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Abstract: The concept of integrating PV panels into traditional ETICS facades has been developing
for several years. Problems concerning the options for passively controlling the temperatures of PV
panels with PCM and directing excess moisture out of the wall via diffusion channels have been
previously studied theoretically. During this study, real wall-scale experiments were conducted to test
the thermal and hygrothermal performance of the wall system in an extreme climatic environment, as
well as in a real outdoor environment in Tallinn, Estonia. Finally, a simulation model was calibrated
according to the measured data. It was found that in case of test walls with diffusion channels, it
was possible to keep the moisture content of PCM mortar under 0.11 m3/m3. Excess water drained
out via channels leading to the external environment. Without diffusion channels, the moisture
content rose as high as 0.18 m3/m3. Both the experiments and hygrothermal modelling showed that
the high moisture content of PCM mortar, caused by water leakage, dropped to 0.08 m3/m3 over
10 solar cycles as moisture escaped via the diffusion channels. PCM mortar with a moisture content
of 0.08 m®/m3 endured extreme rain and freeze-thaw cycles without visual damage, and PV panels
retained their electrical production capabilities.

Keywords: ETICS; building-integrated PV (BIPV); PCM; En-ActivETICS; hygrothermal performance;
hygrothermal modelling

1. Introduction

Building-integrated photovoltaics (BIPV) are becoming increasingly widespread to
reduce the CO; emissions of buildings, which account for 36% of emissions [1], and to
produce green electricity locally. There is a large demand for visually appealing BIPV
systems [2], but unfortunately, the majority of the BIPV systems still depend on fixed-tilt
PV module systems [3].

For ventilated-fagade-integrated photovoltaic (PV) panels, there are many solutions
to choose from. Example procedures are available to clarify how to develop PV systems
on ventilated facades [4]. The majority of BIPV facades are constructed as ventilated
facade technologies using PV panels as a rain screen cladding system, which adds an
additional protection layer against hygrothermal problems. There is some recent research
on developing a system to apply PV panels onto existing and new ETICS (external thermal
insulation composite system) facades, but there is still a ventilation gap planned between
PV and ETICS [5].

The traditional ETICS concept consists of insulation material, glued directly to the
structural layer with adhesive mortar and the plaster system, consisting of base coat and
finishing plaster, which is applied directly to the insulation layer. This means that there is
no air cavity, and the outer layer of the wall system has relatively high resistance to water
vapour diffusion.

If PV panels were applied directly on thermal insulation, there could be some un-
desirable effects, e.g., overheating or moisture condensation. To address the aspect of
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overheating, there has been some research about using latent heat storage of phase change
materials (PCM) for temperature stabilisation of the PV panels, both passively [6] and ac-
tively [7]. There have also been studies conducted with double-skin facades with integrated
PCM layers and PV glazing [8], but in this case there was an air chamber between the PV
and PCM, with the possibility to open and close the ventilation gaps. Combination of PV
and PCM has also shown potential in reducing overall energy consumption of buildings
in cold climates [9]. Although PCM applications are a relatively new technology in the
construction sector, there are some data from indoor applications stating that after a decade,
PCM was still working as a passive heat sink, despite showing a significant decrease in the
PCM capacity [10].

However, the PCM and PV solution has not been combined with traditional ETICS
facade systems before. The application of diffusion gaps in the PCM layer to avoid moisture
condensation and accumulation has not been studied in the past.

The concept of an En-ActivETICS facade integrates traditional ETICS facade technol-
ogy with PV panels. There has been theoretical work conducted towards the development
of the facade concept [11-13]. Measurements with real test walls regarding the electrical
and thermal performance have also been conducted [14], as well as comparisons between
different PV-ETICS integration solutions and free standing PV panels. However, the hy-
grothermal performance of this wall concept has not been studied by experimental methods
before.

