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Abstract: This article studies a composite solar wall with latent storage (TES) designed to heat
rooms inside buildings during the cold season. No numerical model of the composite solar wall
is currently available in the Dymola/Modelica software library. The first objective of this work is to
develop one such model. The article describes the elementary components, along with the equations
that allow modeling the heat transfers and storage phenomena governing both the thermal behavior
and performance of the solar wall. This model was built by assembling various existing basic
elements from the software’s “Building” library (e.g., models of heat transfer by convection, radiation
and conduction) and then creating new elements, such as the storage element incorporating the
phase change material (PCM). To validate this solar wall model, numerical results are compared to
experimental data stemming from a small-scale composite solar wall manufactured in our laboratory,
and the experimental set-up could be tested under real weather conditions. After verifying the level
of confidence in the model, the energy performance of two solar walls, one with a conventional
storage wall (sensible heat storage) the other containing a PCM (the same as in the experiment),
are compared. The result indicates that the solar wall incorporating a PCM does not in this case
release any more energy in the room to be heated.

Keywords: composite Trombe wall; phase change material; micro-encapsulated PCM

1. Introduction

To limit the energy consumption required to heat building space in winter, several strategies
were explored, including the passive solar wall. Integrated into the building envelope, a passive
solar wall has drawn researchers’ attention in determining the potential benefit achieved from such
a system. Previous work has focused on: Trombe-Michel systems yielding more air power entering
the room during sunny hours [1]; passive solar air heating and natural ventilation via the buoyancy
effect [2]; a ventilated Trombe wall as a passive solar heating and cooling retrofitting approach, serving
to reduce the heating and cooling loads by 94% and 73% respectively [3]; the greenhouse effect with
a passive Trombe wall providing higher temperature to the greenhouse air [4]; and a Trombe wall
with direct gain generating the comfort of thermal heat [5]. Passive solar wall techniques, whether
heating or cooling applications, can reduce annual energy consumption in the residential building
sector, i.e.: the electrical consumption of a passive cooling wall containing PCM cubicles by 15% [6];
a solar heating system and air-water heat pump [7]; 35% offered by a passive solar agricultural
greenhouse over a 2-year period [8]; passive cooling strategies to reduce the annual cooling energy
consumption by up to 23.6% [9]; and a state-of-the-art report on possible methods relative to heating
and cooling energy consumption [10]. This strategy started development decades ago, ever since its

Appl. Sci. 2020, 10, 1854; doi:10.3390/app10051854 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-2422-1778
https://orcid.org/0000-0002-7298-3224
http://dx.doi.org/10.3390/app10051854
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/5/1854?type=check_update&version=2


Appl. Sci. 2020, 10, 1854 2 of 26

first assessment by E.S. Morse in the 19th century. It was subsequently redesigned as an architectural
element by F. Trombe and J. Michel [11], as frequently acknowledged in published papers on: Trombe
wall, Trombe-Michel solar wall, or composite solar wall. In current research dedicated to energy and
environmental contexts, passive solar wall techniques are more relevant than ever, leading to the
development of various passive configurations, namely: (a) the classical Trombe wall: engineering
techniques [12], theoretical and experimental investigations of heat transfer [13], comparison of the
effects of air flow rate between the one-dimensional and two-dimensional models [14], and the
numerical study of thermal performance [15]; (b) the PCM Trombe wall: clay bricks integrating PCM
macro-capsules functioning as the storage wall [16], thermal performance of a PCM storage wall
in temperate and hot climates [17], a simulation study of building walls using the collector-storage
wall integrating PCMs [18], a summary of the investigation and analysis conducted on systems
incorporating PCMs as storage elements [19], the heat storage wall of the studied building ventilation
using black paraffin wax [20], and experimental investigations of PCM wall thermal performance
improved by delta winglet vortex generators [21]; (c) a composite Trombe wall with or without PCM:
the numerical study of a composite Trombe wall model both with and without PCM in relying on
the Dymola/Modelica software [22], numerical studies of the comparison between two walls using
sensible heat (with concrete as the storage wall) by means of TRNSYS software [23], experimental
studies on the energy performance of a composite Trombe wall using concrete blocks as the storage
element [24], an experimental study of a small-scale Trombe wall integrating the brick-shaped packages
of PCM (hydrated salt) [25], and a theoretical study of a solar wall collector system on thermal
performance [26]; and (d) a photovoltaic (PV) Trombe wall: applied in a one-room building model
using TRNSYS software [27,28], a numerical study using FORTRAN to simulate the influence of
photovoltaic glazing on the thermal and electrical performance of a photovoltaic-Trombe wall [29],
a PV-Trombe wall assisted by a DC fan [30], a numerical study of the two-dimensional model of a
PV glass panel [31,32], validation of the energy modeling of a building using computational fluid
dynamics (CFD) and comparison of the system with a PV panel, single glass and double glass [33,34],
experimental and numerical studies during winter correlated with a south facade design [35], and a
numerical study of the periodic modeling of a semi-transparent photovoltaic thermal Trombe wall
(SPVT-TW) in the winter season in New Delhi using MATLAB and R2013a software [36]. Moreover,
physical phenomena occurring in this system were studied as well, i.e.: ventilated air layer effects,
dimensional effects, storage wall effects, insulation wall effects, and glazing effects.

Generally speaking, the Trombe wall is constituted, on the outside, by glazing placed in front of
the storage wall. These two components are separated by a small distance creating a ventilated or
non-ventilated air layer and a greenhouse effect. The storage wall was initially made from concrete,
stones, and bricks painted in dark colors on their outer surface [37]; its primary function is to absorb
solar radiation (shortwave), with a portion of the absorbed energy being stored and then transferred to
the interior space for heating during winter. The solar wall may, on occasion, be equipped with a vent
open to the outside in order to generate air circulation (=chimney effect) from the inside to the outside
in order to enhance the cooling of buildings at night during the summer[38].

In a classical Trombe wall, the low thermal resistance of the glazing can cause inverse
thermocirculation in the ventilated air layer, thus decreasing room temperature during the night
or non-sunny period and overheating it in the summer [24,39]. A redesign of the Trombe wall, known
as the composite Trombe wall, took place [26]. Zalewski et al. presented the results from numerical and
experimental studies conducted on four distinct types of passive solar walls [40]. Through comparing
the results obtained, they were able to assist architects and project managers choose the most beneficial
configuration for each type of building in response to specific climate conditions. Shen et al. modeled
various solar walls using the finite difference method [26] in TRNSYS software to compare results
between the classical Trombe wall and composite Trombe wall. They found that the model introduced
was in a good agreement with measurement results; furthermore, they showed that the thermal energy
performance of the composite Trombe wall was better than that of the classical wall during cold and/or
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cloudy weather [23]. Nevertheless, the composite Trombe wall displays some disadvantages with
respect to its low thermal energy storage and the problem of increasing the building’s dead load when
increasing (concrete or brick) storage wall volume [39].

