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An active phase change heater is configurated to transform excess electricity at off-peak tariff periods
into thermal energy, store and release it at the electricity on-peak tariff periods in order to accomplish
heating demand towards an existing building with marine climate. Reliable numerical model is devel-
oped based on phase change heat transfer and convective heat transfer between phase change material
(PCM) and indoor air. Objective temperature zone (18–24 �C) is achieved by means of an event control
that is coupled with heat transfer model. Performance of indoor temperature, phase change characteris-
tics and operating model of active phase change heaters during the building heating period are compre-
hensively evaluated. Results indicate that indoor temperatures are generally within thermal comfort
range under various initial temperatures and air inlet velocities. Start-stop frequencies of PCM system
increase while total working times decrease with the augment of air velocity. Liquid fractions of PCM
decrease as studied time elapses and several parallel stages occur owing to intermittent operation of
active phase change heaters. Parametric analysis reveals that thermal resistance is determined as the
most decisive factor, followed by ambient temperature, PCM melting point and PCM thermal conductiv-
ity. Liquid fraction of PCMs declines to merely 0.074 when thermal resistance increases to 0.4 (m2�oC)/W.
In conclusion, studied results highlight correlation between building thermal performance and specific
heat transfer characteristics of PCM, with substantial benefits to development of latent heat thermal
energy storage available to building energy conservation.

� 2022 Published by Elsevier B.V.
1. Introduction

Building field accounts for over 30 % of worldwide energy con-
sumption and this situation is increasingly becoming prominent
with the improvement of thermal comfort requirements [1]. It is
believed that available energy directly or indirectly extracted from
fossil fuels will still dominate the global energy market in short
term [2]. While, shortages of fossil fuels combining with the envi-
ronmental issues including global warming, acid rain and smog,
etc. continue to deteriorate under this circumstance [3]. Therefore,
various possible strategies are urgent to be advanced to address
the above energy and environmental issues.

Numerous countries and areas have proclaimed policies to
enhance energy utilization efficiency and reduce CO2 emissions
in buildings [4,5]. Thermal energy storage is reckoned as one of
feasible approaches. It is generally considered that thermal energy
storage can be classified as sensible heat, latent heat, and thermo-
chemical storage [6]. Latent heat thermal energy storage (LHTES,
also known as phase change thermal energy storage) employs
PCM to achieve heat storage and release during its reversible phase
transition [7]. In comparison to others, LHTES shows the incompa-
rable advantages of high energy storage density, nearly isothermal
temperature in the phase transition. Thus, it is established that
LHTES can be applied in extensive energy fields related to build-
ings. Overcoming the unstable energy output from solar radiation
or other energy sources, LHTES enables to improve the energy uti-
lization efficiency. LHTES also takes full advantage of low-cost elec-
tricity at off-peak hours to achieve the peak load shifting that then
decreases the cost of maintaining building thermal environment
[8,9].

Energy consumption in buildings comes from heating, cooling,
lighting and ventilation, which largely depends on the geographi-
cal locations, building types and climates. According to the specific
working principle, LHTES integrated into the building energy con-
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servation can be categorized into passive and active applications
[10,11].

(1) Passive applications.

LHTES can be distributed in various components of passive
buildings. Selected PCMs increase thermal mass of the building
components, which then availably reduces heat transfer rate
between the buildings and ambient environment. Furthermore,
this effect can bring to decline of the peak heating or cooling load
of the building. Passive applications of LHTES are also beneficial to
weaken effects of ambient temperature fluctuations on building
components, and therefore result in slighter variations of indoor
temperature contrast to no-PCM cases. Several researches associ-
ated with passive applications of LHTES have been conducted
and normally they can be separated into: PCM walls; PCM roofs
or ceilings; PCM floors; PCM windows and solar chimneys with
PCM

Bondareva et al. [12] investigated heat transfer process of a
building element containing a cavity filled with PCM under non-
stationary external thermal effect. It was indicated that the tilt
angle of the building block determined the intensity of heat trans-
fer and PCM walls transmitted more heat than PCM roof. Khdair
et al. [13] evaluated the reduction of energy demand in the build-
ing through the installation of PCM. Heat transfer was calculated
transiently on the inner surface of the envelopes and the building
performance were reported monthly and annually. Results showed
that PCM was effective in July, August and September rather other
months. Zhang et al. [14] proposed an innovative reversible
multiple-glazing roof integrated with two PCMs to improve ther-
mal performance of a traditional building envelope. The influence
of melting temperature and thickness proportion of PCMs on ther-
mal performance of the roof and an energy-economy comparison
between the new roof and the traditional roof in full life was inves-
tigated. Results indicated that the new glazed roof could provide
better energy saving rate in winter than summer. Elawady et al.
[15] conducted long-term thermal behavior of building roof con-
taining PCM layer. The roof with and without PCM layer and roof
with three different PCMs and three thicknesses were compared
at variable outside weather conditions. Results indicated that using
PCM in the roof structure decreased the indoor heat flux and inte-
rior wall temperature was closer to the indoor air temperature.
Bogatu et al. [16] investigated the performance of novel macro-
encapsulated PCM as a ceiling cooling component compared to
commercially available radiant cooling technologies. The installed
heat storage capacity was enough to shift the cooling demand to
off-peak periods when the PCM was fully discharged.

