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Thermal behavior of a passive solar wall with silica aerogel and phase

change materials

Abstract: The present contribution discusses the thermal behavior of a passive solar wall
composed of a glazing facing the outside, a channel filled with highly insulating and
translucent silica aerogel, and glass bricks filled with an eutectic phase change material
(PCM), facing the inside. First, the experimental building with the tested wall, south-
oriented, is described. Second, the experimental results on four different weather
conditions are detailed. Thanks to a numerical model, the wall behavior is simulated for
the French climatic zones of Nice (Mediterranean climate), La Rochelle (oceanic
climate), Embrun (inland mountain climate) and Nancy (cold continental climate).
Results show that the wall is translucent and may save 27% to 83 % on the building
energy bill for heating, depending on the building location. The wall performs best on
cold sunny climates, where the phase change can occur all year. The air temperature
inside the building is always 1 to 9°C above the external temperature. Overheating may
occur in summer for Mediterranean and oceanic climates when the PCM stays in liquid

state. This may be prevented by the use of shading.

Keywords: silica aerogel, phase change materials, passive solar design, greenhouse
effect

1. Introduction

The share of the building sector in primary energy consumption is about 43% in France [1]
and 40% worldwide [2]. To reduce their energy needs for heating, buildings are becoming
more and more insulated. Insulation thicknesses over 30cm or use of very low U-value
insulation materials are becoming a standard. At the same time, the use of passive solar
architectures is strongly encouraged. Among these, Trombe walls [3] and wallboard-
integrated phase change materials (PCMs) have been extensively investigated by the

industrial and academic community [4-9; 10-15].



Trombe walls consist of an external glazing separated from an internal high thermal
capacitance wall by an air channel which may be ventilated or not. Thanks to the greenhouse
effect, the channel is heated and the heat is transferred to the house through the wall and/or by
the natural convection of the air in the channel. PCMs are materials which undergo a solid to
liquid change of phase when they absorb heat. At night, the stored heat is released to the
building as the PCM becomes solid again. Several commercial wallboards with embedded
PCMs are already available [16-19].

Though useful to reduce the energy bill, high-thickness insulation, Trombe walls and
wallboard-integrated PCMs induce a loss of visual daylight comfort because they are opaque.
The present contribution investigates an innovative passive solar wall providing at the same
time very high insulation, heat storage and day lighting. The wall is composed of a glazing
facing the outside, an air gap filled with high insulation silica aerogels materials, and glass
bricks filled with an eutectic PCM on the inside. The whole wall is translucent.

The next section of this paper details the solar wall structure and the full-scale
experimental building. Section 3 presents the thermal behavior of the wall and the associated
room under four typical weather conditions of Sophia Antipolis, France. Based on a numerical
model of the wall, section 4 discusses its performance when used in four French climatic
zones, Nice (Mediterranean climate), La Rochelle (oceanic climate), Embrun (inland

mountain climate) and Nancy (cold continental climate). Finally, the wall’s overall behavior,

performances and limitations are discussed in section 5.

2. Presentation of the solar wall structure and of the experimental building

The solar wall structure and the test building are shown on figure 1. The facility is situated in

Sophia Antipolis, South France. The building is a lightweight structure composed of two twin



rooms on the south side of the building, and one acquisition room on the north. The walls of
both twin rooms have the same structure, except for their south facing wall. One twin room is
called the reference room since it serves as reference for the validation of technologies
deployed in the test room. In the reference room, the south facing wall is made of concrete,
glass wool and plaster. In the test room, the south facing wall is the tested PCM-aerogel solar
wall. The thermo-physical properties of the solar wall and the reference wall are given on
tables 1 and 2 respectively. The surface areas of the solar wall and the reference wall are

4.41m? and 7.15m?2 respectively.

Outside Inside

Glass bricks filled

with PCN

A

Silica aerogel (4 cm)

Glass (0.8 cm)

Fig. 1: Layout of the PCM-aerogels solar wall and schematic presentation of the test building

Phase change temperature 21.3°C
Phase change enthalpy 152 kJ.kg'1
Phase change material Heat capac.ity (.SO“.d) 1670 J.kgj.Kj
(eutectic) Heat capaaty (I.|qU|d) 2090 gkg K
Density (solid) 884 kg.m™ (at 35 °C)
Density (liquid) 960 kg.m™ (at 13 °C)
Thermal conductivity (solid/liquid) 0.182 W.m' k!
Particle size 0.5t0 4.0 mm
Pore diameter 20 nm
Silica aerogel Porosity >90% 5
Surface area 600 to 800 m2.g
Density 90 to 100 kg.m'3
Thermal conductivity 0.018 W.m K" (at 25 °C)