To overcome these drawbacks while simultaneously improving efficiency of the composite
Trombe wall, some studies replaced the classical (concrete or brick) storage wall with a high thermal
capacity storage wall containing phase change materials (PCMs) [22,25]. PCMs store and release heat
during their reversible cycles: solid-liquid (the most common in this kind of application), liquid-gas,
or solid-solid; moreover, PCMs can absorb more energy than conventional materials for the same
volume due to phase changes [41–43]. Thanks to their high latent heat storage, these materials have
become the main topic of extensive research and have been widely developed and used in order to
improve both thermal inertia and the time delay of released heat [43].

The first inclusion of phase change materials into Trombe walls took place around 1980 [44].
Bourdeau et al. [45] studied the behavior of a Trombe wall containing calcium chloride hexahydrate
(H12CaCl2O6) placed on a wooden frame behind a double-glazing. The results showed that for an
equivalent effect, the latent heat storage wall can reduce 4 times the thickness of the concrete Trombe
wall weighing a total of 6 times more than the PCM Trombe wall. Ghoneim et al. [18] performed
the numerical simulation of a collector-storage wall incorporating various storage elements: sodium
sulfate decahydrate (Na2 · SO4 · 10 H2O), medical paraffin, P116-wax, and classical concrete. Numerical
results revealed that the Trombe wall containing PCM (Na2 · SO4 · 10 H2O) performed the thermal heat
transfer with high efficiency compared to other storage elements (concrete, paraffin, P116-wax).

Khalifa et al. [46] modeled three thermal storage walls: concrete, hydrated salt (CaCl2 · 6 H2O),
and paraffin-wax (N-eicosane); the imposed thermal boundary condition was based on Iraqi weather.
Simulation results demonstrated that an 8-cm thick storage wall made of hydrated salt (CaCl2 · 6 H2O)
could maintain the temperature in the interior zone close to the comfort level (22–25 ◦C ), while a
20-cm thick concrete storage wall and a 5-cm thick paraffin storage wall were both affected by the
ambient temperature, causing a decrease in the inside temperature (18–22 ◦C ).

Fiorito [17] carried out an assessment of the thermal performance of a Trombe wall incorporating
PCM. Five climatic environmental conditions were applied to evaluate sensitivity of the Trombe
wall system. From the results obtained, PCM integration into a lightweight building component
helped minimize the fluctuation of inside temperature for all climatic areas studied. Another research
effort implementing DWVG (delta winglet vortex generators) on the outer surface of the storage wall
containing PCM (CaCl2 · 6 H2O) is presented in [21]. The purpose of using this tool was to enhance
heat transfer by convection; consequently, the results relative to airflow rate and room heating rate
indicated that use of DWVG raised performance by 28.5% and 39.4%, respectively, compared to the
case without DWVG.

Li et al. [47] tested a solar chimney system made of a Trombe wall integrating RT42 macro-
encapsulated paraffin wax with three distinct imposed heat fluxes of 500 W/m2, 600 W/m2 and
700 W/m2; each experiment was run for 24 h. These experimental results showed that paraffin wax
could efficiently store solar thermal energy during the day and release it several hours later; moreover,
the duration of circulating air created from heat transfer exchanges could extend the period of released
heat, especially at night, to around 14 h for all cases investigated.

Zhou et al. [48] studied the thermal performance of a newly ventilated Trombe wall integrating
phase change materials (PCMs-VTW) as well as its optimization (melting temperature and PCM
thickness) during the hot and cold season of a region set in China. The numerical model was used to
simulate the energy performance of this newly ventilated Trombe wall. According to results, the energy
storage and release efficiency (ESRE) achieved a 10% boost in summer and 13% in winter. This wall
was further studied with respect to cooling performance with the PCMs embedded into the storage
wallboard: the exterior PCM wallboard was to store cooling at night, whereas the interior PCM
wallboard was to exchange radiant cooling. Results pointed to a reduction in energy consumption for
cooling [49].
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Alongside the development of the Trombe wall and in an attempt to reduce energy consumption
in the building sector, a composite Trombe wall was developed both with and without PCM [22,25].
Zalewski et al. [25] tested a small-scale composite solar wall incorporating PCM (hydrated salts)
conditioned in rectangular bricks. Test results underscored the high thermal energy storage of these
hydrated salts (H2O + CaCl2 + KCl + various additives), which can store much more heat than the same
volume of concrete. The authors also proved that these bricks (thickness: 23 mm) allow recovering solar
gains with a shorter time delay (approx. 2 h, 40 min), which had been the drawback in winter when a
house wall required additional energy supply (i.e., heat gain) at the end of the day. Nevertheless, such a
wall can be considered to be advantageous in winter when used for structures occupied during the
day, e.g., offices, shopping centers, hospitals, universities, schools. Leang et al. [22] created a numerical
model using the Dymola/Modelica software and its various libraries [50,51] in order to simulate two
cases of a solar wall component. The first case sought to compare experimental and numerical results
for a composite Trombe wall equipped with a concrete storage wall as a means of validating the model.
The second case was intended to use the validated model to conduct other simulations of the composite
Trombe wall, in which concrete was replaced by a wall integrating micro-encapsulated PCM.

Recent studies focused on implementing PCMs as thermal energy storage into the hybrid system
with active cooling and hybrid ventilation. Zhou et al. [52] studied the numerical modeling of a
system of hybrid PCMs working on the one hand as a ventilated Trombe wall integrating phase
change materials (PCMs-VTW) and on the other as a photovoltaic/thermal system integrating a phase
change material (PV/T-PCM). Based on the results obtained, the system is able to provide a stable
indoor thermal environment. This new hybrid system incorporating PCMs was then investigated
with the machine learning-based, data-driven model in order to predict on-site renewable electricity
generation [53–55], which involved system parameter optimization [56].

The scientific gaps herein pertain to: the lack of research on integrating phase change materials
(PCMs) into the composite Trombe wall system to allow storing and releasing thermal energy with
latent heat; and the absence of numerical studies simulating the thermal performance of this solar wall
in the Dymola/Modelica library. Furthermore, the aforementioned study regarding the numerical
model with Dymola/Modelica does present the thermal performance of a composite solar wall
integrating the concrete storage wall with storage and release in the form of sensible heat. This study
will present a small-scale composite Trombe wall integrating phase change materials; its main objectives
are as follows:

1. Present the specific features and experimental set-up of a composite Trombe wall containing PCM;
2. Explain how the numerical method, with the help of the Dymola/Modelica software, performs in

determining the thermal behavior of the composite solar walls;
3. Validate this numerical model based on a comparison between simulation and measurement;
4. Compare the efficiency of sensible vs. latent storage of composite solar walls.