In addition to the conventional building envelopes, other possi-
ble building components are also taken into consideration and sev-
eral researches have been carried out to explore the PCM potential
applications, including slabs, windows and solar chimneys, etc.
Royon at al. [17] described a new component derived from an
existing slab that has cylindrical cavities filled with PCMs. Heat
transfer of the slab submitted to temperature cyclic conditions
and annular repartition for different percentages of PCM were
studied. The optimal amount of PCMwas determined with analysis
of an indicator that was utilized to evaluate the working part of
PCM during the thermal cycle. Goia et al. [18] exposed paraffin
wax to real solar conditions in a PCM glazing system. Evolution
of chemical and physical properties of the paraffin wax were stud-
ied and stability was observed in terms of latent heat of fusion after
the ageing process. It was observed that maximal decrease of nom-
inal melting temperature was in line with literature data and ther-
mal cycling degradation was possibly caused by the chain
structure with formation of aggregated particles. Li et al. [19]
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experimentally investigated thermal performance of a PCM based
solar chimney under various laboratory conditions. Results indi-
cated that the phase change periods were nearly identical for three
heat fluxes. The air flow rates varied in correspondence with the
absorber surface temperatures. The maximum air flow rate was
determined as 0.04 kg/s in the case of 700 W/m2. While, 500 W/
m2 generated the highest average outlet temperature of 20.35 �C.
Dordelly et al. [20] investigated the impact of integrating PCM on
the performance of two different solar chimney prototypes with
purpose of providing constant ventilation and improving air qual-
ity. Results revealed that PCM integration provided a higher venti-
lation rate when the lamps supplied neglectable energy to the solar
chimney.

Based on the aforementioned reviews, it is obtained that exten-
sive literatures related to PCM passively packaged in building
envelopes are retrievable from perspectives of experimental and
numerical investigations. Corresponding results well testify that
LHTES can be a superior strategy to deal with the building energy
issue.

(2) Active applications.

Available building energy can derive from electricity, residual
thermal energy or a variety of renewable sources, such as solar
radiation, air and geothermal energy, etc. It is certificated that inte-
grating LHTES into these building energy systems is one of the pos-
sible methods to solve the problems of high cost and unstable
outputs [21]. Considering passive modes are usually unable to real-
ize satisfied response between transient energy supply and
demand from buildings, adoption of driving devices to make the
systems operate in active mode is believed as an practical approach
[22]. Actually, active composite systems possess dual functions of
quickly gaining thermal energy from selected heat sources and
temporarily store them for reuse later. According to the heat gen-
eration, active applications can be classified as: solar heating-
latent heat system, heat pump-latent heat system and electrical
heating-latent heat system.

Stritih et al. [23] utilized LHTES with a hot air solar energy col-
lector mounted on the facade of an office building to heat ventila-
tion air accounting for significant energy conservation. Results
showed that the highest coverage ratio of ventilation heat loss
was in the transitional period between seasons. Charvát et al.
[24] employed PCM for thermal energy storage in air-based solar
thermal systems. The CSM panels with RT42 were investigated
by means of experimental and numerical tests. Both results indi-
cated that latent heat thermal storage could be employed in exten-
sive systems as a peak shaving measure. Mazo et al. [25] developed
a radiant floor system with PCM in simple building types. It was
found that the radiant floor with PCM was able to meet the heating
demand requirement with a practically total shift of electric energy
consumption from the peak period to the off-peak demand times.
Oruc et al. [26] analyzed the utilization of a renewable energy-
based system with the latent heat storage option for building ther-
mal management. Results showed that the overall energy and
exergy efficiencies of the PCM-free radiant heating system were
much lower than the case with the PCM-embedded radiant heating
system. Benli et al. [27] developed a ground source heat pump-
PCM latent heat storage system for thermal environment control
of greenhouses. The average heating COP of the ground-source heat
pump unit and the overall system COP were obtained in high range
which presented that utilization of a ground-source heat pump-
PCM system was a suitable approach for greenhouse heating. Lin
et al. [28] proposed a novel under-floor electric heating system
with shape-stabilized PCM plates. This system charged heat by
using cheap nighttime electricity and discharged the stored heat
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at daytime. Results indicated that upper surface temperature of the
PCM plates could be kept near the phase transition temperature in
whole day with obviously low electricity tariff.

Available investigation concerning active application of PCM
also has been widely carried out in numerical analysis. Faraj
et al. [29] integrated coconut oil with a quarter-scale insulated pro-
totype of an underfloor heating system. Versatility of the under-
floor system with PCM facilitated a reduction in heating load
during winter while maintaining residential thermal comfort.
Results indicated that PCM provided a shift in electricity consump-
tion from peak time to off-peak time with a substantial annual cost
reduction compared the control test. Geometric design of solar-
aided latent heat storage is theoretically developed based on vari-
ous parameters and PCMs [30]. Two models were used to describe
the diurnal transient behavior of phase change unit. Effects of var-
ious PCMs, cylinder radius, pipe dimension, total PCM volume,
mass flow rate and inlet temperature of heat transfer fluid (HTF)
were assessed in numerical test. Esen et al. [31] built a model to
investigate performance of a solar assisted cylindrical energy stor-
age tank. Transient behavior of phase change unit was measured
and the heat storage capacities of different PCMs were compared.
Results showed that optimization of the tank should be conducted
from PCM, cylinder radius, the mass flow rate, and the inlet tem-
perature of HTF. A cylindrical phase change storage tank was also
linked to a solar powered heat pump system [32]. The research
was performed to measure the mean temperature of water within
the tank and the inlet and outlet temperature of the tank. They also
presented solar radiation and space heating loads for the heating
seasons. Qiao et al. [33] conducted a study to reveal thermal per-
formance and energy efficiency of an active solar heating wall cou-
pled with PCM system. Four impact factors including number and
location of water capillary pipes, PCM wallboard thickness and
heating water temperature were analyzed. Test room with the
built system achieved an energy conservation of 1.93 kWh and
an indoor temperature of 21.9 �C, which were higher than that of
the reference room. Kong et al. [34] configured a solar collector
integrated with PCM system to make full use of renewable energy
for building heating. Feasibility and economic efficiency of the sys-
tem in practical applications were studied. Results displayed that
the area of solar collector had the greatest impact on indoor tem-
perature, while the power of electric heating furnace had the great-
est impact on the levelized cost of heat.

