Z Ttsr,i (20)
i=1
|Ttsr‘i+1 - Ttxrj| S a(Tend - Tiniral) (21)
Tinital < Tctr‘i < Tend (22)

Where T ; and Ty ;41 are the temperatures at the moments i and i + 1
that satisfy the temperature stabilization condition, °C, respectively; a is
the thermostatic coefficient, set at 5 %; Tipita and Tenq are the temper-
atures at the beginning (18 °C) and end (24 °C) of the heating process,
°C, respectively.

(4) Thermal storage capacity (Qs) [44]

The thermal storage capacity of the PCF comprises both the sensible
(Qys) and latent (Qy;) thermal storage capacities of the PCM.

Qs = Qus + Qus = ;M AT, + myh (23)

Where my, is the mass of PCM, kg/m?; AT, is the temperature change of
PCM during the heating process, °C.

(5) Average daily electric consumption (Qgg) and Energy saving rate

() [°]

Based on the average daily electricity cost [33], the average daily
electric consumption (Qgq) of a room with PCF can be expressed as:

aP, At

Qua = Aty + At

(24

Where Py, is the electric heating film power, kW; a is the conversion
factor between day and hour, 24 h/day.

The energy saving rate () is the ratio of the energy saved in the PCF
room compared to the reference room relative to the energy consump-
tion of the reference room.
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_ Quarer — Qua

25
QEd.ref ( )

n

Where Qgqy.r is the average daily electric consumption of the reference
room, kWh/day.

(6) Average daily operating cost (C4) [33] and simple payback period
(SSP) [19]

The average daily operating cost (C;) considers the differences in
electricity prices during peak and valley periods. According to the peak
and valley electric power tariff policy [45,46], the peak, level and valley
periods span 8 h each day, with tariffs of 1.03 ¥/kWh, 0.71 ¥/kWh and
0.39 ¥/kWh, respectively.

_ aPthzl GiAty,

Cyq= 26
d Aty + At, (26)

where C; and Aty represent the electricity price, ¥/kWh, and the heating
time, h, for period j, respectively; j = 1,2,3 refer to the peak, level, and
valley periods, respectively.

The simple payback period (SSP) indicates the time required to
recover the additional cost of the PCF room compared to the reference
room.

SSP = L 27)
D(Cyyet — Cq)
ACinv = Qpcp (28)

where ACy,, is the investment cost of the PCF room over the reference
room, ¥, primarily reflecting the increased PCM cost. Q, is the amount of
PCM used, kg; C, is the price of PCM, ¥/kg, assuming the price for both
PCM30 and PCM24 is 50 ¥/kg [35]; D is the number of heating days,
day, 125 days [39] in this study; and Cg_.r is the average daily operating
cost of the reference room, ¥/day.

3. Results and discussion
3.1. Thermal comfort analysis
3.1.1. Average indoor temperature

During a heating and cooling cycle, the average indoor temperature
first rises and then falls over time, as shown in Fig. 6. When the full

26 | —a— FCFR —e— FPFR-ful

25 | —&— FPFR-cas
—v— FPFR-par

24

23 -

[
5]
T

Temperature/°C
N
T

O =

19

18 |-
118h 4.15h

17 F 5.97h 18.68 h

16 6h 15.87 h
2.83h 9.09

15

0 2 4 6 8 10 12 14 16 18 20 22 24 26
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heating method is employed, Fig. 6(a) demonstrates that different
thermal storage methods significantly affect indoor temperature varia-
tions. Compared to FPFR-ful, FPFR-cas, which uses cascade thermal
storage, notably reduces the indoor temperature during both heating
and cooling. At the same time, the average indoor temperature is
reduced by up to about 2.7 °C. Although the heating time is roughly the
same for both methods (around 6 h), FPFR-ful has a cooling time
approximately 2.81 h longer than FPFR-cas. This indicates that, under
identical operating conditions as the electric heating film, the thermal
storage method of FPFR-ful results in higher room temperatures and a
longer duration of room heating. Additionally, compared to FPFR-ful
and FPFR-cas, the heating and cooling times for FPFR-par are rela-
tively shorter, at 2.83 h and 9.09 h, respectively. The operating time of
its electric heating film is about 1.65 h longer than that of FCFR, which
does not include PCM. The cooling time for FPFR-par is about 4.94 h
longer than that of FCFR due to its thermal storage ability. This suggests
that introducing PCM as a thermal storage medium in the full heating
method generally prolongs both heating and cooling times. Moreover,
the cooling times across methods—no thermal storage, partial thermal
storage, cascade thermal storage, and full thermal stor-
age—progressively increase.