Table 1. Thermo-physical properties of the PCM-aerogel passive solar wall



Materials Width Thermal | Specific heat Density
(fromoutsideto | (m) conductivity | (J.kgh.K™) (kg.m™)
inside) (W.m™.K?h
Concrete 0.25 2.1 800 2400
Glass wool 0.16 0.041 840 12
Plaster 0.013 0.32 800 790

Table 2. Thermo-physical properties of the reference wall

The connecting wall between the reference room and the test room is made of 5cm
glass wool insulation with 1.3cm plaster layer on each side. Both rooms are connected to the
acquisition room by a wall composed of plaster (1.3cm), glass wool (16¢cm), concrete (25cm)
and phenol-formalin foam (7.7cm). The East and West walls of the test building are
composed of plaster (1.3cm), glass wool (16cm), timber panel (1.9cm) and expanded
polystyrene (8cm). The floor is made of tiles (1.5cm), concrete (15cm) and expanded
polystyrene (8cm). The ceiling is made of plaster (1.3cm), glass wool (16cm), and timber
panels (1.2cm), phenol-formalin foam (6¢cm), another layer of timber panels (1.2cm), rafters
and tiling. The walls have been described from inside to outside. The external coating is pale
brown and the inner walls are white.

The solar wall temperature is monitored by the use of PT100 sensors of precision
+0.4°C. The sensors are situated on the wall inner and outer surfaces, inside the silica aerogel
bed and within the PCM filled glass bricks. Outside the building, both vertical and horizontal
solar radiation is measured by two pyranometers of accuracy +15% of the read value. The
temperature and relative humidity of the outdoor and indoor air are recorded using all-in-one
Prosensor HYGR0018 THAC sensors of precision +0.4°C for temperature and £3% of the read
value for humidity. Last, the outdoor and indoor daylight intensity is measured by luxmeters

of precision +5% of the read value.



Figure 2 shows an external view of the PCM-aerogel wall. The six valves on top of the
wall are used to fill in the gap behind the glazing with silica aerogel material. PT100 sensors

attached to the wall can be seen on the figure.

Fig. 2. External view of the PCM-aerogel passive solar wall

3. Experimental results

During the experiment, the test building was left in free floating conditions without internal
loads. Figure 3 shows the recorded heat flux entering the test room and the reference room
through the south wall under four weather conditions: three consecutive sunny days in
December (figure 3.1), three consecutive winter days with low solar radiation in January
(figure 3.2), three consecutive sunny days during mid-season in March (figure 3.3) and three
hot summer days in August (figure 3.4).

On cold sunny days in December, outdoor air temperature varied from 7 to 18°C and
solar radiation on the south oriented vertical plan was high. Under these conditions, the solar
wall provided a far greater amount of heat flux to the room than the reference wall. A constant

heat release by the solar wall of about 50W/m2 occurred from 4pm to 5am, this time



corresponding to the crystallization of the PCM. After its crystallization, some sensible heat
was still released to the building as the PCM were cooling down. The cycling of the PCM can
be observed on figure 3.1. The silica aerogel insulation prevented direct long wave radiation
heat transfers to and from the building and the indoor air temperature in the test room varied
from 17 to 20°C (see figure 4.1).

During winter days with low solar radiation on the south oriented vertical plane, the
PCM would remain in solid state. The outdoor temperature varied from 4 to 11°C. The solar
wall did not bring any substantial improvement compared to the reference wall, except for its
higher thermal resistance. Some heat loss of about -2W/m? could be observed at night.

On sunny March days, outdoor air temperature varied from 8 to 25°C. The PCM
would achieve neither complete fusion nor complete crystallization, even at night.
Nevertheless, the amount of heat released to the room, around 50W/m2, was significantly
higher than that of the reference wall (about 2W/m?) and would remain constant for a longer
period of time than during cold sunny days.