It is concluded that active applications of PCM enable to com-
plete the fast switching between thermal energy storage and
release, in response to demand of building energy consumption.
Whereas, to our best knowledge, there are few studies concerned
dynamic response relationship between indoor thermal environ-
ment and transient thermal and mass performance of LHTES
applied in buildings, especially for existing buildings located in
the Belgium regions with marine climate where are unsuitable
for large-scale reconstruction and retrofit. Since their heating
demands are much larger than cooling, passive LHTES is unable
to accomplish the heavy load demand of these buildings [15,25].
Therefore, this paper designs a novel active LHTES that utilizes
the abundant electricity at off-peak tariff periods as heat source.
The stored thermal energy can be discharged into the indoor envi-
ronment at on-peak tariff periods in an active operating form. Tak-
ing full advantage of electrical price difference between peak and
valley hours, the proposed phase change heater enables to provide
a possible strategy to reduce the cost of building heating. The daily
thermal performance of indoor environment and phase change
characteristics of PCM during the discharging process at on-peak
tariff periods (assuming 900 min) are conducted based on built
theoretical model. The operating models of active phase change
heaters including start-stop frequency, first run time and total
working time are also measured. In addition, parametric analysis
3

is explicitly studied to reveal effects of several important factors
on system performance.
2. Numerical investigation

2.1. Physical model

A two-dimensional physical model is developed to evaluate
performance of a building integrated with an active phase change
heater, as shown in Fig. 1. The building is specified as a rectangular
with detailed length (Lb) and height (H0 + Hb) of 4 m and 3 m,
respectively. It is observed that the active phase change heater is
installed in the lower left part of a building. A substantial distance
of 200 mm above the floor is reserved for installing the active
phase change heater. Specification of the active phase change hea-
ter is indicated in Fig. 1 and it is revealed that air channel placed
into the center of the active phase change heater is made of thin
copper sheets. Phase change chambers are divided into two identi-
cal parts by the air channel. The length of phase change chambers
and air channel are individually designed as Lp = 37.5 mm and
La = 20 mm, with the identical height of Hp = 500 mm. Besides,
an electric fan is fixed at the outlet of air channel in order to drive
air flow. When it comes to thermal energy storage media, organic
paraffin wax having melting zone of 37 to 42 �C is selected as the
PCM for the sake of producing sufficient heat transfer temperature
difference between PCM and flowing air. The building interior is
assumed as a closed uniform system and a constant relative
humidity (RH) of 0.5 for indoor air will be utilized in this research.
Thermophysical properties of PCM and moist air (calculated from
EES) are illustrated in Table 1 [25,35].

2.2. Governing equations

2.2.1. PCM
Several reliable assumptions established to simplify theoretical

modeling are listed as follows [36].

(1) Liquid PCM flow is regarded as incompressible laminar flow;
(2) PCM is subjected to thermal buoyancy and only the density

variation conforms to the Boussinesq approximation;
(3) Liquid PCM belongs to the Newtonian fluid without volume

change upon phase transition.

Liquid PCM gradually freezes into solid PCM and the stored
thermal energy will be released into the indoor environment. In
this scenario, enthalpy-porosity method is adopted to simulate
the phase transition process. The whole computational domain is
termed as a porous zone with porosity of each cell characterized
by liquid fraction. Based on the above assumption, the governing
equations of PCM in terms of continuity, momentum and energy
conservation are shown in Eqs. (1)–(3) [13,37,38].

@ðqf Þ
@s

þrðqf u
!Þ ¼ 0 ð1Þ

@ðqf u
!Þ

@s
þr qf u

!u!
� �

¼ �rpþ lfr2uþ Su ð2Þ

@ðqf HÞ
@s

þr qf u
!H

� �
¼ rðkfrTÞ þ Sr ð3Þ

where s is the time; u! is the velocity vector; qf, lf, kf and p are
the density, dynamic viscosity, thermal conductivity and pressure

of PCM; Su ¼ �Amushy
ð1�hÞ2
h3þu , Amushy ¼ 105, u ¼ 0:001; h is the volume

fraction of liquid PCMs; Sr represents the source term in energy



(a)     (b) 

Fig. 1. Simplified physical model of studied building. (a) Active phase change heater; (b) Two-dimensional structure of the building.

Table 1
Thermophysical properties of PCM and moist air.

Properties PCM Moist air
(RH = 0.5, at 25 �C) from EES

Solid Liquid

Densityq
(kg/m3)

860 820 1.165

Specific heat
cp(J/kg/oC)

1850 2050 1025

Thermal conductivityj
(W/m/oC)

0.28 0.17 0.02555

Viscosityl
(Pa�s)

— 0.032 0.00001846

Latent heatL
(kJ/kg)

150

Melting point
Tm(oC)

37 42

Thermal expansionb
(1/oC)

0.000385
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conservation equation; H denotes the PCM enthalpy that is nor-
mally equal to the accumulation of sensible heat (hs) and latent
heat (L).

H ¼ hs þ hL ð4Þ

hs ¼ href þ
Z T

Tref

cpf dT ð5Þ

where href and Tref are the reference enthalpy and temperature;
cpf is specific heat of PCM. Liquid fraction of h is used to reflect the
volume proportion of PCM unsolidified during the research. h ¼ 0
or 1 represents all PCMs are in solid or liquid state. h will linearly
change within the scope of 0 and 1 when PCM is within the mushy
region.

h ¼
0;Tf < Ts

Tf�Ts
Tl�Ts

; Ts < Tf < Tl

1;Tf > Tl

8><
>:

9>=
>; ð6Þ

where Ts and Tl are the initial and terminal temperatures of PCM
during melting zone.