Under the local heating method, the average indoor temperatures in
rooms with full, cascade, and partial thermal storage show minimal
differences, as depicted in Fig. 6(b). Additionally, the heating and
cooling times show less variation between these methods. Specifically,
the difference between the average indoor temperatures of LPFR-ful and
LPFR-cas is less than 0.2 °C. The LPFR-par’s indoor temperature is
slightly lower than the other two, but the maximum temperature dif-
ference is only around 0.8 °C. Furthermore, all three methods have
similar heating times (around 7.6 h) and cooling times (around 14.8 h),
with differences not exceeding 0.5 h. Compared to LCFR, they increase
the heating time by about 6 h and the cooling time by about 11 h. This
indicates that, under the local heating method, the thermal storage
method has a less significant impact on temperature variation, as well as
on the heating and cooling times. The introduction of PCM likewise
increases the heating and cooling times.

However, as shown in Fig. 6, different heating methods can sub-
stantially influence the heating and cooling processes of a room when
the thermal storage methods remain the same. With full thermal storage,
FPFR-ful has a shorter heating time and a longer cooling time compared
to LPFR-ful. A similar trend is observed with cascade thermal storage,
albeit to a lesser extent. Compared to LPFR-cas, the heating time of
FPFR-cas is reduced by approximately 1.88 h, while the cooling time is
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Fig. 6. Variation of average indoor temperature over time.
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extended by 1.18 h. Additionally, with partial thermal storage, the
heating time remains shorter with full heating, and the cooling time is
considerably lower than that of local heating. This is mainly because the
short heating time of FPFR-par does not allow the PCM to fully melt and
store heat, and there is not enough heat to be released during cooling, so
its cooling time is shorter. LPFR-par has a longer heating time, which
allows the PCM to melt more fully, and more heat is released during
cooling, so its cooling time is longer. LPFR-par has about 5.8 h more
cooling time than FPFR-par.

3.1.2. Thermal comfort duration and room temperature stable range

Fig. 7 illustrates the thermal comfort duration and its increase factor
for a room with PCF. As depicted in the figure, the cooling process allows
the room to maintain a thermally comfortable temperature for a
significantly longer period, approximately twice as long as during the
heating process. Throughout both heating and cooling processes, FPFR-
par exhibits the shortest thermal comfort duration, with values of Aty.q
and Atiq being only 2.83 h and 8.83 h, respectively. Although LPFR-cas
has the highest Ati.qp value, its Atiq . does not exceed 13.8 h. During the
cooling process, FPFR-ful achieves the longest duration of thermal
comfort at 17.44 h and also has the highest total thermal comfort
duration, exceeding 23 h. The total thermal comfort duration in all other
rooms (except FPFR-ful and FPFR-par) is around 20 h. Moreover,
although the cooling time of FCFR is longer than that of LCFR, the
average indoor temperature of FCFR is above 24 °C for a longer period,
which leads to essentially the same Atq . values for both. Using FCFR as
the reference room, the thermal comfort duration increase factor ex-
ceeds 2.5 for each room with PCF. This indicates that PCF rooms can
sustain temperatures between 18 °C and 24 °C for a longer duration after
the electric heating film is turned off. All rooms, except FPFR-par, have f;
values above 4. The f; value for FPFR-ful is even higher at 5.40.

Considering the existence of room temperature stable ranges in PCF
heating rooms, the study presents Fig. 8, which shows the relative stable
temperatures and durations for each room. As indicated in the figure, the
relative stable temperatures are predominantly within the range of 20.5
to 21.5 °C, with their Ty values slightly lower than the Ty}, values.
Due to the increased use of PCM30 in FPFR-ful and its higher phase
transition temperature compared to PCM24, both Ty, and Tisr values
for FPFR-ful are relatively high, reaching 23.19 °C and 22.01 °C,
respectively. Compared to LPFR-ful, FPFR-ful can increase the T, value
by more than 1 °C. Additionally, the value of Aty is greater during
cooling than heating in each room. This is attributed to the thermal
inertia of the PCM, with room heating during the cooling process relying
mainly on the release of latent heat from the PCM. Their Aty values do
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Fig. 7. Thermal comfort duration and its increase factor.
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not exceed 3.5 h for heating and do not fall below 10.5 h for cooling.
FPFR-ful can maintain a steady temperature for the longest duration.
Moreover, the room temperature stable ranges for FPFR-cas and FPFR-
par exist only during cooling. When heating, the room temperature
stable ranges do not exist for both due to their higher heating power,
lower PCM phase transition temperatures, and less PCM usage, which
leads to a faster increase in room temperature.