Earlier studies have proven that applying a thick layer of PCM mortar is effective in
avoiding the overheating of PV panels [14]. However, applying a vapour-tight layer on the
outermost side of the facade creates a situation in colder climates where moisture is not able
to get out of the wall via diffusion in the same way it does in the case of traditional ETICS.
This problem was identified and analysed numerically in [15]. A solution utilising diffusion
gaps connected to the outside environment between a pair of steel sheets at the lower
part of the PV has been proposed and developed [16]. However, the overall hygrothermal
performance of this solution has not been studied before, except for the initial drying-out
process of PCM mortar just after the application [16].

In the results of several empirical studies, it has been found that one common mecha-
nism for ETICS facades to deteriorate prematurely is water leaks through the cracks [17-19].
During the lifespan of ETICS facades, micro-cracks tend to appear after several years.
As water seeps into the micro-cracks, they become wider, leading to even more water
penetrating the facade plaster, which starts the vicious cycle of degradation. Integrating a
dark-coloured PV panel into the light-coloured facade significantly increases the theoretical
risk of cracks appearing, due to the number of joint details between different materials.
Unfortunately, ETICS systems are known to be not very robust, and minor defects could
lead to deterioration [20]. Therefore, if more complexity is added to the ETICS system via
the integration of PV, diffusion channels should be recommended as a countermeasure to
increase the robustness of the system.

Therefore, it is necessary to thoroughly test this novel facade system, which takes
into account the expectation that there will be cracks in the facade and that water will
eventually leak into the wall. This is a new approach that has not yet been tried on a
wall that combines PV panels, PCM mortar, and an ETICS facade. If a hygrothermally
well-performing facade solution can be developed, then this novel En-activETICS facade
could have a huge market potential to alleviate the energy crisis. There has been a great
demand for BIPV for several years, and there are also many different BIPV solutions on
the market, but there are many concerns among architects about the BIPV facade solutions
available today, as they are difficult to blend in as a part of the architecture [21]. In contrast
to ventilated BIPV solutions, En-ActivETICS would be on the same surface plane as facade
plaster and would make it possible to create interesting patterns of PV and facade plaster
areas.

It was found in [22] that despite ETICS facades being often preferred for building
renovation as being a cost-optimal solution, they tend to have a higher carbon footprint
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than pre-fabricated timber elements. If PV panels are integrated into otherwise affordable
ETICS facades, they could offset some of the carbon footprint and become closer to also
being COye optimal. Therefore, there could be a large market potential for En-ActivETICS
for both new and renovated buildings, but the hygrothermal performance of the novel wall
concept must be thoroughly studied first.

The aim of the study was to test the constructability and study the hygrothermal
performance of a novel facade system that combines PV panels, PCM mortar and ETICS.

2. Methods

To test the concept of hygrothermal performance, two real-scale test walls were built.
One wall was built in a climate chamber to test the system in a controlled and critical
environment. The test package consisted of water injection, solar radiation, wind-driven
rain (WDR) and freezing tests. Another wall was built into the existing facade of a test
building to be studied under real outdoor climate conditions. All measurements were
compared with data from calculations in order to calibrate the model.

The cross-section of an En-ActivETICS element (Figure 1b) consists of a structural
layer, 160 mm of insulation (EPS or mineral wool), 30 mm thick PCM mortar (cement-based
mortar, mixed with PCM granules) and a 2 mm flexible PV (FPV) panel. Thin FPV was
chosen because of its relatively light weight and its ability to be glued directly onto the
surface of PCM mortar [11]. The 100 W FPV panel [23] used on the wall has monocrystalline
silicon wafers in the functional layer, TPT (Tedlar Polyester Tedlar) as the back sheet and
flexible transparent plastic as the outermost layer for weather protection. The FPV does not
have any frame for structural integrity and therefore needs to be glued to the surface.
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Figure 1. Layout (a) and cross section (b) of a test wall in the climate chamber. Locations of soil
moisture sensors are marked as “SMS” and points where water leaked in are marked as “LEAK”.
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Four diffusion channels for each panel were carved into the PCM mortar before
hardening. Cable connectors were placed inside a cavity in the insulation layer, on the
upper part of the PV and during installation, and the cavity was filled with PU foam. As
waterproof MC4 connectors were used to make the connections, no special junction box
was needed. The exact building process and detailing of the solution has been described
before, in [16].