2.2.2. Moist air
Moist air in the investigation can be separated into two groups

according to the applications. The first group is the moist air work-
ing as heat transfer fluid in the active phase change heater,
whereas the second group refers to the moist air existing in the
building interior. The former moist air is believed as working under
laminar flow and the correspondent governing equations are listed
as follows [24,27].
4

@ðqaÞ
@s

þrðqa u
!Þ ¼ 0 ð7Þ

@ðqa u
!Þ

@s
þr qa u

!u!
� �

¼ �rpþ lar2u ð8Þ

@ðqaTÞ
@s

þr qa u
!T

� �
¼ rðkarTÞ þ S0r ð9Þ

The convective heat transfer between moist air and PCMs can
be recognized as internal convection with the calculation formulas
emerged in Eqs. (10)–(11).

S0r ¼ �Sr ¼ h Tf � Ta
� � ð10Þ

h ¼
ka
D 3:66Re � 2500

ka
D 0:027Re

4
5Pr

1
3 la

ls

� �0:14
Re > 2500

8<
:

9=
; ð11Þ

where D is the equivalent diameter of air channel; ka, la, Re and
Pr are the thermal conductivity, dynamic viscosity, Nusselt number
and Prandtl number of moist air, respectively; Tf and Ta are the
transient temperatures of PCM and moist air.

As for the latter group of indoor moist air, it is acquired from the
available reference [39,40] that its flow belongs to the complicated
turbulence that enables to rapidly homogenize interior tempera-
ture. Given that primary aims of this investigation are to assess
capacity of the active phase change heater and related thermal per-
formance of built buildings from the aspect of energy conservation,
therefore the entire internal space is assumed as an isothermal
domain with the transient mean temperature marked as the per-
formance index. The related energy conservation equation can be
obtained in Eq. (12).

qVcp
@Tr

@s
¼ qmoAocp T

�n

0 � Tref

� �
� qmiAicp T

�n

i � Tref

� �

� hconvAconvðTnþ1
r � TambÞ ð12Þ

whereV is the indoorvolume;viandvoare thevelocity for airflow-
ing into and out of air channel; Ai and Ao are the inlet and outlet areas

of air channel; T
�n

i and T
�n

0 are the mean temperatures for air flowing
into and out of air channel at n time;hconv andAconv are the convective
heat transfer coefficient and area toward to an external wall.

hconv ¼ 1=ð1
hi

þ 1
Rwall

þ 1
ho
Þ ð13Þ

where hi and ho are indoor and outdoor convective heat transfer
coefficients, 5.7 and 23W/(m2�oC); Rwall is equivalent thermal resis-
tance of the exterior wall with a window, 0.8 (m2�oC)/W.
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2.3. Initial, boundary and operational conditions

2.3.1. Initial condition
Initial temperature of PCM is supposed as slightly higher than

the melting point in order to assure that PCM is liquid prior to
investigation. The initial indoor temperatures of 6, 8, 12 and
16 �C corresponding to various start occasions are examined to
estimate the thermal performance of a building coupling with an
active phase change heater.

(1) Cold start. The active phase change heater systems are oper-
ated to heat indoor environment at lower initial temperature
(6 �C).

(2) Middle start. The indoor mean temperature rises to a higher
level (8 or 12 �C) and the active phase change heater needs
to continuously provide thermal energy to the indoor.

(3) Warm start. The mean indoor temperature (16 �C) is about
to approach the default thermal comfort temperature zone.

2.3.2. Boundary conditions
It is supposed that the active phase change heater is well sealed

by insulated materials, thus attaining adiabatic boundary condition
except the inner surfaces contacting with flowing moist air as
shown in Fig. 1. The moist air passing through the air channel is
solved for viscous air flow under the boundary conditions of
velocity-inlet and pressure-outlet. In terms of the building, only
the right boundary is subjected to convective heat transfer with
the ambient temperature fixed at 5 �C. The other walls including
top, bottom and left sides are corresponding to adiabatic
boundaries.

2.3.3. Operational condition
The object of this investigation is to improve indoor thermal

environment of a building through the active phase change heater.
Actually, it is apparent that the indoor temperature will gradually
increase with the continues working of heater and may beyond the
thermal comfort temperature range. Since overheated temperature
is detrimental to human metabolic activity, reliable operational
strategy should be developed to ensure the indoor temperature
lie in thermal comfortable range. The following research adopts a
thermal comfortable temperature range of 18 to 24 �C, which
means that the working model is on when the indoor temperature
is lower than 18 �C. While, the working model is off as long as the
indoor temperature is larger than 24 �C. The shifting is substan-
tially implemented by controlling the electric fan and the detailed
operational models can be classified into the following types:

Model Ⅰ. When the indoor temperature is below 18 �C, the con-
trol signal will be on with the related air velocity of vset, as shown
in Eq. (14). The air velocity always exists until the indoor temper-
ature exceeds 24 �C.

v i ¼
vsetimplict event1 : Tr < 18 C

vsetimplict event2 : 18 6 Tr 6 24 C
0 implict event3 : Tr > 24C

8><
>:

9>=
>; ð14Þ

Model Ⅱ. When the indoor temperature is above 24 �C, the air
velocity is approached to 0 owing to the turnoff of control signal.
Eq. (15) indicates that the air velocity will change to vset on condi-
tion that the indoor temperature is lower than 18 �C.

v i ¼
0 implict event1 : Tr > 24 C

0 implict event2 : 18 6 Tr 6 24 C
vset implict event3 : Tr < 18 C

8><
>:

