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A B S T R A C T

To promote the application of phase change floors (PCFs) in buildings, the study designs various
local heating methods based on modular PCFs. The accuracy of the simulation results is verified
by comparing them with the experimental data. The effects of different heating powers, heating
positions, and surface materials on thermal comfort, energy efficiency, and operating cost of PCFs
are then investigated. The results show that as the heating power rises, the indoor thermal
comfort duration time increases. The maximum floor surface temperature is reduced by
approximately 14 ◦C by raising the heating power from 28.4 % to 86.4 %, which effectively al-
leviates the local overheating issue. However, there is an optimum value for the heating power. In
this study, the average daily electricity consumption (QE,d) and cost (Cd) of the PCF are lowest
when the heating power is 71.6 %. When changing the heating position, a uniform distribution of
the heating zone is a more favorable method. Although its QE,d and Cd values are slightly higher, it
has better thermal comfort. Furthermore, marble PCF demonstrates superior performance
compared to wood PCF. Despite the uniform distribution of heating zones, the average indoor
temperature of the PCF heating room with a wood floor fails to reach 18 ◦C for a longer time.
Additionally, the QE,d and Cd values are high, exceeding 23 kWh/day and 9 ¥/day, respectively.
Determining suitable local heating conditions can provide a reference for practical engineering
design and further improve the heating performance of PCFs.

Nomenclature

Abbreviations

PCMs phase change materials HR heat release
PCT phase change temperature HST heat storage time
PCF phase change floor HRT heat release time
PCFR phase change floor room SHS sensible heat storage
PMFR phase change marble floor room LHS latent heat storage
PWFR phase change wood floor room THS total heat storage
per periphery RMSE root mean square deviation
cen central MAE mean absolute error
uni uniform MAPE mean absolute percentage error
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(continued )

Abbreviations

HS heat storage  
Symbols
c specific heat capacity, kJ/kg⋅◦C E energy saving rate
h latent heat, kJ/kg H enthalpy, kJ/kg
m mass, kg N, M number
x simulation value, ◦C T temperature, ◦C or K
y experimental value, ◦C ΔT difference in temperature, ◦C
α constant temperature coefficient σb black-body radiation constant, W/m2⋅K4

β liquid fraction Cd average daily electricity cost, ¥/day
λ thermal conductivity, W/m⋅◦C Ph heating power, kW
σ stability coefficient Ppower percentage of heating power
ρ density, kg/m3 QE electric consumption, kWh
ε emissivity Tf fluid temperature, K
Δt duration time, h QPFs heat storage capacity, kJ
C electricity price, ¥/kWh t* dimensionless time
ft increase factor of the thermal comfort duration time
hc convection heat transfer coefficient, W/m2⋅K
Tw unheated surface average temperature, K
r conversion factors between hours and days, h/day
Subscript
a air out outdoor
d day va valley
f floor ref refer
i, j number of stages com comfort
p phase change material tcd thermal comfort duration
s storage tsr temperature stable range
r release end end heat storage moment
pe peak initial initial heat storage moment
sur surface  

1. Introduction

With energy and climate issues becoming increasingly prominent, cleaner and low-carbon production and living styles are
receiving increasing attention. The global effort to conserve energy and reduce emissions is yielding results, as evidenced by the
deceleration in primary energy demand growth in 2022 compared to the previous year [1] and the comparatively modest increase in
carbon emissions in 2023 compared to 2022, showing a reduction of approximately 490 million tons [2]. However, environmental
problems remain severe, with current energy consumption still dominated by fossil energy (about 79.7 % [3]) and CO2 emissions
reaching a record high (37.4 billion tons [2]). Of these, the building sector accounts for a large share of the energy consumed and
carbon emissions generated, with nearly half of its energy used for heating buildings and generating more than 80 % of the direct CO2
emissions in the building sector [4]. As the building sector expands and heating areas continue to grow, carbon reduction in building
heating has significant potential and urgency.

The replacement of fossil fuels by renewable energy sources for heating has become a common strategy for reducing emissions in
buildings and has achieved significant results. However, these non-polluting energy sources also suffer from a significant mismatch
between heat supply and demand in their application. To address this problem, various types of energy storage technologies have been
introduced and developed. Among them, latent heat storage is a prevalent technology employed in building envelopes with the
objective of mitigating energy consumption and maintaining thermal comfort. This is achieved by utilizing the property of phase
change materials (PCMs) that store a sizeable quantity of latent heat at a nearly constant temperature during the phase change. Ex-
amples of such applications include phase change walls [5] and phase change floors (PCFs) [6].

Among the many heating methods, radiant floor heating offers better thermal comfort. The PCF introduces PCMs to the common
floor, which expands its thermal storage capacity and further improves indoor thermal comfort [7]. Current research on PCFs focuses
on four aspects: materials, structures, operating conditions, and control strategies. In terms of materials, most of the PCMs in PCFs are
paraffinic organic materials [8], and some scholars have used inorganic hydration salts, such as CaCl2⋅6H2O [9]. Thermophysical
properties, such as phase change temperature (PCT), thermal conductivity, and latent heat, are the focus of materials research. The
optimal selection of the PCT depends on the prevailing heating conditions. Sun et al. [10] showed that in the PCT range of 17–31 ◦C,
the suitable PCT for heat storage is 30–31 ◦C, and the PCT for cold storage is 17–18 ◦C. Lin et al. [11] proposed that the appropriate PCT
should differ in cities with varying climatic conditions. The appropriate PCT is also affected by the position of the PCM [12]. There is
also an optimal value for the thermal conductivity of PCMs. The range of suitable thermal conductivity given by Zhou et al. is 0.4–0.6
W/(m⋅◦C) [13]. The greater the thermal conductivity of the PCM, the faster the temperature rise in the room [14], but the greater the
fluctuation, which is not conducive to indoor thermal comfort [15]. The latent heat of the PCM is an important factor in determining
the thermal storage capacity of a material. Jin et al. [16] found that the heat flux at the floor surface became more stable as latent heat
increased. Xu et al. [17] analyzed the PCFs under different latent heat conditions (90–150 kJ/kg) and pointed out that latent heat
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should exceed 120 kJ/kg. In addition, numerous researchers have conducted extensive studies on composite PCMs to obtain suitable
thermophysical properties. Fu et al. [18] used glycine as a temperature modifier to change the PCT of the inorganic hydrated salt PCM.
Wang et al. [19] significantly enhanced the thermal conductivity of the PCM by adding expanded graphite. Meanwhile, the preparation
of various new composite PCMs can also effectively solve the problems of PCMs, such as supercooling, phase separation, and leakage.