3.1.3. Floor surface temperature

Fig. 9 illustrates the temperature distribution on the floor surface at
the end of the heating process. As depicted in the figure, the distribution
of floor surface temperatures under different thermal storage methods
exhibits significant variations when fully heated. Specifically, the floor
surface temperature of FPFT-ful is roughly maintained at 30 to 32 °C,
with a minimal temperature difference across its surface. In contrast, the
temperature distributions in FPFR-cas and FPFR-par clearly indicate a
trend where the floor surface temperature above the PCM24 position
(and areas without PCM) is higher than in other regions. This is attrib-
uted to the lower melting point of PCM24 used in certain areas of FPFR-
cas, allowing it to initiate the phase change more rapidly and melt
completely. By the end of the heating process, PCM24 has been under-
going sensible thermal storage for some time, leading to an accelerated
temperature rise. The temperature of PCM24 significantly exceeds that
of PCM30, which is still undergoing phase change at the phase transition
temperature, resulting in a higher floor surface temperature above it.
Furthermore, some regions in FPFR-par are not filled with PCM, lacking
latent thermal storage ability. The electric heating film transfers heat
directly through the air to the floor surface, resulting in a higher floor
surface temperature in this region, with a maximum value exceeding
38 °C. Compared to FPFR-cas, FPFR-par displays a higher maximum
floor surface temperature and a lower minimum temperature, with a
maximum temperature difference of about 13 °C.

For the local heating method, the floor surface temperature distri-
bution across all three thermal storage methods is higher in the heating
zone and lower in the non-heating zone. Moreover, the temperature
distributions in LPFR-ful and LPFR-par are remarkably similar, with
their highest and lowest temperatures recorded at 37.5 °C and 23.5 °C,
respectively. In contrast, the temperature difference on the floor surface
of LPFR-cas is relatively larger, reaching a maximum temperature dif-
ference of 16 °C. Additionally, different heating methods can lead to
varied floor surface temperature distributions when employing the same
thermal storage method. It is evident that the temperature difference on
the floor surface is generally greater with local heating. When a full
thermal storage method is employed, the maximum temperature dif-
ference on the floor surface can reach up to 14 °C for LPFR-ful, whereas
for FPFR-ful, it does not exceed 6 °C. Meanwhile, the temperature
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Fig. 9. Temperature distribution on the floor surface at the end of the heating process (heating time).

difference for LPFR-cas is approximately 6 °C higher compared to FPFR-
cas when utilizing the cascade thermal storage method. However, the
temperature difference between LPFR-par and FPFR-par, both utilizing
partial thermal storage, is essentially the same. Thus, regardless of the
thermal storage method employed, the issue of localized overheating on
the floor surface with local heating becomes more pronounced by the
end of the heating process.

Based on the temperature distribution of the floor surface presented
in Fig. 9, three temperature measurement points—floorl (x = 2250 mm,
y = 1650 mm), floor2 (x = 3150 mm, y = 1650 mm), and floor3 (x =
4650 mm, y = 1650 mm)—located on the floor surface, as shown in
Fig. 9(b), were selected for the study. A dimensionless time t* [471,
defined as the ratio of any moment to the total heating and cooling cycle
time, was used to facilitate the comparative analysis of the temperature
variation over time on the floor surface in each room (Fig. 10). To meet
thermal comfort requirements, the floor surface temperature should
typically remain above 25 °C and not exceed 29 °C for individuals
staying for long periods or 32 °C for short periods [48]. As illustrated in
Fig. 10(a), during full heating, the floor surface temperature of FPFR-ful
remains consistent throughout the heating and cooling processes,
maintaining thermal comfort for an extended period. While in FPFR-cas,
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the floorl point, located above PCM24, is affected by the low phase
transition temperature, which is significantly lower and cannot reach
25 °C for a long time. In addition, since there is no latent thermal storage
in FPFR-par, the temperature at the floor1 point rises rapidly during the
heating process, exceeding 32 °C. Its temperature decreases sharply
during the cooling process. In contrast, the trend of the floor surface
temperature over time remains largely consistent across the three
thermal storage methods in the local heating method, as shown in
Fig. 10(b). Since floorl is positioned above the non-heating zone, its
temperature remains low throughout both the heating and cooling
processes. Meanwhile, the temperatures at the floor2 and floor3 points
are largely maintained between 25 °C and 30 °C. Additionally, floor2,
which is located in an unheated area on the perimeter, is generally
cooler than floor3. Although the variations in floor surface temperatures
differ across the various thermal storage methods in Fig. 10(a), they
converge in Fig. 10(b). This indicates that the heating method has a
more significant impact on the floor surface temperature than the
thermal storage method.
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Fig. 10. Variation of floor surface temperature over time.
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3.2. Energy saving and economic analysis