9>=
>; ð15Þ

where Tr is the transient indoor mean temperature; vset and vi
are set velocity and actual velocity for moist air adopted in the
active phase change heater, respectively.
5

2.4. Model solving and validation

2.4.1. Model solving
Three governing equations of continuity, momentum and

energy conservation are firstly discretized by means of staggered
grid technology within the computational region and then solved
by the finite element method embedded in COMSOL Multiphysics.
The free step backward differentiation formula controls the calcu-
lation time steps within a rational order and a parallel direct solver
with a rational residual error is about to solve the residual equa-
tions. Convergence with relative residual of 10-5 for continuity
equation, momentum equation and energy equation will be
checked at each time step of the numerical calculation for purpose
of maintaining a highly accurate resolution. When it comes to the
operational events, the residual of 10-4 is selected to establish the
switching of air velocity utilized in active phase change heaters.
2.4.2. Mesh independence
The unstructured grid method consisting of triangular elements

is adopted in this calculation, since COMSOL owns the capacity of
implementing adaptive remeshing. Mesh number is of crucial
importance to the finite element method and thus its indepen-
dency should be considered in detail prior to the numerical inves-
tigation. Four mesh numbers of 6485, 12573, 20,427 and 32,894
are checked in the mesh independency with the results plotted
in Fig. 2.

Fig. 2 shows liquid fraction of PCM and indoor temperature as
function of measured time under the air velocity of 0.20 m/s and
initial temperature of 6 �C. It is perceived from Fig. 2 (a) and (b)
that the PCM liquid fraction and indoor temperature are nearly
overlapped when the mesh number is larger than 20427. Their
results almost maintain unchanged with the continuous increase
of mesh numbers. Whereas, the calculated process will take
amounts of time on the condition of larger mesh numbers. There-
fore, the mesh number of 20,427 is recommended based on dual
considerations of computational accuracy and saving costs.
2.4.3. Model validation
Considering that few literatures related to the thermal perfor-

mance of a building with active phase change heaters are available,
validation of the built model is accomplished by the two parts: (1)
Comparison between experiments and numerical calculation for
the phase change unit containing targeted PCM. Constant heat flux
of _q ¼ 4410W=m2 is exerted in the corresponding experiments; (2)
Comparison between literature results and numerical calculation
for the phase change exchanger. Experiments conducted in Ref.
[41] utilize a triplex tube heat exchanger as thermal energy stor-
age. RT82 paraffin with melting peak temperature of 82 �C and
water are separately employed as PCM and HTF. Initial tempera-
tures of 87 and 68 �C for HTFs are utilized in the melting and solid-
ification experiments. As indicated in Fig. 3 (a) and (b),
temperatures of PCM obtained from built numerical model are in
excellent agreement with experimental results of phase change
unit or phase change exchangers having HTFs working at mass
flow rates of 8 and 16 kg/min with the elapse of time. Slight dis-
crepancy between calculated and experimental results might lie
in difference between the real object and assumed physical model.
It can be speculated from the comparable results that built theoret-
ical model is accurate enough to be utilized in the following
research.



(a) (b) 

Fig. 2. Mesh independence of proposed numerical model. (a) Liquid fraction of PCM and (b) Indoor mean temperature.

(a) (b) 

Fig. 3. Validation of the built model with experiments. (a) Phase change unit; (b) Phase change heat exchanger.
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3. Results and discussion

3.1. System thermal performance and control

3.1.1. Indoor mean temperature
Indoor mean temperatures varied with air velocity are illus-

trated in Fig. 4. it is observed from Fig. 4 that mean temperatures
enable to arrive the expected indoor temperature under any air
velocity owing to introduction of active phase change heaters. It
is also disclosed in Fig. 4 that lower initial temperature requires
relatively longer operation time to reach the target temperature,
in contrast to the higher initial temperature. Comparable results
in Fig. 4 (a)-(f) indicate that large air velocity has capacity of sup-
plying much thermal energy, bringing to active phase change hea-
ters operating intermittently to control thermal comfortable
temperature and frequent fluctuation of indoor mean temperature
within the target zone of 18 to 24 �C. The larger the air velocity, the
greater the fluctuation frequency of indoor mean temperature.
Meanwhile, transient indoor mean temperature is found to present
limited variation (always lower than 24 �C) when the air velocity is
0.20 m/s for initial temperatures of 6, 8, 12 and 16 �C. This sight is
mainly attributed to the continuous operation of active phase
6

change heaters to provide thermal energy for completing indoor
thermal comfort.

3.1.2. Air outlet temperature
Moist air working as the HTF flows through active phase change

heaters with the purpose of extracting thermal energy from phase
change chambers. The acquired air temperatures at the outlet of air
channel as function of air velocity are indicted in Fig. 5. It is obvi-
ous that there exist numerous rises and falls of air temperature at
air velocities of 0.21 to 0.40 m/s and these fluctuations technically
result from intermittent running of active phase change heaters.
Moist air could gain more temperature fluctuations at larger air
velocity compared to case at lower air velocity. Fig. 5 also indicates
that air temperature increases quickly with the elapse of measured
time at the initial stage. Air temperature climbs the upper temper-
ature limit faster at higher initial temperature, in comparison to
lower initial temperature cases. Whereas, the largest temperature
of moist air at the outlet of air channel decreases with the augment
of air velocity. Results of air temperatures are individually calcu-
lated up to 35.57, 35.39, 34.93, 34.36, 33.28 and 31.91 �C under
conditions of 0.20, 0.21, 0.23, 0.25, 0.23 and 0.40 m/s. Moreover,
the largest temperature of moist air changing limited with the vari-



(a) (b) (c) 

(d) (e) (f) 

Fig. 4. Indoor mean temperature as function of air velocity. (a) 0.20 m/s; (b) 0.21 m/s; (c) 0.23 m/s; (d) 0.25 m/s; (e) 0.30 m/s and (f) 0.40 m/s.