In terms of structure, PCF is mainly composed of the surface layer, PCM energy storage layer, heating layer, and thermal insulation
layer. To enhance heat transfer, Faraj et al. [20] designed staggered spacers with metallic wires to elevate the thermal conductivity of
the energy storage layer. Ansuini et al. [21] improved thermal transfer between the PCM and the pipe by installing a special steel
substrate. In order to realize energy storage in winter and summer, Jin et al. [16] also designed a double-layer energy storage structure,
i.e., PCMs with different PCTs were vertically stacked as cold and heat storage layers. This method effectively reduced heating and
cooling energy consumption. Moreover, the positions of the upper and lower cold and heat storage layers could affect indoor thermal
comfort and the economy [22]. The heating layers of PCFs are mostly electric heating films and hot water coils, while Zhou et al. [23]
pointed out that the capillary mat has a better heating and thermal storage effect after comparing the PE coil with capillary mat.
Furthermore, a suitable capillary mat position and a larger tube diameter both lead to an accelerated phase change in the PCM [10].
Underfloor ventilation is also a viable way to supply energy to the floor [24].

In terms of operating conditions, there are optimal values for the electrical heating power and water supply temperature for PCFs.
When the PCF is electrically heated, Niu et al. [25] found that the higher the electrical heating power, the shorter the time required for
thermal energy storage by the PCM, but too high a power can also result in the waste of heat. When the PCF is heated by hot water,
Beak et al. [26] showed that too low a water supply temperature was not conducive to the melting of PCM, and too high a temperature
would lead to overheating of the floor, with the appropriate water supply temperature being 40–41 ◦C. In contrast, an increase in water
supply flow rate has a relatively small effect, although it promotes the indoor temperature rise and PCMheat exchange [27]. In terms of
control strategies, the application of PCFs has been shown to reduce the number of start-ups and stops of heating devices [28].
Moreover, by rationally utilizing the peak and valley electricity pricing policy, the intermittent heating method designed by Li et al.
[29] effectively reduces the operating costs of PCFs. To further improve the system economy, Barzin et al. [30] proposed an operating
cost-based control strategy, which controls the room temperature according to the real-time electricity price. In addition, Cesari et al.
[31] devised a control strategy based on weather prediction, which analyzes outdoor meteorological parameters and thus regulates the
indoor temperature. The application of this method could effectively mitigate the problem of overheating. In addition to the above
studies, other research has been carried out, such as the integration of PCFs with phase change ceilings [32] and the application of PCFs
in different regions [33].

Through the above organization, PCF research has been conducted in various aspects. However, there are still some pressing issues
that need to be addressed in the current study. Firstly, in previous studies, the PCFs were mostly fully heated, i.e., all the floors in the
room needed to be heated when heating, the heating flexibility was poor, the heating power was large, and the electricity consumption
and operating costs of the floors were still relatively high. Secondly, PCFs are often viewed as a multi-layer structure consisting of the
heating device, PCM, surface layers, etc. [34]. Current research has mostly focused on improving and optimizing PCFs in the vertical
direction, such as by using double-layer PCMs [16,22], while the improvement and optimization of PCFs in the horizontal direction
have often been neglected. Finally, there is still a lack of more intuitive quantitative indicators for evaluating the property of the stable
range of indoor temperatures in rooms with PCFs.

To solve the above problems, this paper adopts a local heating method for phase change floor rooms (PCFRs) in order to reduce the
operating energy consumption and cost of the room by reducing the heating power, adjusting the heating position, and changing the
surface material. The study improves and optimizes the PCF in the horizontal direction, modularizes the PCF, divides the PCF

Fig. 1. Geometric model of the PCFR.
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horizontally into many PCF modules that can be operated independently and heated flexibly. The heating power and heating position
are changed by adjusting the opening and closing of the electric heating film in part of the PCF modules. In addition, the concept of
room temperature stable range is proposed for the phenomenon of room temperature constancy existing in PCFRs, and the room
temperature stable range is evaluated in terms of both relative stable temperature and duration time. Since numerous studies have
analyzed the differences between common floor and PCF, this paper focuses on a comparative analysis of PCFRs. The study employs a
combination of experimental and simulation methods to investigate the impact of local heating on thermal comfort and energy saving
in PCFRs. The analysis considers various factors, including heating power, heating location, and surface material changes, and
evaluates their influence across multiple indicators, such as average indoor temperature, heat storage and release time, stability co-
efficient, thermal comfort duration time increase factor, floor surface temperature, heat storage capacity, energy saving rate, and
average daily electricity cost, etc. Exploring the local heating method of PCF and determining the appropriate heating power, heating
position, and surface material provide guidance for practical engineering applications and help further reduce heating energy con-
sumption and operating costs while maintaining indoor thermal comfort, thus promoting the application of PCF in buildings and
advancing energy savings in buildings.

2. Methods

2.1. Simulation platform building

2.1.1. Geometric model
The room geometry was modeled based on an artificial environment chamber located in Dalian, China [35]. The floor arrangement

and structural dimensions are shown in Fig. 1. The room dimensions are 4800 × 3300 × 2700 mm. PCF consists of the floor surface
layer, PCM layer, and electric heating film. The thicknesses of the floor surfaces and PCM layers are 15 mm and 20 mm, respectively;
the dimensions of both windows are 1450 × 1450 mm, and the door dimensions are 950 × 2000 mm. A comparative analysis of
simulations under different conditions was carried out based on the room model. The study modeled a total of eight rooms (Table 1)
under different conditions (heating power, heating location, and surface material). These include phase change marble floor rooms
(PMFRs) with five different heating powers, denoted as ‘PMFR-per1~4 & PMFR-all’; two PMFRs with the same heating powers but
different heating locations, denoted as ‘PMFR-cen & PMFR-uni’; and a phase change wood floor room (PWFR) using wood as the
surface material, denoted as ‘PWFR-uni’.
Ppower is the percentage of heating power, i.e. the ratio of room heating power to full heating power. For ease of presentation, the

subsequent room heating power is expressed as Ppower.
Fig. 2 shows the arrangement of heat sources for several local heating methods. The ‘all’ heating method means that all electric

heating films are turned on. Since floor temperatures tend to be lower near the outdoors, a local heatingmethod that prioritizes heating
the perimeter is used. The ‘periphery1~4’ heating methods indicate that the heating positions are the most peripheral one to four
circles, respectively. The ‘central’ and ‘uniform’ heating methods indicate that the heating zones are arranged centrally and uniformly,
respectively, with a guaranteed heating power of 71.6 %. Due to the different structural shapes of marble and wooden floors, the
dimensions of the corresponding electric heating films are also different; their dimensions are 300 × 300 mm and 600 × 150 mm,
respectively. To maintain the consistency of the heating power, the arrangement shown in Fig. 2 is used in the room with wooden
floors.