During hot summer days, the outdoor air temperature varied from 23 to 40°C. The
PCM remained in liquid state in spite of the lower solar radiation on the vertical plane. This is
due to the internal and external air temperature almost always remaining higher than the
crystallization temperature. The air temperature in the test room always remained between 35

and 40°C while the air temperature in the reference room varied from 32 to 33°C.
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Fig. 3. Solar radiation and heat gains through the reference wall and the PCM-aerogel wall for

four weather conditions in Sophia Antipolis, France
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Fig. 4. Solar radiation and air temperatures for three days in December and August

Let us define the time lag and decrement factor of the tested walls as follows:

Time Iag = t(Tout_max)'t(Tin_max)

in_max =T

Decrement factor =

in_min

-T

out_max

out_min

@)

)

where t stands for time and Tout_max, Tout_min, Tin_max @Nd Tin_min respectively stand for maximum



and minimum outdoor temperature and the maximum and minimum indoor temperature. The
time lag represents the time shift between the outdoor and indoor peaks of temperature while
the decrement factor shows the ability of the wall to reduce for the indoor air, the variation
amplitude of the outdoor air temperature. As shown on figure 3, the time lag of the PCM-
aerogel wall was about 3 hours in winter and 4 hours in summer while the time lag of the
reference wall was 4 hours in winter and 8 hours in summer. The decrement factor for the
PCM-aerogel wall was about 0.3 in winter and summer while it was about 0.1 for the
reference wall. Lower performances in term of time lag and decrement factor for the PCM-
aerogel wall are due to its translucent characteristic: Thermal energy from short wave
radiation is directly transmitted to the walls inside the test room and the air is heated up while
it is not the case in the reference room.

Figure 4.1 shows that the PCM-aerogel wall performs better than the reference wall
during cold sunny days: at night a minimum temperature difference of 5°C and a maximum
temperature difference of 9°C could be observed between the test room air and the outdoor air
(respectively 4 and 7.5°C for the reference room). In summer time, this characteristic of the

solar wall becomes a drawback as the test room was subjected to overheating (see figure 4.2).
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Fig. 5: Measurements of the daylighting within the test room for three days in December and

August

Figure 5 shows the measured light transmission through the PCM-aerogel wall when
the PCM is in solid state (figure 4.1) and when it is in liquid state (figure 4.2). With the PCM
in solid state, the wall could transfer a maximum of 3klx of daylight. Actually, most of the
light was transferred through the translucent edges of glass bricks since the PCM was mostly
opaque. With the PCM in liquid state the wall transferred up to 5kix to the room, this amount
corresponding to a daylight factor of 6.7%. The daylight would be transferred to the room
through the PCM and the brick edges. Figure 6 shows the wall appearance from inside the test
room in both situations. The light provided by the wall was deemed acceptable for conference

rooms and offices.

Fig. 6. Daylight provided by the PCM-aerogel wall with the PCM in solid state (left) and
liquid state (right). The picture is taken from inside the test room.



4. Study of the wall performance under four climatic zones

The performance of the PCM aerogel wall was simulated for the French climatic zones of
Nice (Mediterranean climate), La Rochelle (oceanic climate), Embrun (inland mountain
climate) and Nancy (cold continental climate) by the use of a numerical model.

The numerical model resolves the heat transfer equations though the wall using one-
dimensional finite differences. The wall is considered opaque to long wave radiation meaning
that long wave heat transfers are considered only for the first node (facing the external
environment) and last node (facing the room)on the wall discretization. Inside the wall, only
conduction and short wave radiation are simulated. The phase change in the glass bricks is
simulated using the enthalpy method [20]. This numerical model of the solar wall,
implemented in Matlab programming environment, was connected to the TRNSY'S building
simulation software to simulate the whole test building under the four above mentioned
climatic zones. More details on the numerical model can be found in [21].

The hourly ambient temperature in the test room for the climatic zone of Nice,
Embrun, La Rochelle and Nancy is shown on figure 7. The air temperature due to the PCM-
aerogel wall was compared to the air temperature obtained by replacing the solar wall (SW)
by the reference wall equipped with a 1.5m?2 double-glazing window (DGW). It was found
that the PCM-aerogel wall can provide higher indoor air temperature than the wall with DGW
for all climates. The increase in air temperature is less for the climate of Nancy because of its
lower solar radiation on the south facing vertical plane and of its cold climate. The PCM-
aerogel wall also causes more overheating in shoulder and summer seasons, especially in the
warmer climates of Nice and Embrun (see figure 8). These observations are consistent with
the reported behavior of most solar walls. The overheating phenomenon is probably

aggravated by the absence of ventilation and shading in the test building.



By replacing the free floating condition by an imposed indoor temperature of 19°C
during the cold period, the numerical simulation also showed that the PCM-aerogel can
provide 83.9% of the heating load in Nice, 70% in Embrun, 49.1% in La Rochelle, and 27.6%
in Nancy. This numbers can be readily explained by the fact that the climate is warmer in
Nice. Therefore, buildings in Nice have a lower energy demand for heating than in Nancy and

this demand can be almost entirely met by the solar wall alone.
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Fig. 7. Simulated hourly ambient temperature in the test room for the climatic zone of Nice,
Embrun, La Rochelle and Nancy with the PCM aerogel wall (SW) and an opaque wall with a
1.5m2 double glazed window (DGW).
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5. Conclusion

The present contribution detailed the thermal behavior of an innovative passive solar wall
composed of a glazing facing the outdoor environment, a gap filled with highly insulating
silica aerogels materials, and glass bricks filled with an eutectic PCM facing the inside. By the
combination of two new generation materials for buildings, namely PCMs and silica aerogels,
the wall can combines several features that are not found in conventional solar walls: it
provides at the same time heat storage, insulation, and daylight comfort to the building.