3.2.1. PCM liquid fraction and thermal storage capacity

Fig. 11 illustrates the variation in the average liquid fraction over
time for different PCMs across various rooms. The figure clearly shows
that, under full heating conditions, both PCM30 and PCM24 can be
completely melted in all thermal storage methods except FPFR-par,
where their liquid fraction reaches 1. In FPFR-par, there are regions
where PCM is not incorporated, causing the electric heating film in these
areas to transfer heat directly through the air to the floor surface. This
heat subsequently warms the room, resulting in a rapid increase in the
average indoor temperature (Fig. 6(a)). Consequently, this configuration
leads to a shorter heating time for FPFR-par. However, this brief heating
period prevents the complete melting of PCM30 in FPFR-par, resulting in
its liquid fraction not reaching 0.5, as shown in Fig. 11(a). Additionally,
while the PCM in FPFR-ful and FPFR-cas melts effectively, PCM24 (in
FPFR-cas) exhibits poor solidification during the cooling process. This is
primarily due to PCM24’s low phase transition temperature, which
makes it challenging to lower its temperature to the solidification point
during cooling. By the end of the cooling process, the liquid fraction of
PCM24 remains at 0.8. In contrast, PCM30, having a higher phase
transition temperature, begins to solidify more quickly. Consequently,
its liquid fraction can be reduced to 0 in both FPFR-ful and FPFR-cas,
indicating complete solidification.

Unlike full heating, the phase change of the PCM inside the LPFR-par
is more effective than that in the other two thermal storage methods
during local heating, as shown in Fig. 11(b). PCM30 (LPFR-par) is fully
utilized, melting and solidifying completely by the end of the heating
and cooling processes. In contrast, the liquid fraction of PCM30 within
LPFR-ful is only 0.7 at the end of heating, indicating that part of the PCM
is not completely melted and that the added PCM30 is insufficiently
utilized. In LPFR-cas, the two added PCMs also exhibit significant dif-
ferences in the degree of phase change during heating and cooling. Since
PCM30 is located above the heating zone, it begins to melt before
PCM24, despite having a higher phase transition temperature.
Furthermore, because the temperature of PCM30 is higher than that of
PCM24, it transfers some of its heat to PCM24, causing PCM24 to
continue melting for some time even after heating has ended. Moreover,
due to the influence of low-temperature PCM24, even though the posi-
tion and amount of PCM30 in LPFR-cas and LPFR-par are the same, the
melting effect of PCM30 in LPFR-cas is slightly inferior to that in LPFR-
par. Additionally, an analysis of the different heating methods shows
that when full thermal storage is employed, since some electric heating
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films are not turned on during local heating and the thermal conduc-
tivity of PCM is low, the PCM above the non-heating zone is difficult to
sufficiently heat to fully melt under the same heating time. This results
in the melting effect of PCM30 during local heating being significantly
inferior to that during full heating. In the case of cascade thermal stor-
age, regardless of the heating method used, the melting of PCM30 in the
floor is more effective, while PCM24 suffers from incomplete solidifi-
cation. In the partial thermal storage method, the phase change situation
of PCM30 during local heating is considerably better than during full
heating.