(a)     (b)     (c) 

(d)     (e)     (f) 

Fig. 5. Air outlet temperature variation as function of air velocity. (a) 0.20 m/s; (b) 0.21 m/s; (c) 0.23 m/s; (d) 0.25 m/s; (e) 0.30 m/s and (f) 0.40 m/s.
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ation of measured time or initial temperature indicates that con-
vective heat transfer between moist air and PCM has slight effect
on overall heat transfer process.

3.1.3. Control and operation of active phase change heater
Based on the variation of indoor mean temperature and air out

temperature in Figs. 4 and 5, it is rationally gained that active
7

phase heaters will experience repetitive times of starting and end-
ing during the investigation in order to maintain indoor thermal
comfort temperature. Since working lifespan and running cost of
active phase heaters are closely related to their operation, Fig. 6
exhibits control and operation of active phase change heaters. It
is obtained that numbers of start-stop ascend quickly at the low
velocity. When the low velocity rises to 3.0 m/s, effective start-



(a)     (b)     (c) 

Fig. 6. Control and operation of active phase change heaters. (a) Number of start-stop, (b) First run time and (c) Total working time.
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stop frequencies of active phase change heaters are determined as
10 times at lower initial temperatures (6 and 8 �C), 11 times at
higher initial temperatures (12 and 16 �C). Whereas, continuing
 

(a)     (b)

 

(d)     (e)

Fig. 7. Liquid fraction variation of PCM as function of air velocity. (a) 0.20 m/

8

to increase air velocity brings to slight augment of start-stop fre-
quency and the maximal results are found as 13 times for active
phase change heaters running after 900 min.
  

     (c) 

  

     (f) 

s; (b) 0.21 m/s; (c) 0.23 m/s; (d) 0.25 m/s; (e) 0.30 m/s and (f) 0.40 m/s.
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Operation of active phase change heaters can be affected by the
indoor initial temperature, especially for the first run. Fig. 6 (b)
shows the first run time of active phase change heaters changed
with air velocity. It is conceived that first run time drops signifi-
cantly with the augment of air velocity for all operational cases.
Comparable results also reveal that higher initial temperature
enables to shorter the related first run time of phase change heater
in contrast to lower initial temperature. The first run time is calcu-
lated as approximately 60, 60, 50 and 40 min for the initial temper-
atures of 6, 8, 12 and 16 �C, respectively. Fig. 6 (c) plots the total
working times of active phase change heaters as function of air
velocity during discharging process. It is obvious that the active
phase change heaters need to continuously work (900 min) at
the low velocity of 0.20 m/s. Total working times reveal parabolic
downward trend with the augment of air velocity. When the air
velocity rises to 0.40 m/s, the active phase change heaters possess
approximately total working time of 540 min that is merely 0.6 of
the entire investigated time.
3.2. Phase change heat transfer characteristics

3.2.1. Liquid fraction profile
Liquid PCMs substantially turn into solid as stored thermal

energy is dissipated to indoor environment and the liquid fraction
variations of PCM changed with air velocity are illustrated in Fig. 7.
It is presented in Fig. 7 that liquid fractions of PCM display various
declines with the elapse of time depending on the air velocity and
(a)    (b

(d)    (e

Fig. 8. Solid fraction of PCM in active phase change heaters as function of air velocity. (
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initial temperature. For the air velocity of 0.20 m/s, Fig. 7 (a) indi-
cates that liquid fraction of PCM decreases generally as increase of
measured time. Meanwhile, there appears parallel stages in the liq-
uid fraction of PCM as shown in Fig. 7 (b), which are corresponding
to intermittent operation of active phase change heaters. Moist air
no longer flows into the air channel and no thermal energy can be
extracted in this respect. Therefore, liquid fractions of PCM remain
unchanged during these unproductive periods. Similar phenomena
can also be observed in Fig. 7 (c)-(f), indicating active phase change
heaters have experienced multiple starts and stops during the
investigation. It is further acquired that larger air velocity induces
more parallel stages in terms of liquid fraction of PCM and more
frequent of the intermittent operation of active phase change hea-
ters. Fig. 7 indicates that liquid fractions of PCM change remark-
ably with air velocity rather than initial temperature. The final
liquid fractions of PCM are still over 0 after 900 min, confirming
that active phase change heaters perfectly satisfy the heating
demand from studied building. It is calculated that liquid fractions
drop down to approximately 0.332, 0.339, 0.399, 0.425, 0.457 and
0.473 at 900 min for air velocity of 0.20, 0.21, 0.23, 0.25, 0.30 and
0.40 m/s.
3.2.2. Phase change contour
Phase change contours of PCM incorporated in active phase

change heaters changed with air velocity at various initial temper-
atures are illustrated in Fig. 8 and it is found that phase change
contours demonstrate more noticeable variation along with air
)    (c) 

)    (f) 

a) 0.20 m/s; (b) 0.21 m/s; (c) 0.23 m/s; (d) 0.25 m/s; (e) 0.30 m/s and (f) 0.40 m/s.
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velocity rather than initial temperature. In any case of air velocity,
phase change contours are almost constant with regards to various
initial temperatures. This sight is attributed to the fact that thermal
energy required from indoor environment to against heat loss var-
ies slightly with air velocity, under thermal comfortable tempera-
ture zone. Phase change contours at measured times certify that
there exist comparable lower liquid fractions along the walls of
air channels, which well corresponds to the flowing of moist air.
It is also indicated in Fig. 8 (a)-(f) that air velocity is capable of
inducing remarkable non-uniformity in terms of phase change
contours and therefore phase change chambers obtain more evi-
dent phase transition in horizontal direction at larger air velocities.
3.2.3. Temperature contour
Fig. 9 describes the temperature contours of PCMs in active

phase change heaters and it is received that thermal energy is prac-
tically transferred from phase change chambers to central moist air
flow. With the elapse of time, there appear obvious color changes
at the bottom of phase change chambers that reflects intense heat
exchanging performance. Thermal energy released from PCM is
used to compensate heat loss to ambient, achieving comfortable
thermal environment (18 � 24 �C). When it comes to temperature
contours of moist air, it is connected with indoor environment,
indicating its transient temperature identical to indoor tempera-
ture. Low-temperature (<18 �C) air flows into channels and then
turns into high-temperature air when flowing out of channels.
Under the indoor temperature within thermal comfort zone, it is
(a)    (b