The wall was tested on a full scale experimental building in Sophia Antipolis, France.
Compared to a high capacitance concrete wall, experimental results showed that the PCM-
aerogel wall increased the ambient air temperature inside the building by 1 to 5°C, depending
on the time of the year. Its time lag was found to be 3 hours in winter and 5 hours in summer,

while its decrement factor had a constant value of 0.3. The wall provided enough daylight



visual comfort for conference rooms and offices with a daylight factor of 6.7% when the PCM
in liquid state. It was noticed that even in the absence of direct horizontal solar radiation on
the wall, heat losses through the wall remained low, thanks to its high thermal insulation.

The performance of the PCM aerogel wall was simulated for the French climatic zones
of Nice (Mediterranean climate), La Rochelle (oceanic climate), Embrun (inland mountain
climate) and Nancy (cold continental climate) by the use of a numerical model of the test
building. It was shown that the wall performs better in cold sunny climates with high
temperature differences between days and nights, since this situation allows the phase change
to occur. The numerical simulation also showed that the wall can cover 83.9% of the heating
needs in Nice, 70% in Embrun, 49.1% in La Rochelle, and 27.6% in Nancy.

A limitation of the PCM-aerogel wall was observed in summer and shoulder seasons
in warm climates. In this case, the PCM may remain in liquid state, leading to overheating of
the building. This situation may be prevented by the use of shading as soon as the PCM is
completely liquid or when the indoor air temperature reaches a predefined comfort value. The
PCM-wall may contribute to the cooling of indoor air during warm periods provided the
crystallization of the PCM is performed at night. This could be achieved by the use of passive

or active cooling strategies such as night ventilation.

Acknowledgements

This work was supported by a funding from the French National Research Agency (ANR) and the
French Environment and Energy Management Agency (ADEME) through the PREBAT INERTRANS
project. The authors would like to thank those two agencies for their support and all the members of

the project consortium having permitted all together the achievement of the work presented.



References

[1] French Environment and Energy Management Agency (ADEME) retrieved March 5,
2014, from http://lwwwz2.ademe.fr/servlet/KBaseShow?sort=-
1&cid=96&m=3&catid=12846

[2] International Energy Agency, retrieved March 5, 2014, from

http://www.iea.org/topics/energyefficiency/buildings/

[3] E.L. Morse. Warming and Ventilating Apartments by Sun's Rays, U.S. Patent 246, 626,
1881

[4] F. Trombe, Heating by solar radiation. Director of the C.N.R.S. Solar Power Laboratory,
CNRS Internal Report B-1-73-100

[5] P. Ohanessian, W.W.S. Charters, Thermal simulation of a passive solar house using a
Trombe-Michel wall structure Solar Energy, 20 (1978), Pages 275-281

[6] A.V. Sebald, J.R. Clinton, F. Langenbacher, Performance effects of Trombe wall control
strategies Solar Energy Volume 23, Issue 6, 1979, Pages 479-487

[7] M. Bojic; K. Johannes, F. Kuznik, Optimizing energy and environmental performance of
passive Trombe wall Energy & Buildings, Volume 70, issue (February, 2014), p. 279-
286

[8] E. Kruger, E. Suzuki, A. Matoski, Evaluation of a Trombe wall system in a subtropical
location, Energy and Buildings Volume 66, November 2013, Pages 364—372

[9] A. Akbarzadeh, W.W.S. Charters, D.A. Lesslie, Thermocirculation characteristics of a
Trombe wall passive test cell Solar Energy Volume 28, Issue 6, 1982, Pages 461-468

[10] Vineet Veer Tyagi, D. Buddhi, PCM thermal storage in buildings: A state of art,
Renewable and Sustainable Energy Reviews VVolume 11, Issue 6, August 2007, Pages
1146-1166

[11] M. Ahmad, A. Bontemps, H. Sallée, and D. Quenard, Experimental investigation and
computer simulation of thermal behavior of wallboards containing a phase change
material, Energy Build., vol. 38, Issue 4, 2006, Pages. 357-366