Fig. 12 summarizes the sensible thermal storage capacity (Qs),
latent thermal storage capacity (Qys), and total thermal storage capacity
(Qus) for the PCF room. As shown in the figure, PCF thermal storage is
predominantly influenced by latent thermal storage, with the proportion
of latent thermal storage in each room exceeding 75 % of the total
thermal storage. Changes in thermal storage capacity primarily reflect
increases or decreases in latent thermal storage, while variations in
sensible thermal storage capacity do not exceed 5 MJ. In the full heating
method, the PCMs in both FPFR-ful and FPFR-cas can be completely
melted, allowing them to store a relatively large amount of
heat—approximately 48 MJ. In contrast, FPFR-par, where the PCM is
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Fig. 12. Thermal storage capacity of PCF rooms.
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Fig. 11. Variation of PCM liquid fraction over time.
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not fully melted, stores significantly less heat than the other two
methods. This results in insufficient thermal energy to heat the room
during the cooling process, leading to an extremely short cooling time,
as previously described. For local heating, among the three thermal
storage methods, the cascade thermal storage method exhibits the
highest stored heat. Compared to LPFR-ful and LPFR-par, the thermal
storage capacity of LPFR-cas increased by approximately 7.5 % and 9.8
%, respectively. This is primarily because PCM24, located above the
non-heating zone in LPFR-cas, contributes to a certain amount of latent
thermal storage. LPFR-cas can store about 3 MJ more latent thermal
capacity. The thermal energy storage potential of LPFR-ful and LPFR-par
is essentially equivalent, with a difference of no more than 0.8 MJ.
Additionally, the amount of thermal energy stored when fully heated is
generally higher than when locally heated for rooms with full and
cascade thermal storage. Conversely, when employing the partial ther-
mal storage method, the heat stored in a room with full heating is
significantly lower than that achieved with local heating, with LPFR-par
exhibiting approximately double the thermal storage capacity compared
to FPFR-par.

3.2.2. Average daily electric consumption and energy saving rate

Fig. 13 shows the average daily electric consumption and energy
saving rate for each room. As shown in the figure, the Qg4 values for all
rooms, except FPFR-cas, are essentially equal, at approximately 20
kWh/day. This is primarily because the Qg4 value of the room depends
on the amount of heating power and the durations of heating and
cooling times. Under full heating conditions, although the cooling time
for FPFR-par is significantly shorter than that for FPFR-ful, its heating
time is also relatively short; thus, the operating time of the electric
heating film is reduced. Consequently, the Qg4 values for both rooms are
essentially equal, with the Qg4 value for FPFR-ful being slightly higher
than that for FPFR-par by about 0.4 kWh/day. Additionally, since the
heating and cooling times of the three thermal storage methods are
similar for local heating, the differences in their Qg4 values are minimal,
not exceeding 1 kWh/day. However, FPFR-cas exhibits a notably shorter
cooling time compared to FPFR-ful, despite both having the same
heating time, resulting in a higher Qg value of 22.95 kWh/day.
Furthermore, while LPFR-ful and LPFR-par require longer heating times
and shorter cooling times under local heating compared to full heating,
their Qgq values do not differ significantly because the heating power of
both is only 72 % of that during full heating. Conversely, for the cascade
thermal storage method, transitioning from full heating to local heating
leads to a relatively large variation in the Qg4 value, decreasing by about
8.9 %. Using FPFR-ful as a reference room, the energy saving rates for
FPFR-par, LPFR-ful, and LPFR-par are higher than that of FPFR-ful. The
energy saving rates of the three rooms are 2 %, 1.6 %, and 1.8 %,
respectively. This indicates that they can achieve further energy savings
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Fig. 13. Average daily electric consumption and energy saving rate.
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beyond those of traditional PCFs with full heating and full thermal
storage.

3.2.3. Average daily operating cost and simple payback period

From the analyses above, it is evident that the heating time for all
rooms utilizing PCF heating is less than 8 h. Consequently, the study set
the heating process of the PCF rooms to operate entirely during the
valley electricity period, while the reference room (FCFR) operates
during the peak electricity period. Compared to the FCFR, the additional
investment for each PCF room primarily involves the increased cost of
PCMs. The increased PCM costs are 12.83 x 10° ¥, 13.15 x 10° ¥ and
9.19 x 10° ¥ for full, cascade, and partial thermal storage, respectively.
This results in the average daily operating costs and simple payback
periods for each room, as shown in Fig. 14. Since the electric heating
film in each PCF room operates at an electricity price of 0.39 ¥/kWh, the
variations of the average daily operating costs in the rooms with
different heating and thermal storage methods mirror the variations of
the average daily electric consumption. Among these, FPFR-cas has the
highest C; value, exceeding 9 ¥/day, while FPFR-par has the lowest Cy4
value, which is 1.21 ¥/day lower than that of FPFR-cas. The C, values for
the other rooms are approximately 8 ¥/day. FCFR has a C, value of about
36.34 ¥/day. Additionally, the differing investment costs lead to varia-
tions in the simple payback periods across the rooms. Regardless of
whether full or local heating is applied, rooms utilizing cascade thermal
storage incur the highest incremental costs and average daily operating
costs, resulting in the longest payback period of over 9.5 years. For the
other two types of thermal storage, although the C, values for the partial
and full thermal storage rooms are generally equal, partial thermal
storage requires less PCM and incurs a lower incremental cost, resulting
in a shorter payback period. Rooms with partial thermal storage can
generally achieve cost recovery within 6.5 years.