Between and all around the PV panels, a traditional ETICS with 200 mm of insulation
was installed. The load-bearing structure was built from 150 mm of AAC (autoclaved
aerated concrete) without internal plaster, to maximise the indoor moisture load corre-
sponding to the worst-case scenario. The reasons for choosing AAC as the critical structural
material are high levels of built-in moisture and relatively low water vapour diffusion
resistance factor (u = 7).

2.1. Test Wall in Climate Chamber

The climate chamber can simulate both indoor and outdoor temperature (—25 °C
to +70 °C) and relative humidity (RH =5 ... 98%). In the outdoor chamber, WDR was
simulated with additional water sprinkler stands and short-wave thermal radiation was
simulated with halogen stands.

A 3.6 m wide and 3.3 m high test wall was built in the climate chamber (Figure 2a)
with three different sections: (1) Reference section with PCM mortar without diffusion
channels; (2) PCM mortar on expanded polystyrene (EPS) with diffusion channels behind
PV; and (3) PCM mortar on mineral wool (MW) insulation with diffusion channels behind
PV (Figure 1). EPS and mineral wool areas were separated with PU foam and the facade
plaster was separated with a deformation profile on top of the PU foam.

Figure 2. Climate chamber used for building the test wall (a) and the test wall inside the climate
chamber (b).

2.2. Test Wall under Real Outdoor Climate Conditions

Besides the mock-up developed for investigations under a critical and controlled
environment (climate chamber), it was decided to build another test wall to enable tests on
the actual facade under real outdoor climate conditions in Tallinn, Estonia. Tallinn (59.44° N,
24.75° E) is located in a humid continental climate with warm to hot (and often humid)
summers and freezing cold (Dfb according to the Koppen-Geiger climate classification
system) [24]. The facade faces directly south (180° azimuth) and is located on the first
storey, therefore not receiving the most extreme WDR loads (Figure 3). The wall itself was
exactly the same as the one built in the climate chamber as section no. 2—PCM mortar
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on EPS with diffusion channels (Figure 1a), in order for the results to be comparable. The
analysed period of measurements was from June to August 2022.

(b)

Figure 3. Test wall in Tallinn under real climate conditions (a) and overview of the test house (b).

Pyranometer, used for measuring radiation, is visible above the roof line of test house.

2.3. Sensors Used for Measurement

Temperature, relative humidity (RH), volumetric moisture content and heat flux were
measured inside the test walls (climate chamber and real facade) and on the surface. Solar
radiation on the wall, wind velocity, outside air temperature and RH were also measured.
Two or three alternative sensors were used to measure each parameter independently to
optimise for data availability, cost efficiency and reliability of the measured data. To mea-
sure the temperature inside the walls, the following temperature sensors were used: Onset
Hobo TMC15-HD with data logger UX120-006M and Littelfuse KS103]J2 NTC thermistor
with data logger Grant Squirrel SQ2020 1F8. RH and temperature were measured with
an Onset Hobo UX100-023; a Rotronic Hygroclip HC2-C05 with A /D converter Siemens
SM331 6ES7331 and a Sensirion SHT35 & tailor-made logger based on Arduino Mega.

Moreover, volumetric moisture content inside the PCM mortar was measured with
EC-5 soil moisture sensors [25]. The sensors were calibrated specifically for measuring this
PCM mortar, as the result of several small-scale experiments and formulas for calculating
volumetric moisture content with temperature corrections [16].

2.4. Injecting Water into the Wall

As the climate chamber test is an accelerated version of real-life processes, real cracks
were unlikely to develop during the test. Moreover, the overall facade plaster area was
much smaller, and the construction process was carried out in a favourable environment.
But it was still necessary to imitate water leakages through the cracks in the system as they
tend to appear on real ETICS facades.