2.1.2. Simulation settings
To simplify the simulation while ensuring accuracy, the study adopted the following assumptions: (1) The PCM is homogeneous

without supercooling or phase separation; (2) The volume change during the PCM phase change is neglected; (3) The contact thermal
resistance between materials is disregarded; (4) There is no heat exchange between the lower surface of the floor and the outside
environment; (5) The temperature is the same at all points in the room at the initial moment; (6) The outdoor temperature is constant
[14].

The energy equations for each material except PCM are [6]:

ρc ∂T
∂t = λ∇2T (1)

Table 1
Room models for 8 different operating conditions.

Room PMFR-per1 PMFR-per2 PMFR-per3 PMFR-per4

Add PCM yes yes yes yes
Heating method (Ppower) periphery1 (28.4 %) periphery2 (52.3 %) periphery3 (71.6 %) periphery4 (86.4 %)
Surface material marble marble marble marble

Room PMFR-all PMFR-cen PMFR-uni PWFR-uni

Add PCM yes yes yes yes
Heating method (Ppower) all (100 %) central (71.6 %) uniform (71.6 %) uniform (71.6 %)
Surface material marble marble marble wood
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Where ρ, c, T, λ are density, kg/m3, specific heat, kJ/kg⋅◦C, temperature, ◦C, and thermal conductivity, W/m⋅◦C, respectively.
The governing equation for the phase change region is [6]:

ρp
∂H
∂t = λp∇2T (2)

Where the subscript p refers to the PCM and H consists of the sensible enthalpy hs and latent heat h:

H= hs + βh (3)

hs= href +
∫ T

Tref
cpdT (4)

β=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0,T < Ts
T − Ts
Tl − Ts

,Ts < T < Tl

1,T < Tl

(5)

where href is the reference enthalpy, kJ/kg; Tref is the reference temperature, ◦C; β is the liquid fraction; Ts and Tl are the temperatures
at the beginning and end of the PCM solidification, ◦C, respectively.

Initial and boundary conditions [14,15]:
Initial moment:

T(x,y,z,t=0) =Tinitial (6)

PCF perimeter and bottom surfaces:

∂T
∂x=

∂T
∂y =

∂T
∂z = 0 (7)

The PCM surface inside the PCF is the coupled boundary with continuous temperature and heat flux:

T(x,y,z,t)|1 =T(x,y,z,t)|2 (8)

Fig. 2. Local heating method.
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− λ
∂T
∂n|1 = hc

(
T − Tf

)
|2 (9)

PCF upper surface:

− λ
∂T
∂z = hc(T − Ta) + εσb

(
T4 − T4w

)
(10)

Exterior wall surfaces of the room:

T=Tout (11)

Where hc is the convection heat transfer coefficient, W/m2⋅K; ε is the emissivity; σb is the black-body radiation constant, W/m2⋅K4; Tf ,
Ta, Tout and Tw are the fluid, indoor air, outdoor and unheated surface average temperature, K, respectively.

Transient simulations were conducted using ANSYS Fluent simulation software. The Surface to Surface (S2S) radiation model [14]
and melting/solidification model were adopted. The specific thermophysical parameters of the floor surface material and PCM are
listed in Table 2. Parameters for other materials, such as walls, can be found in the literature [35]. The PCT of PCM is 28~30 ◦C, the
latent heat is 150 kJ/kg, and the amount of PCM is approximately 256.61 kg. The study simulated the heat storage (HS) and heat
release (HR) processes in each room. The electric heating film power is 220 W/m2, the total heating area is 15.84 m2, and the heating
power is approximately 3.48 kW at full heating. The outdoor temperature was set to − 9 ◦C [36]. At the initial moment, the indoor
temperature was set to 18 ◦C, and heating began. Heating stopped when the indoor temperature reached 24 ◦C, marking the end of the
HS process. The HR process was then carried out until the room temperature was reduced to 18 ◦C.

2.2. Model validation and independence test

A small box experimental platform (Fig. 3(a)) was set up to perform accurate checks of the simulation results. The platform includes
a phase change marble floor box and a phase change wood floor box. Both boxes are surrounded by a 20 mm thick wooden shell, with
30mm thick insulation panels attached to the shell and the PCFmodule at the bottom of the box. The PCFmodule structure is similar to
that of the PCF in Fig. 1 and consists, from top to bottom, of surface material (marble/wood), PCM (paraffin), electric heating film, and
insulation board. The dimensions of the marble and wood PCF modules are 150 × 150 mm and 450 × 150 mm, respectively. The
thicknesses of the surface material and PCM are 15mm and 30mm, respectively. The electric heating film is equipped with an interface
whereby the modules can be connected to each other for local heating. A temperature sensor with an accuracy of ±0.3 ◦C and a
working range of − 40 to 80 ◦C was used [39]. The variation in air temperature at 200 mm from the floor surface center in the vertical
direction with time was monitored for the following four heating operating cases shown in Fig. 3(b). Case 1: Marble floor full power
heating; Case 2: Marble floor local heating by X-crossing of five PCF modules; Case 3: Wood floor full power heating; Case 4: Wood
floor local heating by two PCF modules on both sides. Meanwhile, the study established a box geometry model with the same di-
mensions as the experimental box. Simulations of HS and HR processes of the box with the same four cases as the experiments were
carried out, and the temperature data at the same measurement point locations were recorded. The box simulation settings are
essentially the same as the room simulation settings. The same simulation assumptions were used, and the same setup was performed
in ANSYS Fluent software. The initial temperature of the box was set at 20 ◦C according to the actual conditions of the experiment.