4. Conclusion

In this study, several PCF heated rooms with different heating
methods and thermal storage schemes were simulated and analyzed. By
comparing the heating and cooling processes of each room utilizing full,
cascade, and partial thermal storage for both full and local heating
methods, the study investigated the variation of average indoor tem-
perature, floor surface temperature, and PCM liquid fraction over time
in each room. Additionally, the thermal comfort, energy savings, and
economic viability of the rooms were evaluated using indicators such as
thermal comfort duration, energy saving rate, simple payback period,
and so on. The conclusions drawn are as follows:
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Fig. 14. Average daily operating cost and simple payback period.
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(1) When a full heating method is employed, different thermal stor-
age methods significantly affect the thermal comfort, energy
saving, and economic viability of PCF heating rooms. Full ther-
mal storage (FPFR-ful), cascade thermal storage (FPFR-cas), and
partial thermal storage (FPFR-par) rooms exhibit progressively
decreasing levels of indoor thermal comfort. FPFR-ful has the
longest cooling time, with f; value up to 5.40, and the higher
indoor temperature, with T, value over 22 °C. Localized over-
heating of the floor surface is observed in both FPFR-cas and
FPFR-par, with the issue being more pronounced in FPFR-par.
Furthermore, when compared to FPFR-ful, FPFR-cas demon-
strates inferior energy efficiency and economic performance,
whereas FPFR-par performs better. PCM24 in FPFR-cas suffers
from incomplete solidification. FPFR-cas has the longest SSP of
10.39 years. FPFR-par can save up to 2 % more energy and its SSP
can be reduced by more than 4 years compared to the traditional
PCFs employing full heating and thermal storage.

When a local heating method is utilized, changes in the thermal
storage method primarily impact the energy savings and eco-
nomic viability of the PCF heated room. The indoor thermal
comfort of rooms with full thermal storage (LPFR-ful) and partial
thermal storage (LPFR-par) is essentially the same, while it is
slightly diminished in rooms with cascade thermal storage (LPFR-
cas). The heating and cooling times are comparable across all
three thermal storage methods, with their f; values differing by no
more than 0.1. Furthermore, LPFR-ful and LPFR-par demonstrate
better energy savings and economic performance compared to
LPFR-cas, with LPFR-par showing superior economic viability.
Although LPFR-cas has a slightly higher thermal storage capacity
of 3 MJ than the other rooms, the PCM24 within it melts and
solidifies poorly. The Qgq values for LPFR-ful and LPFR-par are
essentially equal, at approximately 19.9 kWh/day. Compared to
FPFR-ful, both rooms can achieve 7 values of more than 1.5 %.
However, while both have C; values of approximately 7.8 ¥/day,
LPFR-par features a significantly lower SSP of 6.49 years.

When the thermal storage method remains constant, variations in
the heating method can also affect the heating performance of the
PCF room. With full thermal storage, the indoor thermal comfort
is enhanced under full heating compared to local heating,
although the energy savings and economic viability may be
slightly reduced. Compared to LPFR-ful, the T, value of FPFR-ful
can be increased by more than 1 °C and there is no localized
overheating problem, but its # value is slightly lower and the SSP
is slightly longer. With cascade thermal storage, the local heating
method primarily enhances the room’s energy savings and eco-
nomic viability. Compared to FPFR-cas, LPFR-cas shows an in-
crease in the 7 value of about 10 % and a reduction in the SSP.
With partial thermal storage, the indoor thermal comfort in
locally heated rooms is improved, while the energy savings and
economic viability remain relatively unchanged. Compared to
FPFR-par, LPFR-par has a higher f; value of about 1.45 and its
PCM can be fully utilized with an increase in thermal storage
capacity of almost 18 MJ.

(2)
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