2. Composite Solar Wall and Experimental Set-Up

Figure 1 shows the diagram of the composite Trombe wall studied herein and designed to
heat living areas. The operating mode of this solar wall is passive and conforms to a low-cost
configuration. From the outside, in the presence of solar radiation, glazing creates a greenhouse effect
in a non-ventilated air gap that increases the PCM wall temperature. The main characteristics of the
outer storage wall surface are the solar absorption coefficient α, which depends on the wall surface
color, and the emissivity ε.

The energy absorbed by the opaque wall is stored and then transferred with a time delay to the
ventilated air gap between the storage wall and the insulating wall. The ventilated air layer plays a
significant role in the ability to recover thermal energy transmitted to the room. An insulating panel
serves to avoid both energy losses during periods when solar gains are insufficient and overheating
in summer. However, during summertime, it is advisable to add a sunscreen in front of the glazing.
The insulating panel is perforated to allow natural air thermocirculation through the lower and upper
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vents. In some cases, a system designed to avoid reverse thermocirculation in the ventilated air layer
can be installed. A flexible plastic film placed over the lower vent was studied and proven to be effective
in preventing a reverse thermosiphon with minimal air flow disruption [24,57]. This experimental
set-up does not feature a system to block reverse thermocirculation because the primary aim here is to
study exchanges in the ventilated layer.

Figure 1. Vertical cross-section of the experimental set-up.

The experimental set-up, assembled on a reduced scale 83 cm high, 73 cm wide and 1 m deep,
was placed on the south side of the laboratory. The dimensions of the storage wall were: 71× 59 × 4 cm3.

Figure 2 shows the solar wall set-up. It is equipped with thermocouples (T-type-diameter:
0.1 mm) to measure air and surface temperatures, plus two heat fluxmeters (tangential gradient type)
to measure heat flux evolution on both sides of the storage wall. The calibration procedure, described
in [58,59], provides these sensors with an accuracy of ±3%. The pyranometer is located in the vertical
plane of the facade receiving incident solar flux. Since our laboratory window is set above the first
floor, which has a white roof, the solar wall is able to benefit from the influence of solar reflection
and thus receives higher solar radiation. The two heat fluxmeters with an integrated thermocouple
(φext, Text, φint and Tint) are placed on both sides of the storage wall in the central position (Figure 1).
The fluxmeter (φext) measures the flux of heat entering or leaving the outer storage wall surface (solar
radiation and exchanges between the storage wall and glazing). On the ventilated air layer side,
the fluxmeter (φint) simultaneously measures the convective exchanges between storage wall and air
as well as the radiative exchanges between this same wall and the insulated wall located opposite.
Two thermocouples measure air temperature at both the lower vent (Tlv) and the air layer outlet at the
upper vent (Tuv).



Appl. Sci. 2020, 10, 1854 6 of 26

Figure 2. External view of the storage wall (a), and rear view of the experimental solar wall (b).

3. Meteorological Data

The meteorological data used herein was recorded on a prototype built in northern France
(50◦30′57.4′′ N latitude, 2◦39′24.2′′ E longitude) from 19th April to 26th 2014. This period lies in
the best season for solar home heating systems because solar gains are significant while outside
temperatures remain quite low. The incident global solar radiation on the vertical facade of the building
was measured by a pyranometer (CMP10-kipp and zonen) (Figure 3). The outside temperature was
measured by a thermocouple inserted into a cylinder painted white and naturally ventilated, and wind
speed was measured by an anemometer/wind vane installed near the facade containing the composite
Trombe wall (Figure 4). All measurements were recorded with a time step of 5 min.

Figure 3. Pyranometer used to measure the global vertical solar radiation.
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Figure 4. Sensors used to measure outside temperature (a) and anemometer/wind vane used to
measure wind speed and direction (b).

The results of global solar flux measurements on the vertical facade, outdoor temperature and
wind speed are shown in Figures 5 and 6. Please note that the solar flux values may appear to be high
(1000 W/m2); this is due to the presence of a horizontal light-colored roof under the windows of the
floor where the experiments were carried out (Figure 4).

Figure 5. Meteorological data: φglob_vert denotes global solar radiation on the vertical facade of the
wall, and Text denotes outside air temperature.
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Figure 6. Wind speed measured by the anemometer/wind vane.

4. Mathematical Model

Figure 7 shows the diagram of the model components used for the composite Trombe wall and the
boundary conditions (both exterior and interior) imposed in the Dymola/Modelica software. In this
model, some of the elements introduced stemmed from the “Buildings”, “IDEAS” and “Modelica”
libraries [50,51], namely: PrescribedTemperature, PrescribedHeatFlow, Convection, HeatCapacitor,
ThermalConductor, CombiTimeTable, and Integrator. In contrast, other elements were created, e.g.:
φglass1, φglass2, φwall, glass1, glass2, storage wall with/without PCM, insulating panel, ventilated
air layer. The most interesting point here is implementation of the model focused on the latent
storage wall and based on the enthalpy method. The typical procedure for running Dymola/Modelica
is to graphically build a model by selecting, drawing, connecting and configuring the individual
components extracted from a library. The meteorological data are stored in tables, while the codes
(formulas and equations) representing the physical behavior of the various model parts (convection,
radiation, conduction) are embedded in the components:

• φglass: evaluate the solar heat flux absorbed by glazing and the direct flux transmitted to the outer
storage wall surface M+PCM Equation (14);

• φwall: evaluate the total energy absorbed by the wall in considering the heat flux transmitted from
the glazing and multi-reflections in the non-ventilated air gap Equation (15);

• Rad_ext: evaluate the longwave radiation exchange with the sky (radiative diffusion) and the
radiation reflected by the roof of the lower floor located under the window on the facade Equations
(3) and (4);

• Conv_ext: evaluate the total heat transfers by convection between the composite Trombe wall
and the outside. This step depends on the outdoor air temperature as well as the wind velocity
and direction Equation (6);

• Conv_int: evaluate the total heat transfers by convection between the inner wall facade and the
indoor environment Equations (36) and (37);

• Rad_int: evaluate the inside longwave radiative heat transfer between the inner wall facade and
the indoor environment Equation (35);

• exchange_rad: evaluate the inside longwave radiative heat transfer between the inner and outer
surfaces of glass1 and glass2, glass2 and storage wall, and storage wall and insulating panel
Equations (11) and (24);
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• exchange_conv: evaluate the inside heat transfer by convection between the inner and outer
surfaces of glass1 and glass2, and glass2 and storage wall Equations (12) and (13);

• ventilated air layer: evaluate the heat transfer by convection between the surfaces of the storage
wall and insulating panel to the circulating fluid, along with the mass flow rate of the fluid,
and the power released from the solar wall Equations (25), (26), (30) and (32).