The temperature data were experimentally monitored for four cases during the HS and HR processes. In order to minimize the
experimental error, the study conducted six HS and HR processes for each of the heating conditions mentioned above (Case1/Case2/
Case3/Case4) and took the average value as the experimental data for each case. As illustrated in Fig. 4, the simulation data exhibit a
similar trend to the experimental data observed during the HS and HR processes. A discrepancy exists between the simulated and
experimental values. This is due to the fact that the simulation process assumes a constant temperature for the outer wall of the box,
ignores changes in the external temperature, and sets the initial temperature for all areas of the box at the same value. The maximum
temperature deviation between the two values does not exceed 0.6 ◦C, and the error does not exceed 2.7 %. In addition, the root mean
square deviation (RMSE), mean absolute error (MAE), and mean absolute percentage error (MAPE) were calculated according to Eq.
(12)–(14) [40]. The results show that the maximum RMSE, MAE, and MAPE are only 0.3 ◦C, 0.23 ◦C, and 0.97 % for the four cases,
respectively. As evidenced by the comparison of experimental and simulation results, the utility of the simulation approach for
investigating the PCF is substantiated.

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1

(xi − yi)2

N

√
√
√
√ (12)

Table 2
Thermophysical parameters of materials.

Materials marble [37] wood PCM [38]

λ (W/m⋅◦C) 3.5 0.173 0.21
ρ (kg/m3) 2800 700 810
c (kJ/kg⋅◦C) 1 2.31 2.14
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MAE=
∑N

i=1

|xi − yi|
N

(13)

MAPE=
1
N

∑N

i=1

⃒
⃒
⃒
⃒
xi − yi
yi

⃒
⃒
⃒
⃒×100% (14)

where N is the number; xi and yi represent the simulated and experimental values at moment i, respectively.
In addition, mesh number and time step independence tests have been performed. Meshing was done using the Automatic method,

and the grid was refined at doors, windows, floors, etc. The number of mesh comparisons ranged from 0.89 to 3.33 million. From Fig. 5

Fig. 3. The experimental platform and four heating cases for phase change marble and wood floors.

Fig. 4. Comparison of experimental and simulation data of box temperature measurement point.
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(a), the average indoor temperature changes as the number of meshes increases. When the number of meshes exceeds 1.6 million, the
average indoor temperature changes are relatively small. In addition, time steps of 1–20 s were selected for comparison. From Fig. 5(b),
the size of the time step has less effect on the average indoor temperature. When the time step is less than 10 s, the temperature
basically does not change with the time step. Therefore, in order to save as much computational time as possible while ensuring the
accuracy of the simulation results, the number of meshes was finally selected to be 1.6 million, and the time step was 10 s.

2.3. Performance evaluation indicators

The study not only analyzed the average indoor temperature, the floor surface temperature (Tf ,sur), the PCM liquid fraction, the heat
storage time (HST), and the heat release time (HRT), but also employed a series of evaluation indicators, including:

(1) Stability coefficient (σ) [41]

The stability coefficient can be used to evaluate the dispersion of the indoor temperature with respect to a defined thermal comfort
temperature; the larger the σ value, the closer the indoor temperature is to that defined temperature.

σ =1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N
i=1(Ti − Tcom)

2/N
√

∑N
i=1Ti

/
N

(15)

Where Ti is the average indoor temperature at moment i, ◦C; Tcom is the defined thermal comfort temperature, taken as 24 ◦C.

(2) The increase factor of the thermal comfort duration time (ft) [42]

The ft is a thermal comfort evaluation parameter based on time scale. It represents the ratio of the time that the PCFR and reference
room1 canmaintain the indoor thermal comfort temperature (18–24 ◦C [43]) after the heating is stopped. PMFR-per1 with the shortest
Δttcd,r was selected as reference room1.

ft =Δttcd,r
/

Δtref ,tcd,r (16)

Where Δttcd,r and Δtref ,tcd,r are the time for which the PCFR and the reference room can maintain indoor thermal comfort after the
heating is stopped, respectively, h.

(3) Relative stable temperature (Ttsr) and duration time (Δttsr) in room temperature stable range

Based on the thermostatic HS and HR properties of PCMs, there will be a room temperature stable range for PCFR, in which the
indoor temperature is essentially constant or changes very little. Since the drastic degree of indoor temperature change directly affects
the indoor thermal comfort, the study introduces the relative stable temperature Ttsr and duration time Δttsr to evaluate the ther-
mostatic characteristics of the room temperature stable range. Ttsr is the average value of the temperature at all moments that satisfy
the condition of constant temperature (Eqs. (18) and (19)) during HS/HR process. Δttsr is the duration time for which the constant
temperature can be maintained. The higher the Δttsr value, the longer the constant temperature, the better the indoor thermal comfort.

Fig. 5. Independence test for the mesh number and time step.
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Ttsr =
1
M

∑M

j=1
Ttsr,j (17)

⃒
⃒Ttsr,j+1 − Ttsr,j

⃒
⃒ ≤ α(Tend − Tinitial) (18)

Tinital < Ttsr,j < Tend (19)

where M is the number of moments that satisfy the constant temperature condition; Ttsr,j and Ttsr,j+1 are the temperatures, ◦C, at the j
and j+1 moments of satisfying the constant temperature condition, with a time interval of 0.5 h; α is the constant temperature co-
efficient, which is taken as 5% in this paper; Tend and Tinitial are the indoor temperatures at the end and the beginning of thermal storage
set by the study, which are 24 ◦C and 18 ◦C, respectively. That is, the study considers the range in which the temperature does not
change by more than 0.01 ◦C/min as the temperature stable range.

(4) Heat storage capacity (QPFs) [44]

The total heat stored (THS) in the PCM of the PCF is mainly latent heat storage (LHS) and includes a certain amount of sensible heat
storage (SHS), which can be expressed as:

QPFs = cpmpΔTp +mph (20)

where cp, mp, ΔTp, and h are PCM specific heat, kJ/kg⋅◦C, mass, kg/m3, temperature change during HS, ◦C, and latent heat, kJ/kg,
respectively.

(5) Energy saving rate (E) [33].