(d)    (e

Fig. 9. Temperature contour of PCM and air in active phase change heaters as function of
0.40 m/s.
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observed in Fig. 9 (b)-(f) that constant results in temperature con-
tours of moist air appear at several operating cases, such as
360 min with initial temperature of 6 �C. Suspension of active
phase change heaters contribute to these sights to ensure indoor
comfortable temperature. The significant temperature difference
between the PCM and air channels further indicate that thermal
resistance on the air side is responsible for the heat transfer limi-
tation. Heat exchange rate between PCMs and moist air can be fur-
ther improved by means of available strategies to reduce the
thermal resistance on air side.
3.2.4. Velocity contour
Fig. 10 discloses the velocity contours of liquid PCM in active

phase change heaters as function of air velocity. It is found that
PCM velocity promoted by thermal buoyancy descends obviously
with the elapse of time. Generally, the largest velocities appear
in the lowest measured time and PCM gain maximal velocities of
1.85 � 10-4, 1.86 � 10-4, 1.87 � 10-4, 1.89 � 10-4, 1.91 � 10-4 and
1.92 � 10-4 m/s at 60 min at the air velocity of 0.20, 0.21, 0.23,
0.25, 0.30 and 0.40 m/s, respectively. After discharging time of
900 min, it is determined that velocities of liquid PCM drop down
to merely 1.4 � 10-5, 1.53 � 10-5, 1.74 � 10-5, 1.99 � 10-5,
1.06 � 10-5, 2.62 � 10-5 m/s under the air velocities of 0.20, 0.21,
0.23. 0.25. 0.30 and 0.40 m/s, respectively. On the basis of the
velocity contours of liquid PCM circulating in the phase change
chambers, it is deduced that PCM flow is crucial to its phase tran-
sition, then exerting unneglectable influence on related heat trans-
)    (c) 

)    (f) 

air velocity. (a) 0.20 m/s; (b) 0.21 m/s; (c) 0.23 m/s; (d) 0.25 m/s; (e) 0.30 m/s and (f)
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fer performance and temperature regulation of indoor thermal
environment of buildings. Fig. 10 also reveals that there are no
obvious changes in terms of velocity contours of liquid PCM under
various initial temperatures.
3.3. Parametric analysis

The indoor temperature is expected to stay in the thermal com-
fort zone all the time. It is found that active phase change heaters
work mostly at the warm start in practical applications which
(a)    (b

(d)    (e

Fig. 10. Velocity contour of PCM in active phase change heaters as function of air velocity

(a)    (b

Fig. 11. Performance of proposed system as function of PCM thermal conductivity (vair =
Indoor temperature.
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means the majority of thermal energy extracted from phase
change heaters is utilized to balance against transient heat loss
of indoor environment. Parameters of the active phase change hea-
ter enable to exert substantial effects on indoor thermal environ-
ment. Herein, parametric analysis is conducted under the
operational conditions of initial temperature of 16 �C and air veloc-
ity of 0.30 m/s. Influences of four important parameters including
thermal conductivity and melting point of PCM, ambient tempera-
ture and wall thermal resistance on system performance are eval-
uated in the following research.
)    (c) 

)    (f) 

. (a) 0.20 m/s; (b) 0.21 m/s; (c) 0.23 m/s; (d) 0.25 m/s; (e) 0.30 m/s and (f) 0.40 m/s.

)    (c) 

0.3 m/s, Tini = 16 �C). (a) Liquid fraction of PCM; (b) Air outlet temperature and (c)



Z. Zhang, N. Zhang, Y. Yuan et al. Energy & Buildings 278 (2023) 112646
3.3.1. Thermal conductivity of PCM
Performance of proposed system as function of PCM thermal

conductivity are plotted in Fig. 11 and it is observed that liquid
fraction of PCM, air outlet temperature and indoor temperature
vary limited with thermal conductivity of PCM, apart from the ter-
minal stage. In consideration of air outlet temperature in Fig. 11
(b), it is discovered that larger thermal conductivity of PCM accel-
erates the heat transfer between PCM and flowing moist air, pro-
ducing higher temperature air at the outlets. Accordingly, the
liquid fraction of PCM and indoor mean temperature with larger
thermal conductivity obtain slighter shifts compared to lower ther-
mal conductivity as shown in Fig. 11 (a) and (c). Indoor mean tem-
perature is always within the thermal comfort zone, which testifies
that active phase change heater can meet building heating demand
in this circumstance.
3.3.2. Melting point of PCM
Fig. 12 illustrates performance of proposed system as function

of PCM melting point and it is exhibited that melting point of
PCM has remarkable effect on the operational model of active
phase change heaters. PCM with larger melting point stores more
thermal energy and the heat releasing rate will also be enhanced
to respond to heat load demand for indoor environment. Active
phase change heaters need to work continuously to maintain suit-
able indoor temperature for lower melting point (30–36 �C) of
PCM. whereas, higher melting points of PCMs (larger than 36 �C)
qualify active phase change heaters to operate intermittently
which can be found in Fig. 12 (a)-(c). Since PCM with melting tem-
perature of 39 �C almost maintains the indoor temperature in high-
est level, it will consume most thermal energy and lowest liquid
fraction of PCM can be perceived in Fig. 12 (a).
(a)    (b

Fig. 12. Performance of proposed system as function of PCM melting point (vair = 0.3 m/
temperature.