Figure 7. Diagram of a composite Trombe wall model using the Dymola/Modelica software.

4.1. Thermal Balance on the External Glazing Surface

On the outer glazing surface, the heat transfers by both radiation and convection are considered
(Equation (1)). These superficial heat transfers are linearized using the gray surfaces hypothesis in
longwave radiation. In this case, the following expression for the thermal balance at the outer solar
wall is thus obtained:

φg|x=0 = αgQglob,vert + Qr + Qconv (1)

where Qglob,vert is the vertical global solar flux on the outer surface of the double glazing; this flux is the
sum of the various components of the incident solar radiation that reaches the surface of the double
glazing (direct, diffuse and reflected radiation).

Qr is the balance of longwave radiation exchanges between the surface of the double glazing
and its external environment (ground environment and celestial vault); this total flux is given by the
following equation:

Qr = hr,sky(Tsky − Tg,ext) + hr,gro(Tgro − Tg,ext) (2)

where:

hr,sky =
σ
(

T2
sky + T2

g,ext

) (
Tsky + Tg,ext

)
1/εg,ext + 1

(3)

hr,gro =
σ
(

T2
gro + T2

g,ext

) (
Tgro + Tg,ext

)
1/εg,ext + 1

(4)

hr,sky and hr,gro are the radiative heat transfer coefficients on the outer surface of the double glazing.
hr,sky and hr,gro are calculated based on the fluctuation between the sky temperature, the outside air
temperature (Tsky, Tgro) and the glass temperature (Tg,ext).

Qconv is the convective heat transfer at the outer surface of the double glazing with the outside air;
it is calculated by the following equation:

Qconv = hc,g
(
Tenv − Tg,ext

)
(5)
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The convective heat transfer coefficient at the outer surface of the double glazing is then calculated
by the correlation [60]:

hc,g =
2× 0.86λ f

(
Re1/2

) (
Pr1/3

)
H + W

(6)

where:

Re =
V (H + W)

2υair
and Pr =

µaircair
λair

(7)

Hence, the thermal balance on the outer surface of the solar wall equipped with double glazing is:

φg|x=0 = αgQglob,vert + hr,sky(Tsky − Tg,ext) + hr,gro(Tgro − Tg,ext) + hc,g
(
Tenv − Tg,ext

)
(8)

4.2. Thermal Balance on the Inner Surface of the Glazing (Non-Ventilated Air Gap)

In the non-ventilated air layer between the inner surface of the glazing (x = eg) and the outer
storage wall surface (x = eg + δ1), the average temperature of fluid Tf 1 is set equal to the average
glazing and storage wall surface temperatures: Tf 1 = (Tg + Tw)/2. The thermal balance of the two
walls (glazing and storage wall) is calculated by the following equations:

φg|x=eg = hr1
(
Tw,ext − Tg,int

)
+ hc1

(
Tf 1 − Tg,int

)
+ ξgQglob,vert (9)

φw|x=eg+δ1 = hr1
(
Tg,int − Tw,ext

)
+ hc1

(
Tf 1 − Tw,ext

)
+ ξwQglob,vert (10)

hr1 is the radiative heat transfer coefficient between the two surfaces (glazing and storage wall):

hr1 =
σ
(

T2
w,ext + T2

g,int

) (
Tw,ext + Tg,int

)
1/εg,int + 1/εw,ext − 1

(11)

The convective heat transfer coefficient hc1 in the non-ventilated air gap between the two walls is
now calculated from the Hallands and Buchberg correlations [61,62]:

Nu =
hc1H
λ f 1

= max

{
1, 0.288

(
Ra.W

H

)1/4
, 0.039

(
Ra.W

H

)1/3
}

(12)

Ra = Gr f 1.Pr f 1 =

(
β f 1gρ2

f 1δ3
1

∣∣Tg − Tw
∣∣

µ2
f 1

)(
µ f 1c f 1

λ f 1

)
(13)

To increase the effectiveness of the wall, several parameters characteristic of the exterior cover
become important, namely: the global transmission coefficient of double glazing τ and the emissivity
factor ε significantly influence both the solar radiation absorption by the opaque wall and the limitation
of thermal heat loss. Due to multi-reflection between the two walls of the non-ventilated air layer,
ξg and ξw indicate the global coefficients of total fluxes of incident shortwave solar radiation absorbed
by glazing and wall:

ξg =
τg1αg2

1− ρg2ρg1
+

τg1τg2ρwαg2

1− ρwρg2

(
1 +

ρg2ρg1

1− ρg2ρg1

)
(14)

ξw =
τg1τg2αw

1− ρwρg2
+

(
τg1τg2αw +

τg1τ3
g2ρwρg1αw

1− τ2
g2ρwρg1

)
(15)

4.3. Thermal Transfer by Conduction on the Storage Wall

The method used to model the thermal behavior of the latent storage wall was presented in
several articles [63–65]; it consists of characterizing by the inverse method the parameters required
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to model the heat transfer of a mortar integrating a micro-encapsulated PCM during the phase
change (solid <–> liquid). To establish the state equations of the composite material (mortar + PCM),
the thermodynamic behavior of the PCM could be assimilated to that of a binary solution. Since the
PCM is micro-encapsulated, the assumptions here stipulate no natural convection in the microcapsules
given that their dimensions vary between 5 and 40 µm and are uniformly distributed in the cement
mortar matrix. The model implemented in the Dymola/Modelica software was based on the enthalpy
derivative equation (Equation (16)) [66].

∂ρh
∂t

= λ
∂T2

∂2x
(16)

This model depicts the unidirectional conduction of a homogeneous mono-layer material under
transient conditions. The discretization is performed by assigning for each mesh two resistances and a
capacity that varies with temperature (see Figure 8):

C
dT
dt

= φi − φi+1 (17)

Figure 8. Model of a phase change material mesh.