The energy saving rate is the ratio of the energy saved in the PCFR to reference room2, the larger the E value, the better the energy
savings. In order to investigate the energy savings of each PCFR compared to the conventional PCFR, PMFR-all was selected as
reference room2.

E=
QE − Qref ,E
Qref ,E

(21)

where Qref ,E and QE are the electricity consumption of the reference room and the PCFR, kWh, respectively. Based on the average daily
electricity cost [6], the average daily electricity consumption (QE,d) is used, which can be calculated according to the following
equation:

QE,d=
rPhΔts

Δts + Δtr
(22)

where r is the conversion factor between hours and days and is 24 h/day; Ph is the heating power of the electric heating film, kW; Δts
and Δtr are the turn-on and turn-off duration time of the electric heating film in a HS and HR cycle, respectively, h.

(6) Average daily electricity cost (Cd) [6]

The average daily electricity cost is the daily operating cost of the floor considering the difference in peak and valley electricity
prices.

Cd=
rPh

(
CpeΔts,pe + CvaΔts,va

)

Δts + Δtr
(23)

Where Cpe and Cva are the electricity price during peak and valley period, respectively, ¥/kWh; Δts,pe and Δts,va are the operating
duration time of the electric heating film during peak and valley period, respectively, h.

3. Results and discussion

The rooms were divided into two groups for comparative analysis. (1) The PCFRs with different heating powers (PMFR-per1~4 &
PMFR-all); (2) The PCFRs with different heating positions and surface materials (PMFR-per3, PMFR-cen, PMFR-uni, PWFR-uni). The
indoor thermal comfort was explored by analyzing the average indoor temperature, HST and HRT, stability coefficient (σ), thermal
comfort duration time increase factor (ft), relative stable temperature (Ttsr) and duration time (Δttsr) in the temperature stable range, as
well as floor surface temperatures. Meanwhile, the PCM liquid fraction was also analyzed. The room energy efficiency was evaluated
using the heat storage capacity (QPFs), energy savings rate (E), average daily electricity consumption (QE,d) and costs (Cd).
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3.1. Analysis of the influence of different heating power

3.1.1. Thermal comfort analysis
Fig. 6 shows the variation in average indoor temperature with time during the HS and HR processes. When the heating power is

very small, especially in PMFR-per1, the indoor temperature initially declines due to the low external temperature, then increases.
When the heating power is greater than 52.3 %, this phenomenon essentially disappears, and the indoor temperature continues to
increase. The temperature does not drop immediately after heating is stopped, and it is warmed up again for a period, during which the
maximum temperature of PMFR-per2~4 and PMFR-all exceeds 24 ◦C. The time consumed to raise the average indoor temperature
from 18 ◦C to 24 ◦C is called the HST, and the time consumed to lower the temperature to 18 ◦C is called the HRT. During HS, the PCM
temperature rises as it undergoes a period of SHS before and after melting. While PCM stores latent heat, its temperature remains
essentially unchanged. This causes the indoor temperature change in PCFRs (PMFR-per2~3&all) to show a trend of a steep rise fol-
lowed by a slow climb and finally a steep rise again. Similarly, during HR, the PCM needs a period of time to first cool down to the PCT,
then release the stored latent heat, and finally release the sensible heat again. Thus, there is a period of slowly decreasing indoor
temperature in PCFRs. As the heating power of the room rises, the HST gradually decreases, while the HRT increases. This is mainly
because the room temperature is affected by the heating power when storing heat: the more heating power, the faster the temperature
rises. During the HR process, room heating mainly depends on the amount of heat stored in PCM. The HSTs of PMFR-per1~4 and
PMFR-all were 36.18 h, 9.91 h, 7.57 h, 6.63 h, and 5.97 h, respectively; the HRTs were 5.95 h, 10.07 h, 15.43 h, 17.39 h, and 18.68 h,
respectively.

Table 3 summarizes the values of σ, ft, and Ttsr for each room. Both the σ and ft values grow progressively as the heating power
increases. This means that the average indoor temperature during HS and HR processes is getting closer to the defined thermal comfort
temperature of 24 ◦C as the room is heated with higher power, and that the temperature can be maintained between 18 and 24 ◦C for a
longer duration during HR. PMFR-per1 is used as reference room1, and when the heating power exceeds 71.6 %, the ft value reaches
2.34, and the HR thermal comfort time increases by more than a factor of 1. In addition, there is a relatively stable temperature range
for the average indoor temperature when the PCFR is storing and releasing heat (Fig. 6). Due to the extremely long HST of PMFR-per1,
the temperature always changes slowly throughout the HS process. Disregarding the special case of PMFR-per1, the Ttsr values of
PMFR-per2~4 and PMFR-all continue to increase with the increase in heating power. The Ttsr value is not less than 18.5 ◦C and reaches
up to 23.2 ◦C. There are also differences in the relative stable temperatures during HS and HR in the same room. The higher the heating
power, the more significant this difference becomes, with Ttsr,s being higher than Ttsr,r by about 1.2 ◦C in PMFR-all.

Fig. 7 shows the duration time of thermal comfort and stable temperature states in the HS/HR process, and the proportion of Δttcd
occupied by Δttsr. In HS, thermal comfort duration time (Δttcd,s) and stable temperature range duration time (Δttsr,s) are negatively
correlated with the variation of heating power. In HR, thermal comfort duration time (Δttcd,r) and stable temperature range duration
time (Δttsr,r) are positively correlated with the heating power. Meanwhile, Δttcd and Δttsr are generally larger in HR than in HS, and this
difference becomes more obvious with the increase of heating power. The differences (Δttcd,s and Δttcd,r, Δttsr,s and Δttsr,r) are 11.47 h
and 12.5 h, respectively, when heated with full heating power. When the heating power is 52.3 %, both differences do not exceed 1 h.
In addition, the percentage of the stable temperature range in the thermal comfort period is also influenced by heating power. With
higher heating power, the percentage during HS is smaller, but the percentage during HR increases instead.