[13] F. Kuznik, D. David, K. Johannes, J.J. Roux, A review on phase change materials
integrated in building walls, Renewable and Sustainable Energy Reviews, Volume 15,
Issue 1, January 2011, Pages 379-391

[14] F. Fiorito, Trombe Walls for Lightweight Buildings in Temperate and Hot Climates.
Exploring the Use of Phase-change Materials for Performances Improvement, Energy
Procedia, Volume 30, 2012, Pages 1110-1119


http://www2.ademe.fr/servlet/KBaseShow?sort=-1&cid=96&m=3&catid=12846
http://www2.ademe.fr/servlet/KBaseShow?sort=-1&cid=96&m=3&catid=12846
http://www.iea.org/topics/energyefficiency/buildings/
http://www.sciencedirect.com/science/article/pii/0038092X79900719
http://www.sciencedirect.com/science/article/pii/0038092X79900719
http://www.sciencedirect.com/science/article/pii/0038092X79900719
http://www.sciencedirect.com/science/journal/0038092X
http://www.sciencedirect.com/science/journal/0038092X/23/6
http://journals.ohiolink.edu/ejc/search.cgi?q=authorExact:%22Bojic%2C%20M.%22
http://www.sciencedirect.com/science/article/pii/S0378778813004234
http://www.sciencedirect.com/science/article/pii/S0378778813004234
http://www.sciencedirect.com/science/article/pii/S0378778813004234
http://www.sciencedirect.com/science/journal/03787788
http://www.sciencedirect.com/science/journal/03787788/66/supp/C
http://www.sciencedirect.com/science/article/pii/0038092X82903176
http://www.sciencedirect.com/science/article/pii/0038092X82903176
http://www.sciencedirect.com/science/article/pii/0038092X82903176
http://www.sciencedirect.com/science/journal/0038092X
http://www.sciencedirect.com/science/journal/0038092X/28/6
http://www.sciencedirect.com/science/article/pii/S1364032105000973
http://www.sciencedirect.com/science/article/pii/S1364032105000973
http://www.sciencedirect.com/science/journal/13640321
http://www.sciencedirect.com/science/journal/13640321/11/6
http://www.sciencedirect.com/science/article/pii/S1364032110002716
http://www.sciencedirect.com/science/article/pii/S1364032110002716
http://www.sciencedirect.com/science/article/pii/S1364032110002716
http://www.sciencedirect.com/science/article/pii/S1364032110002716
http://www.sciencedirect.com/science/journal/13640321
http://www.sciencedirect.com/science/journal/13640321/15/1
http://www.sciencedirect.com/science/journal/13640321/15/1
http://www.sciencedirect.com/science/article/pii/S1876610212016402
http://www.sciencedirect.com/science/journal/18766102
http://www.sciencedirect.com/science/journal/18766102
http://www.sciencedirect.com/science/journal/18766102/30/supp/C

[15] M. Telkes, Trombe wall with phase change storage material. In: Proceedings of the 2nd
National Passive Solar Conference, Philadelphia, PA, USA, 1978

[16] CoolZone product from Armstrong corporate, datasheet available at
http://www.armstrong.com/commclgeu/eul/fr/pf/coolzone.html, retrieved May 29,
2014

[17] EcoCore Phase Change Panel from Tate®, datasheet available at
http://www.tateinc.com/products/ecocore.aspx, retrieved May 29, 2014

[18] Energain® product from DuPontTM, datasheet available at
http://energain.co.uk/Energain/en_GB/index.html, retrieved May 29, 2014

[19] Glassx products from GLASSX Inc., datasheet available at
http://www.glassx.ch/index.php?id=332, retrieved May 29, 2014

[20] V.R. Voller, Fast implicit finite-difference method for the analysis of phase change
problems, Numerical Heat Transfer, Part B: Fundamentals: An International Journal of
Computation and Methodology Volume 17, Issue 2, 1990, Pages 155-169

[21] Y. Berthou, « Etude de parois de batiments passifs associant un Matériau 8 Changement
de Phase (MCP) et une super isolation transparents », Ph.D. thesis, Ecole Nationale

Supérieure des Mines de Paris, 2011.


http://www.armstrong.com/commclgeu/eu1/fr/pf/coolzone.html
http://tateinc.com/products/ecocore.aspx
http://www.tateinc.com/products/ecocore.aspx
http://energain.co.uk/Energain/en_GB/index.html
http://www.glassx.ch/index.php?id=332
http://www.tandfonline.com/loi/unhb20?open=17#vol_17
http://www.tandfonline.com/toc/unhb20/17/2