The wall is then discretized into a 1D mesh, in which the heat balance can be calculated using the
following equations (Equation (18)):

φi =

(
λ.A

emesh/2

)
dTi and φi+1 =

(
λ.A

emesh/2

)
dTi+1 (18)

Each mesh possesses the same thermal properties (λ, c, ρ) and thickness (emesh). After a parametric
study, a discretization of 30 meshes was selected. The thermophysical and dimensional properties
introduced are those of the apparent composite material, which means that the composite material
resulting from the mixture of cement mortar and PCM is considered to be a homogeneous isotropic
material:

φi =

(
λm_pcm.Am_pcm

emesh.m_pcm/2

)
dTi and φi+1 =

(
λm_pcm.Am_pcm

emesh.m_pcm/2

)
dTi+1 (19)

It is necessary therefore to determine the enthalpy curve h(T). The enthalpy curve of a binary
solution without a eutectic is of the form shown in Figure 9a. The formulation of this curve involves the
end of the melting temperature (TM), the melting temperature associated with the pure substance (TA) of
the PCM, the specific heats of the composite material when the PCM is in the solid state (csolid) and in the
liquid state (cliquid), as well as the latent heat of phase change (LA) contained in the composite material.

The heat stored in the storage wall integrating PCM (mortar PCM) represents the latent heat in
considering both its melting and solidification. For this storage wall, cm_pcm represents the derivative of
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enthalpy with respect to temperature T [63,66] and is presented in Figure 9b. The following equations
are used to determine the value of cm_pcm once the material temperature is known.

Figure 9. (a) Enthalpy curve vs. temperature, (b) Derivative of the enthalpy vs. temperature T.

C = cm_pcm.Am_pcm.em_pcm.ρm_pcm (20)

cm_pcm =
dhm_pcm

dT
=


(

TA − TM
TA − T

)
cliquid +

(
1− TA − TM

TA − T

)
csolid + LA

TA − TM

(TA − T)2 if T < TM

cliquid if T ≥ TM

(21)

4.4. Thermal Balance in the Ventilated-Air Layer

The thermal balance in the ventilated air layer is considered to be a heat transfer by convection
between the wall surfaces and the circulating air, as well as a heat exchange by radiation between the
inner and outer surfaces of the storage wall and insulating panel:

φw|x=eg+δ1+em_pcm = hr2 (Tins,ext − Tw,int) + hc2

(
Tf 2 − Tw,int

)
(22)

φins|x=eg+δ1+em_pcm+δ2 = hr2 (Tw,int − Tins,ext) + hc2

(
Tf 2 − Tins,ext

)
(23)

where:

hr2 =
σ
(

T2
w,int + T2

ins,ext

)
(Tw,int + Tins,ext)

1/εw,int + 1/εins,ext − 1
(24)

The convective heat transfer coefficient of the fluid movement is calculated using Churchill
correlations [67]:

Nu =
hc2 H
λ f 2

=



0.68 +
0.67Ra1/4(

1 +
(

0.492
Pr

)9/16
)4/9 Ra < 109


0.825 +

0.387Ra1/61 +

(
0.492Ra1/6

Pr

)9/16
8/27



2

Ra > 109

(25)
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where:

Ra = Gr f 2.Pr f 2 =

 β f 2gρ2
f 2δ3

2

∣∣∣Tp − Tf 2

∣∣∣
µ2

f 2

(µ f 2c f 2

λ f 2

)
(26)

Panel temperature: Tp = Tw for storage wall, and Tp = Tins for insulating wall. In this study,
considering the dimension and weather conditions, the Rayleigh number remains below the limits of (109).
Therefore, the correlation considered for all calculations is the first one during the measurement period.

Temperature Tf 2 of the air-fluid circulating in the ventilated air layer depends on the heat
fluctuations released from the two wall surfaces (storage and insulating walls) and the inlet air
temperature at the lower (or upper) vent of the ventilated air layer. The numerical method used to
calculate this average air-fluid temperature is given in [57]:

Tf 2 =

(
1

a0H
− e−a0 H

(1− e−a0 H)

)
Tinlet +

(
− 1

a0H
+

1
(1− e−a0 H)

)
Toutlet (27)

Toutlet = Tinlet.e−a0 H +
b0

a0

(
1− e−a0 H

)
(28)

where:

a0 =
hc2,wW + hc2,insW

ṁc f 2
; b0 =

hc2,wWTw + hc2,insWTins

ṁc f 2
(29)

The airflow rate ṁ results from the fluctuations in temperatures Tinlet and Toutlet, and the total
head loss coefficient of fluid during its natural thermocirculation in the ventilated layer. This entire
analysis was detailed in [23,57]. The airflow rate ṁ can be calculated using the following equations:

ṁ = ρ f 2 A
(

2gH
ζtotal

(
Toutlet − Tinlet
Toutlet + Tinlet

))1/2
(30)

ζtotal = ζentry.ρ f ,bottom

(
ρ f 2 Aair_gap

ρ f ,bottom Alv

)2

+ ζlv,bottom.ρ f ,bottom

(
ρ f 2 Aair_gap

ρ f ,bottom Alv

)2

(31)

+ζelbow bottom.ρ f ,bottom

(
ρ f 2 Aair_gap

ρ f ,bottom Alv

)2

+ ζlinear.ρ f 2 + ζelbow top.ρ f 2

+ζuv.ρ f ,top

(
ρ f 2 Aair_gap

ρ f ,bottom Auv

)2

+ ζout.ρ f ,top

(
ρ f 2 Aair_gap

ρ f ,top Auv

)2

It then becomes possible to validate the accuracy of correlations used in the calculation and
summation of heat fluxes measured from the fluxmeter:

Pcal = ṁc f 2 |Toutlet − Tinlet| (32)

Pf lux = ∑ φAexch (33)

4.5. Thermal Balance towards the Interior Atmosphere

The thermal transfer by convection and radiation between the insulating wall and indoor air is
estimated as follows:

ϕins|x=eg+δ1+em_pcm+δ2+eins = hr,amb (Tamb − Tins,int) + hc,ins (Tamb − Tins,int) (34)

where:
hr,amb = σεins,int

(
T2

amb + T2
ins,int

)
(Tamb + Tins,int) (35)
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The coefficient of heat exchange by convection between the insulating wall and ambient air is
calculated from MacAdams’ correlation [68]:

Nu =
hc,insH
λ f ,amb

=

{
0.56Ra1/4 104 < Ra < 108

0.13Ra1/3 108 < Ra < 1012
(36)

Ra = Grins.Prins =

 β f ,ambgH3
∣∣∣Tins − Tf ,amb

∣∣∣
υ2

f ,amb

(µ f ,ambc f ,amb

λ f ,amb

)
(37)

4.6. Material Properties

The storage wall used in the composite Trombe wall was produced with cement mortar (CM)
made from a mix of sand (round silica sand 0-4 mm), cement (EMC I 52.5 N, according to EN 196-1),
water and micro-encapsulated PCM (Micronal® PCM DS 5001 X) at a proportion of mixed cement
mortar in 17 % of the total mass of dry materials (sand, cement, PCM). The mix proportions are listed
in Table 1.