The temperature distribution of the floor surface at the end of the HS is illustrated in Fig. 8. Since the local heating positions of
PMFR-per1~4 are set around the room’s perimeter, the distribution of Tf ,sur shows a trend of low in the middle and high around the
perimeter. That is, a local overheating problem occurs at the heating positions. Additionally, along with the reduction in heating

Fig. 6. Variation of average indoor temperature with time for different heating powers.
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power, the room retains heat for longer. The prolonged heating of the perimeter of the floor results in a more pronounced overheating
problem. The maximum Tf ,sur value rises, accompanied by an increase in temperature differential. When the heating power is only 28.4
%, the maximum Tf ,sur value is about 49 ◦C, and the maximum temperature difference reaches 27.4 ◦C. When the heating power
increases to 86.4 %, the maximum Tf ,sur value drops to 35 ◦C, and the maximum temperature difference is reduced by about 13 ◦C.
However, for the fully heated PMFR-all, the difference between the Tf ,sur values does not exceed 6 ◦C.

Based on the above floor surface temperature distribution law, the study selected the center point of the floor, noted as ‘floor6’ (x=
2400 mm, y = 1650 mm), and five measurement points ‘floor1~5’ at equal spacing intervals, as shown in Fig. 9. For comparative
analysis, the dimensionless time t*, which is the ratio of anymoment to the total HST and HRT, is used [45]. Fig. 10 shows the variation
of Tf ,sur at various points with time for different heating powers. Throughout the entire process of HS and HR, a considerable
discrepancy exists in temperature between the various points on the floor with local heating. The Tf ,sur value directly above the heated
zone is always larger than that of the non-heated zone. The temperature of the non-heated zone remains essentially unchanged. The
temperature difference between the points is mainly generated by the temperature change of the heated area on the floor surface. The
temperature difference gradually increases as the HS proceeds and reaches a maximum after the heating is stopped, and then the

Table 3
Stability coefficient, thermal comfort duration time increase factor, relative stable temperature for each room.

Evaluation parameter PMFR
-per1

PMFR
-per2

PMFR
-per3

PMFR
-per4

PMFR
-all

PMFR
-cen

PMFR
-uni

PWFR
-uni

σ 0.76 0.78 0.82 0.85 0.88 0.82 0.84 0.77
ft 1 1.51 2.34 2.66 2.93 2.33 2.30 1.74
Ttsr,s/◦C 21.66 18.56 20.49 22.15 23.20 20.73 21.41 18.17
Ttsr,r/◦C – 18.9 20.22 21.25 22.01 20.19 20.87 18.97

Ttsr,s and Ttsr,r are the relative stable temperatures during HS and HR.

Fig. 7. Duration time of room thermal comfort and temperature stable range for different heating powers.

Fig. 8. Temperature distribution of floor surface at the end of HS for different heating powers.
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temperature difference declines until the end of the HR. The temperature difference is also stabilized for a period during the HS and HR
process due to the thermal inertia of PCM during this period. In addition, the Tf ,sur value should normally not be less than 25 ◦C, and the
upper limit of Tf ,sur should not exceed 29 ◦C and 32 ◦C for frequent and short-term stays of personnel [46]. As illustrated in the figure,
the floor surface of PMFR-all can satisfy this temperature requirement better. For the other rooms (PMFR-per1~4), the Tf ,sur in the
non-heated zones fails to reach the lower temperature limit. Additionally, as the heating power decreases, the Tf ,sur in the heated zone
gradually exceeds the upper temperature limit. When the heating power is greater than 71.6 %, the heated zone’s Tf ,sur can be basically
maintained at 25–32 ◦C. However, when the heating power is less than 52.3 %, the heated zone’s Tf ,sur will remain above 32 ◦C for a

Fig. 9. Distribution of measurement points on floor surface.

Fig. 10. Variation of floor surface temperature with time for different heating powers.
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long time.

3.1.2. Energy efficiency analysis
Due to the large size difference of the PCM layer, with a length and width of 4800 mm × 3300 mm and a thickness of only 20 mm,

the phase change variation of the PCM along the vertical direction is relatively minimal. Therefore, the study only analyzes the melting
of PCM in the horizontal direction. Fig. 11 shows the PCM liquid fraction in the middle plane of the PCM layer at the end of the HS. It
can be clearly seen that the PCM located above the heating position melts better and is able to melt completely. The phase change of the
PCM at the center is poor and essentially does not occur. The lower the heating power, the smaller the heated zone, and the worse the
overall melting effect of PCM. When heated at full power (PMFR-all), the PCM liquid fraction can reach 1, i.e., all PCM is completely
melted. However, when the heating power is only 28.4 %, the liquid fraction of PCM is only 0.32. In addition, the thermostatic
properties of PCM during melting and solidification lead to the creation of a room temperature stable range. Therefore, the better the
melting situation, the more the amount of PCMmaintained at PCT (28–30 ◦C), and the PCM’s average temperature is relatively higher,
which leads to the consequent increase in the Ttsr value described above.

The melting degree of PCM is directly related to the LHS of the PCF. As shown in Fig. 12, the thermal storage of the PCF is
dominated by the LHS, and the proportion of the LHS to the THS at different heating powers is more than 60 %. In PMFR-per3, the
share of LHS can reach up to 74.63 %. Since the melting effect of the PCM improves with increasing heating power (Fig. 11), the LHS
capacity of the PCM increases, which consequently results in an augmented THS capacity of the PCF. The increased LHS is the main
reason for the rise of the THS. The SHS capacity not only occupies a small proportion of the THS capacity but also changes relatively
little under different heating powers. Unlike the change in LHS of almost 30 kJ, the change in SHS in the room is only about 2 kJ.
Therefore, the impact of changes in SHS on the THS capacity is relatively minimal. In addition, the more heat the PCF stores during HS,
the more heat it can utilize during HR. The more complete the melting of PCM is, the longer the solidification process takes. Therefore,
higher heat storage capacity and better PCM melting situation at high heating power are also the main reasons for the increased HRT
and larger Δttcd and Δttsr values in the above rooms.