Fig. 13. Performance of proposed system as function of ambient temperature (vair = 0.3 m
temperature.
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3.3.3. Ambient temperature
Ambient temperature is directly associated with heat loss

between indoor and outdoor environment and performance of pro-
posed system as function of ambient temperature is displayed in
Fig. 13. It is comparably identified that ambient temperature is
able to exert more noticeable influence on system performance,
compared to thermal conductivity and melting point of PCM. The
lower the ambient temperature, the larger the heat loss, the faster
melting rate of PCM to maintain indoor thermal comfortable tem-
perature. When low ambient temperatures (-10, �5 and 0 �C) are
employed, the active phase change heaters continuously work to
provide thermal energy and liquid fraction of PCM declines to
merely 0.017, 0.095 and 0.196 at 900 min. The corresponding
indoor temperature and air outlet temperature change mildly in
this scenario. It can be hardly guaranteed that indoor temperature
is within thermal comfort range for measured time larger than
670 min at ambient temperature of �10 �C. Large ambient temper-
atures (5 and 10 �C) decrease the heat loss and PCM individually
gains high liquid fraction of 0.475 and 0.668 with satisfied guaran-
tee of indoor objective temperature.
3.3.4. Thermal resistance of wall
Effects of thermal resistance for right wall on system perfor-

mance are calculated and the obtained results are indicated in
Fig. 14. It is shown that wall thermal resistance causes substantial
fluctuations to indoor temperature, in spite of indoor temperature
within thermal comfort range. Actually, thermal resistance of wall
is identified as an important constant to heat loss. Larger thermal
resistance induces slighter heat loss to ambient and the active
phase change heater needs to work intermittently to prevent
excessive indoor temperature. It is also apparent that no start-
stop alternation occurs when wall thermal resistance is low (0.4
)    (c) 

s, Tini = 16 �C). (a) Liquid fraction of PCM; (b) Air outlet temperature and (c) Indoor

/s, Tini = 16 �C). (a) Liquid fraction of PCM; (b) Air outlet temperature and (c) Indoor



Fig. 14. Performance of proposed system as function of wall thermal resistance (vair = 0.3 m/s, Tini = 16 �C). (a) Liquid fraction of PCM; (b) Air outlet temperature and (c)
Indoor temperature.
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or 0.6 (m2�oC)/W). Numerous start-stops can be observed in the
operational model under the wall thermal resistance larger than
0.8 (m2�oC)/W. The intermittent operations of active phase change
heaters contribute to obvious fluctuations in terms of air outlet
temperature and indoor temperature. Liquid fractions of PCM
increase dramatically with the augment of wall thermal resistance.
Finally, liquid fractions of PCMs fall down to 0.074, 0.190, 0.475,
0.575 and 0.647 for thermal resistance of 0.4, 0.6. 0.8, 1.0 and 1.2
(m2�oC)/W, respectively.
4. Conclusions

An active phase change heater is proposed in order to satisfy
heating demand from existing buildings with marine climate.
Thermal energy with excess low-price electricity at off-peak tariff
periods is charged into the system and then discharged at the
on-peak tariff periods. Numerical model is built on basis of couple
heat and mass transfer between PCM and indoor environment with
indoor environment assumed as an isothermal domain. This paper
adopted an event control to achieve switchable operations of active
phase change heaters, maintaining a thermal comfort temperature
zone at three starting occasions.

It is comprehensively inquired that indoor temperatures are
generally within the expected range under various initial temper-
atures and air velocities. The largest temperatures of moist air at
the channel outlets decrease gradually with the augment of air
velocity. It is calculated that maximum of air outlet temperatures
are 35.57, 35.39, 34.93, 34.36, 33.28 and 31.91 �C at velocity of
0.20, 0.21, 0.23, 0.25, 0.30 and 0.40 m/s, respectively. Active phase
heaters work intermittently during the investigation in order to
guarantee indoor thermal comfort temperature. Numbers of
start-stop present parabolic increase while total working times
decrease as air velocity rises from 0.20 to 0.40 m/s. The first run
time can drop down to approximately 60, 60, 50 and 40 min for ini-
tial temperatures of 6, 8, 12 and 16 �C. Phase change heat transfer
analysis indicates that liquid fractions of PCM decrease substan-
tially with the elapse of studied time and several parallel stages
occur owing to discontinuous operation of active phase change
heaters. PCMs individually attain lowest liquid fraction of 0.347,
0.375, 0.411, 0.435, 0.475 and 0.489 for air velocities of 0.20,
0.21, 0.23, 0.25, 0.30 and 0.40 m/s after 900 min investigation. It
is deduced that liquid flow is a crucial factor able to exert notice-
able influence on PCM heat transfer characteristics and thermal
regulation of indoor environment. Thermal resistance on the moist
air side is the primary limit to heat transfer process. Parametric
analysis reveals that PCM thermal conductivity is indecisive over
melting point with regard to heat transfer of active phase change
heaters. Ambient temperature and thermal resistance are identi-
fied as sensitive parameters and final liquid fraction of PCM can
13
drop down to merely 0.074 under thermal resistance of 0.4
(m2�oC)/W.

In conclusion, this novel active phase change heater provides
a comparable strategy to meet the building heating demand
from the perspective of energy dispatching and utilization,
which is believed to be beneficial to accelerate the latent
heat thermal energy storage applied in building energy
conservation.
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