Table 1. Mix proportion of cement mortar integrating PCM Micronal®.

Cement-Sand Mass Ratio Water to Cement Ratio PCM/(Cement + Sand) Mass Ratio

1/2.6 1/1.1 1/4.1

The mixture was poured into a mold and dried for more than two months in our laboratory.
One storage element was ultimately built with the following dimensions: 4 cm thickness (mortar
incorporating PCM), 59 cm width, and 71 cm height (65 cm from lower to upper vent). The thermal
properties were characterized by applying the enthalpy method described and improved in previous
articles [63–66]. The thermophysical properties of the materials constituting the composite Trombe
wall are presented in Table 2.

Table 2. Thermophysical properties of the materials employed.

Material Symbol Explanation Unit Value

Glazing

ρg density kg/m3 2500
cg specific heat capacity J/(kg.K) 830
λg thermal conductivity W/(m.K) 1.47
αg absorptivity - 0.84
τg transmissivity - 0.76
εg emissivity - 0.84

Mortar + PCM

ρm_pcm density kg/m3 1329
csolid specific heat at solid state J/(kg.K) 1178
cliquid specific heat at liquid state J/(kg.K) 1150

LA latent heat J/kg 17100
TA pure substance temperature ◦C 27.37
TM melting temperature ◦C 25.83

λm_pcm thermal conductivity W/(m.K) 0.62
αm_pcm absorptivity - 0.9
εm_pcm emissivity - 0.9

Insulating wall

ρins density kg/m3 30
cins specific heat capacity J/(kg.K) 880
λins thermal conductivity W/(m.K) 0.041
αins absorptivity - 0.9
εins emissivity - 0.9
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5. Model Validation, Results and Discussion

The calculations were performed with a time step equal to that of the data acquisition, i.e., 5 min,
over a one-week duration. Figures 10 and 11 show respectively the comparison of numerical and
experimental heat fluxes and temperatures on both sides of the storage wall (cement mortar + PCM).
The composite Trombe wall was equipped with fluxmeters and thermocouples in order to measure the
fluctuation in heat flux and temperature. When the solar flux radiation reaches its highest intensity,
varying from 950 to 1000 W/m2 (Figure 5), the storage wall can absorb a large quantity of incoming
solar flux (400–450 W/m2 of heat flux at the external surface of the storage wall), corresponding
to about 50% of the incident solar radiation during sunshine hours. This percentage confirms the
transmission rate measurements conducted in our laboratory with two pyranometers placed on both
sides of the double glazing. The heat flux becomes negative (−50 W/m2) at the outer surface of the
storage wall by the end of the day due to heat losses into the external environment. It should be
noted here that the semi-transparent cover is a conventional double glazing; a glass with reinforced
insulation would certainly have made it possible to limit these heat losses. The time lag between the
incident solar radiation and the heat flux release in the ventilated air layer (φint), for this 4-cm thick
experimental storage wall, is estimated by calculating the cross-correlation function [24] at 184 min
(i.e., approximately 3 h). During sunny periods, the storage wall temperature can reach 65 ◦C on the
outer surface and 45 ◦C on the inner surface.

The difference between the heat fluxes at the outer surface of the storage wall φext, as calculated by
the numerical method and measured by the fluxmeters (sum of the absolute values of the heat fluxes)
equals 2.2%. This value is on the order of 8.6% of the difference evaluated between the calculations
and measurements of heat fluxes on the inner surface of the storage wall, φint. The average difference
between the calculated and measured temperatures on the outer and inner surfaces of the storage wall
(Text and Tint) is on the order of 1 ◦C . The difference of 8.6% between the calculated and measured
flows on the inner side of the storage wall is due to the less accurate estimation of temperature on this
surface, which is especially true at maximum temperatures. This difference is most probably due to the
unidirectional (1D) calculation of heat transfers in the wall; consequently, heat losses towards the edges of
the storage wall are not being taken into account. Moreover, the difference between numerical calculation
and thermocouple measurement of the air temperature at the upper vent level of the ventilated air layer
Tuv is on average 0.4 ◦C . In Figure 11, the released latent heat can be observed every day around 8:00
pm by the inflection of temperature curves at 26 ◦C , corresponding to the solidification point.

Figure 12 illustrates air temperature variations at the inlet (Tlv) and outlet (Tuv) of the ventilated
air layer, as well as the ambient temperature of the room (Troom). When the average temperature
of air inside the ventilated air layer is higher or warmer than the room air temperature, a natural
thermocirculation is thus activated, with air entering through the lower vent (Tlv) and being released
from the upper vent (Tuv). This phenomenon is due to the thermal contributions of the storage wall in
the ventilated air layer (convection and radiation), which in turn cause the air to be heated and then
set into motion (i.e., a thermosiphon or “chimney effect”). During its movement towards the upper
vent, the air is warmed up in contact with the storage wall before being introduced into the room;
a very small portion of the energy supplied by the solar wall is transmitted to the room by means of
conductive heat transfer through the insulating wall. On the other hand, during non-sunny periods or
at the end of the night, when heat flux at the external surface of the storage wall is negative, the storage
wall discharges its thermal energy towards the outside and becomes colder than the air in the room.
As a consequence, the air circulating in the ventilated air layer during the inverse thermocirculation
is affected by this convective heat transfer, in turn decreasing the air temperature. When the storage
wall is cooler than the indoor environment, air enters through the upper vent, cools in contact with
the walls, becomes heavier and returns to the room through the lower vent of the ventilated air layer.
In this case therefore, a reverse thermocirculation effect is at work.
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Figure 10. Comparison of heat fluxes on both sides of the storage wall (model results and
experimentation). φext,(m+pcm)_cal and φext,(m+pcm)_exp denote respectively the evolution in numerical
and experimental heat fluxes on the exterior surface of the storage wall containing PCM; φint,(m+pcm)_cal

and φint,(m+pcm)_exp denote respectively the evolution in numerical and experimental heat fluxes on the
interior surface of the storage wall containing PCM.

Figure 11. Comparison of temperatures on both sides of the storage wall (model results and
experimentation). Text,(m+pcm)_cal and Text,(m+pcm)_exp denote respectively the evolution in numerical
and experimental temperatures on the exterior surface of the storage wall containing PCM;
Tint,(m+pcm)_cal and Tint,(m+pcm)_exp denote respectively the evolution in numerical and experimental
temperatures on the interior surface of the storage wall containing PCM.