To imitate the critical leakages, water hoses were installed into the wall. It is most
likely that the cracks on a real facade would appear on the corners, where PV panels and
facade plaster are joined together. Therefore, the ends of the water hoses were installed
to the upper corners, behind the PV panel and into the PCM mortar layer. Tubes were
designed to make it possible to inject water into the wall using a common medical syringe
(Figure 4b). PCM mortar moisture content was measured in the area immediately exposed
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to the increased moisture content caused by the leakage (Figure 4a). Another sensor was
further away. During the drying-out phase and WDR experiments, the injection tube ends
were sealed with vapour-tight tape.

Water

dripping
out

Figure 4. Water tubes for injecting water into the wall were installed before the application of PCM
mortar (a); after finishing the facade system, water was injected behind the PV panel with a syringe
(b); from sections with diffusion channels, water dripped out between bottom steel sheets (c).

The amount of water chosen to inject into the wall was chosen to be on the extreme
side. It has been found out experimentally that through a 0.4 X 4 mm crack in the cement
fibre board, it is possible for 18 mL/min of water to enter the wall when rain is forced into
the wall with 150 Pa of air pressure difference and 12 mL/min in the case of no air pressure
difference [26]. It takes into account the WDR entering directly into the crack, and also the
water flowing down the surface of the facade and entering the crack on the way [26].

The water was injected into all three wall sections simultaneously, with quantities of
40 mL for one 5-min session. All three injection pipes were filled with 10 mL of water, as
pipe volume was limited. After a minute, water was absorbed by the wall and the tube was
filled again. One injection session consisted of 4 injections, 10 mL each, for each test wall
section. 40 mL of water represents heavy rain for approximately 3 min through a typical
0.4 x 4 mm crack [26]. The next injection session was conducted after the moisture content
sensor readings had been stabilised. The total amount of water injected into all of the wall
sections was 220 mL over a period of 5 days.

2.5. Radiation Cycles with Solar Simulators

To simulate solar radiation in the climate chamber, three radiation modules were
built, each containing eight tungsten halogen light bulbs, approximately 230 W each (see
Figure 5). Halogen lights were fixed on the aluminium sheet to help to distribute the
radiation more evenly on the wall surface and to remove excess heat from the bulbs. The
distance to the wall was appropriately selected to achieve a radiation intensity of 500 W/m?,
which corresponds to the peak solar radiation on a vertical surface during the summer
in Estonia. The regularity of the radiation intensity was measured with a pyranometer
at different points inside the illuminated area. In total, an area of 1.2 m height and 2.5 m
width was illuminated with radiation of 500 W/m? with a deviation of less than 10%. For
3 modules, 24 halogen bulbs were used with a total nominal power of 5520 W.
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Figure 5. Solar radiation emulator, made of 8 Tungsten halogen lamps and an aluminum sheet (a).
Three of these radiation stands were used, one for each wall section tested. Radiation intensity graph
(b) for the radiation device at distance of 60 cm (right). Zipp Zonen CMP11 Pyranometer was used to
calibrate the radiation devices.

Tungsten halogen bulbs were chosen as the radiation source because they give out high
light intensity with relatively low cost and have near-sunlight spectral distribution [27].
Compared to sunlight, halogen radiation is a little weaker in the ultraviolet and stronger
in the infrared range [28]. As the electrical output of PV panels was not the focus of the
study, it can be stated that the thermal performances obtained under artificial and real
environmental conditions were similar.