Fig. 13 shows the variation of average daily electricity consumption, energy saving rate, and average daily electricity cost of the
room with heating power. Although the PMFR-per1& 2 have less heating power, their longer HST and too short HRT result in a higher
QE,d value of up to about 21.7 kWh/day. However, higher heating power is not always better. The PMFR-per 3 & 4 have less heating
power and less variation in HST compared to PMFR-all. As a result, both of them have reduced QE,d values, with a minimum of only
19.71 kWh/day, which is 0.55 kWh/day less than PMFR-all. Using PMFR-all as reference room2, the E values of the room are analyzed
for different heating powers. From Fig. 13, there is an optimum value for the room’s energy saving rate. In this study, the best energy
saving in the room is achieved when the heating power is 71.6 %, and its energy saving compared to full heating (PMFR-all) is about
2.7 %. However, when the heating power is too low (<52.3 %), the energy efficiency of the room becomes quite poor. In addition, peak
and valley electricity are used for heating according to the relevant electricity price policy. The price of electricity is 0.52 ¥/kWh for the
peak period from 7:00 to 21:00 and 0.40 ¥/kWh for the valley period from 21:00 to 7:00 [47]. Since valley electricity is frequently
utilized for HS in PCFRs, the electric heating film is turned on during the valley period in all rooms. The rooms’ Cd values are shown in
Fig. 13. Among them, the HST of PMFR-per2~4 and PMFR-all is less than 10 h, and the electric heating films are operated during the
valley electricity period. However, the HST of PMFR-per1 reaches 36.18 h, causing the electric heating film to operate part of the time
during the peak electricity period, which leads to its higher operating costs. The Cd value of the room does not decrease consistently
with decreasing heating power. The too-low heating power allows the electric heating film to run for a longer time and shut down for a
shorter time, and the Cd value rises instead, e.g., PMFR-per2. In this study, when the heating power is 71.6%, the Cd value is minimized
to about 7.88 ¥/day.

3.2. Influence of different heating positions and different surface materials

The above analysis shows that different heating powers (28.4 %–100 %) have an impact on indoor thermal comfort and energy
efficiency. In this study, when the heating power is 71.6 %, the PCFR has better heating performance. Therefore, this heating power
was used in the study for all subsequent comparative analyses of heating positions and surface materials.

Fig. 11. Liquid fraction of PCMs at the end of HS for different heating powers.

T. Wang et al. Journal of Building Engineering 103 (2025) 112157 

13 



3.2.1. Thermal comfort analysis
As illustrated in Fig. 14, when the heating position of the PCF is changed, although the average indoor temperature trend over time

of PMFR-cen and PMFR-uni is basically the same as that of PMFR-per3, the HST and HRT of both are relatively shortened. The HST for
both PMFR-cen and PMFR-uni is about 7.47 h, while the HRT is 15.28 h and 14.98 h, respectively. Moreover, the average indoor
temperature of PMFR-uni is generally greater than that of PMFR-per3 and PMFR-cen during the HS and HR processes. Due to the lower
thermal conductivity of wood and the effect of the room being subjected to low outdoor temperatures, the PWFR-uni stays at a lower
average indoor temperature (<18 ◦C) for a longer period while storing heat. The temperature will continue to rise for a longer period,
up to 25 ◦C or more, after the heating is stopped. Compared to PMFR-uni, PWFR-uni has a longer HST and a shorter HRT of 7.9 h and
12.1 h, respectively.

PMFR-per1 is used as reference room1. From Table 3 and Fig. 15, when the heating position is varied, the σ and ft values of the room
basically do not change with it, remaining around 0.83 and 2.32, respectively. However, the Ttsr value of PMFR-uni is about 0.5 ◦C
higher than that of PMFR-per3 and PMFR-cen. Moreover, the thermal comfort duration time of PMFR-per3, PMFR-cen and PMFR-uni
during HS and HR are roughly equal, with thermal comfort duration time being about 7.2 h for HS and about 13.8 h for HR.
Nevertheless, their Δttsr values differ, as shown in Fig. 15. The Δttsr values of PMFR-per3, PMFR-cen, and PMFR-uni are gradually
reduced, and correspondingly the share of thermal comfort duration time is also decreasing. In addition, for PWFR-uni, its σ and ft
values are both low at 0.77 and 1.74, respectively, due to its average indoor temperatures below 18 ◦C and above 24 ◦C over an
extended period and the shorter HRT (Fig. 14). During the HS process, although the average indoor temperature of PWFR-uni ex-
periences a period of stable temperature, the temperature does not reach 18 ◦C for a long time, so the Ttsr,s value is extremely low, and
the Δttcd,s and Δttsr,s values are also extremely small. During HR, the Ttsr,r of PWFR-uni is reduced by about 1.9 ◦C compared with that of

Fig. 12. Heat storage capacity of PCM for different heating powers.

Fig. 13. Average daily electricity consumption, energy saving rate and average daily electricity cost of rooms for different heating powers.
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PMFR-uni, and the Δttcd,r and Δttsr,r values are reduced by about 3.3–4.5 h.
The distribution of Tf ,sur at different heating positions and surface materials is shown in Fig. 16. While the Tf ,sur values of PMFR-

per3, PMFR-cen, PMFR-uni, and PWFR-uni all follow the regular pattern of higher temperatures at the heated zones and lower
temperatures at the non-heated zones, the Tf ,sur values of these four rooms differ in magnitude. The maximum Tf ,sur value of PMFR-cen

Fig. 14. Variation of average indoor temperature with time for different heating positions and surfacing materials.

Fig. 15. Duration time of indoor thermal comfort and temperature stable range for different heating positions and surface materials.

Fig. 16. Temperature distribution of floor surface at the end of HS for different heating positions and surface materials.
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is about 37.08 ◦C, which is slightly lower than that of PMFR-per3, but the minimum Tf ,sur values of both are essentially the same.
However, PMFR-uni achieves a minimum Tf ,sur value of 23.58 ◦C, which is about 4 ◦C higher than PMFR-per3 and PMFR-cen, and their
maximum temperature is essentially the same, i.e., the temperature difference between the floor surfaces is reduced. In addition, for
the PWFR-uni that also uses uniform heating, while the minimum Tf ,sur value rises, the maximum temperature also becomes higher,
exceeding 39 ◦C. Therefore, its floor surface temperature difference remains high at about 18.8 ◦C.

Fig. 17 represents the variation of Tf ,sur with time. In conjunction with Fig. 10, varying the heating position influences the change in
Tf ,sur during the HS and HR processes. The Tf ,sur values above the heated zone in PMFR-per3 and PMFR-cen are maintained at 25–32 ◦C
for a long time, but the Tf ,sur values above the non-heated zone are very low, about 20 ◦C. However, in PMFR-uni, the temperature
difference between points on the floor surface is reduced, while the point temperature on the floor surface above the non-heated zone
increases. This enables the required thermal comfort temperature to be reached within a certain period. In addition, different surface
materials can affect the change of the Tf ,sur value during HS and HR. Compared to the PMFR-uni, the PWFR-uni’s Tf ,sur values at various
points are less likely to reach thermal comfort temperatures, with Tf ,sur failing to reach 25 ◦C for longer periods, both above the heated
and non-heated zones.