To identify the airflow direction, it is sufficient to observe what temperature between Tlv and
Tuv is closest to the room air temperature (Troom). A negative heat flux sign on the inner surface of
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the storage wall (φint) makes it possible to identify this phenomenon. For our model, the following
conditions must be input in order to define the air flow direction: if Tair layer > Troom, air enters at
the lower vent of the composite solar wall and heats the room; if Tair layer < Troom, air enters at the
upper vent and exits at a colder temperature through the lower vent (Figure 13). Tair layer is the
mean of the temperature of the walls inside the ventilated air layer (Tint) and the temperature of the
insulated panel. It should be noted that air can exit very hot (nearly 35 ◦C ) from the air layer, and
this air temperature (Tuv) was correctly estimated. The temperature difference between measured and
calculated air temperatures at the upper vent equals 0.4 ◦C on average for this period.

Figure 12. Comparison of air temperatures at the upper vent of the ventilated air layer (model results
and experimentation). Tlv is the experimental air temperature at the lower vent of the ventilated
air layer; Tuv_cal and Tuv_exp denote respectively the evolution in numerical and experimental air
temperatures at the upper vent of the ventilated air layer; Troom is the room-temperature fluctuation.

Figure 13. Evolution in the average air temperature inside the ventilated air layer (Tair layer) compared
to the room-temperature fluctuation (Troom).
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It can be observed that the air temperature curves at the upper vent (Tuv_cal, Tuv_exp) show very
strong similarities between experimental measurements and numerical results. The comparison of
heat fluxes exchanged and temperatures within the ventilated air layer serves to confirm the good
level of agreement between behavioral modeling of a composite Trombe wall integrating PCM and
experimentation. It is possible therefore to calculate the energy recovered through the energy balance
of the solar wall over a given period (19–26 April 2014). This balance was calculated in the ventilated
air layer using two methods validated in previous studies [22,24]. The first method is the energy
balance due to the total head loss coefficient of air between the inlet and outlet of the ventilated air
layer (Equation 32), while the second method is based on a direct heat flux measurement (Equation 33).

Figure 14 presents a comparison of the power released from the solar wall, as calculated by
the numerical model and estimated from heat flux measurements over one week (19–26 April 2014).
Small differences can be observed between the two curves; their comparison indicates that the power
calculation compared to experimental measurements is indeed acceptable. The thermal energy
supplied by the composite Trombe wall equals, over the period considered, 4.4 kWh/m2 for the
calculation and 4.7 kWh/m2 for the estimation derived from fluxmeter measurements; the difference
between the two methods is on the order of 6.3%.

Figure 14. Comparison of the power released by the solar wall. Powercal denotes the power
released according to calculation results, while Powerfluxm is the power released according to
fluxmeter measurements.

As regards the results listed in Table 3, the total accumulation of measured solar energy over this
7-day period (April 19-26, 2014) is equal to 21.4 kWh/m2 (per m2 of solar wall). Most recently, 35.8% of
the total energy, i.e., 7.7 kWh/m2, was absorbed by the storage wall at its external surface. The stored
energy, which was released within a 3h 04 min time delay (calculation with cross-correlation function
between φext and φint) to the ventilated air layer is estimated at 4.7 kWh/m2, which equals to 60.8%
of the absorbed energy and 21.8% of the energy generated from the total incident solar flux on the
vertical facade of the solar wall (as measured by the pyranometer).

As indicated above, the enthalpy method implemented in the composite solar wall model also
provided accurate predictions for reproducing the thermal behavior of the latent heat and estimating
the amount of energy released. One question worth asking is whether the latent heat storage is more
or less efficient than sensible heat storage for the same volume. For the simulation of the composite
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Trombe wall in the case of sensible heat storage, a model developed earlier and validated in previous
studies [24] will be used; it was composed of conventional building materials (solid concrete blocks).

Both these models will now serve to compare the efficiency of each of these two types of solar
wall by applying the meteorological data from Section 3.

Table 3. Comparison of thermal energy results from calculation and experimental methods.

Symbol Explanation Unit Value

Solar energy Esol energy kWh/m2 21.4

Energy absorbed
Epcm,ext_cal energy kWh/m2 7.8
Epcm,ext_exp energy kWh/m2 7.7

- variance % 1.3

Solar release
Epcm,int_cal energy kWh/m2 5.1
Epcm,int_exp energy kWh/m2 4.7

- variance % 7.8

6. Comparing Performance of Composite Solar Walls with Sensible vs. Latent Heat Storage

To compare the energy efficiency of the storage type of composite solar wall, numerical simulations
were carried out using the material characteristics identified in a previous work published in [69].
The two materials characterized are a cement mortar (CM) and a cement mortar containing 19%
by weight of micro-encapsulated PCM (M+PCM). The PCM used is Micronal® PCM DS 5001 X,
i.e., the same as that incorporated into the experimental solar wall studied herein. Previous works
highlighted that the micro-encapsulated PCM incorporated into mortar allows for 41% more energy to
be stored compared to cement mortar. The thermophysical parameters of these materials are reported
in Table 4 below. These same materials were introduced into the composite Trombe wall model to run
the simulations.

Table 4. Material properties.

Material Mortar PCM-M
Solid State | Liquid State

Thermal Conductivity (W.m−1.K−1) 0.65 0.37
Heat Capacity (J.kg−1.K−1) 925 1255; 1238

Latent Heat (J.kg−1) — 19,520
Density (kg.m−3) 2001 1248

The simulations were conducted with the meteorological data presented in Section 3 and used to
validate the solar wall model in the previous section. To compare the two storage types, the temperature
on both sides of the storage wall and the power released by the ventilated air layer are presented in
Figures 15 and 16.

As regards the temperature on both sides of the storage wall (see Figure 15), no major differences
exist, except before midnight when the storage wall energy released and temperature decrease. At these
times, inflections in the Text,m+pcm and Tint,m+pcm curves can be detected. For the cement mortar + PCM
storage wall, PCM solidifies and releases latent heat, in which case the storage wall remains warmer
longer. As such, the cement mortar + PCM storage wall can release energy later, which helps avoid
reverse thermocirculation (as highlighted in Figure 16 by negative powers for the cement mortar storage).