In total, 10 solar radiation cycles were performed to test the drying out of the leaked-in
moisture. As an example, climate chamber temperature and RH for 2 of the cycles are
shown in Figure 6. The temperature of the climate chamber was set to +20 °C, but the
ventilator speed was limited to keep the air flow between the wall and the solar radiators

within reasonable limits. There was stable vertical air flow at the wall of approximately
1.0m/s.
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Figure 6. Temperature and RH inside the climate chamber during drying-out experiments. The
increase in air temperature was due to the solar radiation simulators used to test the facade during
7 h cycles.
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During the irradiation period, the air temperature close to the wall was measured
at 29 °C, which simulates the air temperature on hot summer days in the Nordic climate.
After approximately 7 h of stable radiation, the halogens were turned off and air in the
chamber was mechanically cooled down to 20 °C, over approximately 1.5 h. Then it was
kept stable during the following night for 17 h. Air flow was kept at the same level of
1.0 m/s during the whole experiment.

2.6. Wind-Driven Rain Experiment in Climate Chamber

For generating WDR load on the facade surface, water sprinkler stands were used. A
method for calibrating exactly the same stands has been previously defined by Kotkas [29].
Three identical sprinkler stands were used, with 18 sprinklers in total. Each sprinkler was
calibrated to spray water at 0.4 L/min. The distance between sprinklers and the wall was
55 cm and the amount of water reaching the wall was approximately 1.0 L/(min-m?).

The character of WDR-freeze cycles is described in Figure 7. The wall was sprinkled
for 1 min and then there was a 9-min break for the water to absorb into the facade plaster.
This cycle was repeated 36 times, resulting in 6 h of WDR. The external air temperature was
stabilised at a level of 5 °C; however, as the tap water being used was warmer than 5 °C, it
caused some temperature fluctuations in the climate chamber. During the experiment, the
indoor climate was kept at +21 °C and 55% RH. External RH was not controlled, but rain
cycles did raise it around 94% on average at +5 °C.

_ 10 : 36 _
o Cumulative WDR sprinkled on facade E
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Figure 7. Characters of one WDR-freeze cycle. 6 h of WDR is followed by 10 h of extreme cold and
8 h of melting. This 24 h cycle was repeated 10 times.

After the 6 h rain period, a period of extreme cooling down to —20 °C followed
(Figure 7). Cooling down the chamber was conducted as quickly as technically possible
just after the sprinkler tubes were emptied. It resulted in a thin layer of ice emerging on the
facade surface (Figure 8). After 10 h, the chamber was heated up to 5 °C. After 24 h, a rain
period started again. This cycle was carried out 10 times.
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(b) (©)
Figure 8. Sprinklers for imitating WDR in climate chamber (a). Frozen facade after rain period (b,c).

2.7. Hygrothermal Simulations

All the results from the climate chamber experiments and test building experiments
were compared to results from hygrothermal modelling. Delphin 6 software was used to
develop a model of an En-ActivETICS wall. Delphin 6 uses the finite volume method to
simulate the heat and moisture flow inside construction materials. Mathematical equations
used in hygrothermal simulations are given in detail in [30,31]. More information about
Delphin 6 software and about numerical validation can be found in [32].

For modelling the WDR and freeze-thaw cycles, two different approaches were used:
the “Kirchhoff potential for liquid flux calculation” and the ‘equilibrium ice model’. The

‘equilibrium ice model’ takes into account the phase change effect of water, when the liquid

water content inside the PCM mortar and facade plaster freezes. The ‘Kirchhoff potential
for liquid flux calculation” uses a function generated from the KI function to model the
liquid water transport potential. Therefore, when a wet material freezes, calculations with
Kirchoff potential do not account for additional energy that is absorbed by the freezing of
the water inside material pores, which leads to underestimation of the time needed for the
freezing and melting processes. On the other hand, this effect is taken into account when
the ‘equilibrium ice model” is used to conduct calculations. Both calculation methods take
into account the phase change effect of PCM itself, as this effect is written as a u(T) function
into the material file.

Material properties used in the modelling are given in Table 1. For autoclaved aerated
concrete (AAC), adhesive mortar, EPS and mineral wool, materials from the Delphin
database were used, with some minor changes according to local material manufacturers’
data sheets. The hygrothermal properties of the particular facade plaster system used in
the experiment were previously measured at the Tallinn University of Technology [33].
Properties of the PCM composite mortar (made from PCM granules and cement filling) were
measured both at Tallinn University of Technology and Lodz University of Technology [16].