3.2.2. Energy efficiency analysis
As shown in Fig. 18, the PCM melting situation strongly depends on the heating position of the floor. The PCM located above the

heated zone melts more completely. Due to PCM’s low thermal conductivity and poor horizontal heat transfer, the PCM above the non-
heated zone fails to completely undergo phase change by the end of the HS. The liquid fraction of PMFR-per3, PMFR-cen and PMFR-uni
at the end of the HS is about 0.7, which is less than their heating power percentage of 71.6 %. This indicates that the PCM above their
non-heated zone is basically not melted. The PCM melting situation of PWFR-uni is slightly better than that of the other three, with a
liquid fraction of about 0.73. In addition, Fig. 19 demonstrates the variation of PCM liquid fraction with time for different surface
materials. As shown in the figure, the PCMwithin the PWFR-uni melts faster and more completely than the PCM in the PMFR-uni. This
is because the thermal conductivity of wood floor is lower than that of marble floor. Although their heating power is the same, the heat
transferred through the wood floor to the room at the same time is less than through the marble floor. Therefore, more heat is absorbed
by PCM under the wood floor. This is also the reason why the PWFR-uni’s Tf ,sur values mentioned above are relatively lower (Fig. 17)
and why the average indoor temperatures struggle to reach 18 ◦C for long period of time (Fig. 14). When releasing heat, similarly due
to the low thermal conductivity of wood floor, although the PCM stores a large amount of latent heat, it is difficult to release it to the
room through the wood floor. Therefore, this causes both a slower solidification of the PCM and a rapid decrease in average indoor
temperature within the PWFR-uni. At the completion of the HR, the PCM liquid fraction within the PWFR-uni is about 0.28, indicating

Fig. 17. Variation of floor surface temperature with time for different heating positions and surface materials.
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Fig. 18. Liquid fraction of PCMs at the end of HS for different heating positions and surface materials.

Fig. 19. Variation of PCM liquid fraction with time for different surface materials.

Fig. 20. Heat storage capacity, average daily electricity consumption, energy saving rate and average daily electricity cost of rooms for different
heating positions and surface materials.
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that its stored latent heat is not fully released.
As shown in Fig. 20, the impact of heating position variation on the HS capacity of the PCF is relatively weak. Since the PCM liquid

fraction at the completion of HS is essentially the same for PMFR-per3, PMFR-cen, and PMFR-uni, the heat storage capacities of the
three are also approximately equal, with a difference of no more than 0.8 kJ. The heat storage capacity of PWFR-uni is improved, being
about 6.26 kJ higher than that of PMFR-uni. However, after the above analysis, the liquid fraction of PWFR-uni at the end of HS
increases by only 0.03. The increase in heat storage capacity of PWFR-uni is not primarily dependent on the improved melting effect of
the PCM but stems more from the increased temperature of the fully melted PCM above the heated zone. Among the increased heat
storage capacity, the SHS capacity increases by about 5.1 kJ and the LHS capacity increases by only about 1.2 kJ. In addition, the QE,d,
E, and Cd values for the three rooms with different heating positions are also less variable, with maximum increases of no more than
0.3 kWh/day, 1.3 %, and 0.1 ¥/day, respectively. PMFR-uni has the largest QE,d and Cd, but they do not exceed 20 kWh/day and 8
¥/day, respectively. It also achieves an E value of 1.63% compared to reference room2 (PMFR-all). Meanwhile, the PWFR-uni’s electric
heating film operates for a longer period, and it can maintain a shorter HRT. Therefore, its average daily electricity consumption is
higher. The PWFR-uni is not energy efficient compared to reference room2 and has higher average daily electricity cost.

4. Conclusions

The study designed different local heating methods based on the ability of PCF modules to supply heat flexibly and proposed
evaluation indicators to quantitatively analyze the room temperature stable range of PCFRs in terms of both temperature and time. The
study simulated and analyzed eight types of electrically heated PCF heating rooms. The effects of different heating powers, heating
positions, and surface materials on the thermal comfort and energy efficiency of the room under local heating methods were inves-
tigated. Investigating and determining the suitable local heating method can provide a reference for the actual engineering design,
further reduce the energy consumption and operational cost of PCF heating, and promote the wide application of PCFs in buildings.
The following conclusions are summarized.

(1) Variations in heating power can have a large impact on the thermal comfort of the PCFR. As heating power increases, the HST of
the PCF shortens, and the HRT increases. The σ, ft , Ttsr and Δttsr values all rise accordingly. There is an optimum value for heating
power. The energy efficiency of the room does not continue to improve with increasing heating power. In this study, the
appropriate heating power selected under the local heating method is 71.6 %. The average daily electricity consumption under
this heating power is the lowest at 19.71 kWh/day. Average daily electricity cost is also the lowest at 7.88 ¥/day.

(2) The variation of the heating position mainly influences the thermal comfort of the PCFRs, whereas the impact on energy ef-
ficiency is relatively weak. Compared with PMFR-per3 and PMFR-cen, PMFR-uni has a more favorable heating position
arrangement. Its Ttsr value increases by about 1 ◦C. Moreover, the floor surface temperature above the non-heated zone in-
creases by about 4 ◦C, and the temperature difference on the floor surface is reduced. The duration time for which the floor
surface thermal comfort temperature requirement can be met is also prolonged to a certain extent. In addition, the average daily
electricity consumption, energy savings, and average daily electricity costs of the three PMFRs are essentially equal.

(3) The thermal comfort and energy efficiency of the PMFR are superior to those of the PWFR. Compared with PMFR-uni, PWFR-uni
has longer HST and shorter HRT. Its average indoor temperature is lower, failing to reach 18 ◦C for a long time. The σ, ft, Ttsr and
Δttsr values of PMFR-uni are also smaller. Moreover, the temperature difference on the floor surface remains large, about
18.8 ◦C. Compared with PMFR-all, PWFR-uni fails to realize the energy saving purpose, and its average daily electricity con-
sumption and cost are higher, exceeding 23 kWh/day and 9 ¥/day, respectively.
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