In considering the energy supplied by the two solar walls, the energy balance over the study
period equals 4.5 kW/m2 for the solar wall equipped with cement mortar storage and 3.9 kW/m2 for
the solar wall equipped with mortar + PCM storage. Surprisingly, the solar wall capable of storing
more energy is not the more efficient. The possible reason for this finding is either a lower transfer
rate or a different energy storage than initially thought. The first reason pertains to the fact that
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thermal conductivity is almost 1.75 times lower for cement mortar with PCM. Furthermore, if the
solar wall operating temperature range were to be examined, it would differ from that of the study
cited [69]. In that previous study, the temperature range spanned 28 ◦C (between 11.4 ◦C and 39.4 ◦C),
while the thermal capacity was 41% greater for the mortar integrating PCM. In this present case,
the temperature range spans 45 ◦C (from 15 ◦C to 60 ◦C , in considering the average maximum
temperatures); consequently, the difference is slightly higher, by 13%, in favor of the mortar + PCM.
Hence, the higher thermal conductivity and lower total thermal capacity of storage without PCM
produce a faster and greater energy release from the solar wall equipped with cement mortar storage
and, therefore over the study period, improved energy efficiency.

Figure 15. Comparison of temperature on both sides of the storage wall (cement mortar and mortar
containing PCM). Text,m+pcm and Text,cm denote respectively the evolution in numerical temperatures
on the exterior surface of the storage wall made from mortar containing PCM and that made from cement
mortar; Tint,m+pcm and Tint,cm denote respectively the evolution in numerical temperatures on the interior
surface of the storage wall made from mortar containing PCM and that made from cement mortar.

Figure 16. Comparison of the power released by the solar wall. Powerm+pcm and Powercm denote
respectively the evolution in the numerical results of power released from the solar wall integrating a
storage wall containing PCM and that integrating a storage wall made from cement mortar.
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7. Conclusions

The primary objective of this work was to present a numerical model for simulating the thermal
behavior of a composite solar wall integrating a micro-encapsulated phase change material. As a
secondary objective, this model was used to compare the thermal performance of two composite solar
walls, one with sensible heat storage the other relying on latent heat storage.

The passive operations of the solar wall were first explained. This type of south-facing solar wall
in the northern hemisphere is suitable for heating residential buildings during the cold weather season
due to the time lag of solar gains.

A small-scale wall was built, instrumented and exposed to real weather conditions in order to
validate the numerical model developed with the Dymola software, based on the open-source Modelica
modeling language. The composite solar wall entails all three modes of heat transfer. To model these
transfers, the basic elements from the software’s “Building” library were assembled. A new element
was created to model heat transfers from the storage wall containing the phase change material
(melting and solidification). This additional element was based on the enthalpy method developed
and validated in previous studies.

Validating the thermal behavior of the solar wall involves comparing measurements (heat flux,
temperature, power released) to simulation results. This step demonstrated the model’s good accuracy.
The difference between experimental measurements and numerical results is less than 10% for both
heat flow and energy released by the solar wall, i.e., on the order of 1 ◦C on the storage wall surfaces
and less than 0.5 ◦C on the ventilated layer air temperature.

By measuring heat flux on the storage wall over a 7-day period, it was determined that the total
stored energy from the external surface corresponds to 35.8% of the incident solar energy radiating
the vertical facade. 60.8% of this energy is released into the room to be heated, which is equivalent to
21.8% of the incident solar energy. A cross-correlation function calculation between the heat fluxes
measured on the two storage wall surfaces (φext and φint) allowed evaluating the time delay between
the incident solar flux and the energy released to the room at 3 h and 4 min for a 4-cm thick storage
wall including micro-encapsulated PCM.

The study concluded with a comparison of the performance of a composite solar wall equipped
with cement mortar storage (i.e., sensible heat storage) vs. the performance of the wall previously
studied (latent heat storage). For purposes of this comparison, the numerical model developed and
validated in the first step and the experimental meteorological data were used. It was shown that
latent heat storage does not improve solar wall efficiency. The reasons cited for this finding were:
a lower transfer rate due to less thermal conductivity for the latent heat storage, which stems from
incorporating PCM into the cement mortar (thus lowering its density); and an operating temperature
range of 45 ◦C , which is not beneficial to latent heat storage vs. sensible heat storage.

Author Contributions: All authors have contributed to this work. All authors have read and agreed to the
published version of the manuscript.

Acknowledgments: We would like to thank the Hauts-de-France Region and the University of Artois for the
funding of LEANG’s doctoral contract. Moreover, the authors are indebted to BASF for the provision of PCM.

Conflicts of Interest: The authors hereby declare no conflict of interest. The funders of this work had no role
whatsoever in the design of the study, or in the collection, analysis or interpretation of data, or in the writing of
the manuscript, or in the decision to publish the results.



Appl. Sci. 2020, 10, 1854 22 of 26

Nomenclature

Symbols:
A area, m2

Aexch exchange surface, m2

C heat capacity, J/K
c specific heat capacity, J/kg K
cf specific heat capacity of fluid, J/kg K
csolid specific heat capacity when PCM is in the solid state, J/kg K
cliquid specific heat capacity when PCM is in the liquid state, J/kg K
E thermal energy, J
e thickness, m
Gr Grashof number
H height, m
h specific enthalpy, J/kg
hc convective heat transfer coefficient, W/m2 K
hc1 convective heat transfer coefficient in non-ventilated air layer, W/m2 K
hc2 convective heat transfer coefficient in ventilated air layer, W/m2 K
hr radiative heat transfer coefficient, W/m2 K
hr1 radiant heat transfer coefficient between glazing and wall, W/m2 K
hr2 radiant heat transfer coefficient between wall and insulating panel, W/m2 K
LA latent heat, J/kg
ṁ air mass flow rate, kg/s
Nu Nusselt number
P power supplied by air layer, W
Pr Prandtl number
Qsol solar radiation intensity, W/m2

Ra Rayleigh number
Re Reynolds number
T temperature, ◦C
t time, s
V velocity of wind, m/s
W width, m
Greek symbols
α absorptivity
β dilatation coefficient at constant pressure, K−1

δ1 non ventilated air gap width, m
δ2 ventilated air gap width, m
ε emissivity
λ thermal conductivity, W/m K
µ dynamic viscosity of air, kg/m s
υ kinematic viscosity of air, m2/s
ξg absorptivity of multi-reflection radiation intensity to glazing
ξw global absorptivity of wall (including multi-reflection)
ρ density, kg/m3

σ Stefan-Boltzmann constant, 5.67 × 10−8 W/m2 K4

τ transmissivity
φ heat flux, W
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Subscripts
A pure substance
amb ambient
cal calculation
env environment
exp experimentation
ext exterior surface
f fluid
f1 fluid circulating in non-ventilated
f2 fluid circulating in ventilated air layer
g glazing
gro ground
i initial
ins insulating
int interior surface
lv lower vent
M melting
uv upper vent
w wall (storage wall)
Abbreviations
CM cement mortar
M_PCM composite material: mortar + PCM
PCM phase change material
Q_cm internal capacity of CM
Q_pcm internal capacity of M_PCM
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