Figure 9 shows a horizontal cross section of the 2D calculation model. The PV panel
is modelled not as a material layer, but as a vapour-tight boundary condition. Diffusion
channels behind the PV panel are modelled as 20 mm wide sections of boundary condition
with equivalent vapour diffusion thickness Sd = 0.5 m, which considers the physical length
of the channel as well as the micro-convection effect inside the channel.
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Table 1. Material properties used in hygrothermal modelling.
. . Facade
AAC Adhesive  ppg gijyey ~ Mineral PCM Mortar Plaster PV Panel
Mortar Wool
System
Absorption coefficient «, - - - - - - 0.3 0.8
Bulk density 390 707 35 134 1150 1365 -1
p, kg/m
Porosity 8, m?/m3 0.87 0.733 0.935 0.92 0.5 0.42 -
Heat According to
capacity ¢, J/(kg-K) 1081 945 1500 840 u(T) function 2 1000 }
Thermal
conductivity Adgry, W/(m K) 0.095 0.21 0.032 0.038 0.63 0.7 -
Wate.r vapour diffusion 7 25 30 1 154 100 B
resistance factor p, -
Equivalent vapour
diffusion thickness Sd, m B B B B B B 10,000
Water uptake coefficient _5
Aw, kg/(m?-505) 0.043 0.0376 1x10 0 0.045 0.00345 -
Liquid water
conductivityK, 6.026 x 10710 3.182 x 10~° 0 0 41x 1071 418 x 10713 -

kg/(m-s-Pa)

! Most of the material properties of the PV panel are not defined, because the PV was modelled as a watertight
boundary condition with high water vapour resistance. 2 PCM heat capacity is described as a function for every
temperature; however, outside the phase change region, the heat capacity for dry material is 1500 J/kgK. PCM
mortar is a mixture of RT25HC (6% by mass; nominal melting temperature, 25 °C), RT28HC (6%; 28 °C), RT35HC
(6%; 35 °C) [34], aluminium powder (24%) and cement based mortar (58%). More information about the thermal
properties of the PCM mortar can be found in [14].

1. Autoclaved Aerated Concrete, 150mm
2. Adhesive mortar, 10..20mm
3. EPS Silver or Mineral wool, 160...200mm

4, PCM mortar, 30mm

5. Facade plaster system, Smm

Indoor boundary conditions:

Indoor temp
Indoor RH

Exchange coefficient of still air:

7.69 W/(m2K)

(D)

300 ~—"

)

L

255\

120

h,.=10+4v

— Facade plaster
Absorption coefficient a=0.3

_ PV panel back side
Sd=10,000m
a=0.8

For all outside boundary conditions:
Outside temp
Outside RH
Short wave radiation on wall surface

Heat conduction depends on wind velocity:

20mm wide diffusion channels
Sd=0.5m
a=0.8

30 — PCM temp and liquid content output

Figure 9. Two-dimensional calculation model in Delphin 6. Horizontal cross-section representing

the wall section with diffusion channels. Numbers in the figure reference to the modelled materials,

shown in the table left from the main figure. In case of calculation without the diffusion channels,

corresponding boundary condition (blue) was replaced by PV panel boundary condition (purple).
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Boundary conditions used for indoor and outdoor climates are also described in
Figure 8. During all experiments, the indoor and outdoor temperature and RH were
measured with sensors. Solar radiation was measured with a pyranometer (total radiation
for wall surface in the case of the climate chamber and only diffuse radiation for the real
facade, because the wall was behind scaffolding coverings). Before WDR experiments, the
amount of water reaching the facade surface in one minute was measured according to
guidelines by [29] and the data were used as a boundary condition in the calculation model.

Preliminary model validation, mainly concerning the PCM mortar moisture content,
has been conducted previously and is described in detail in [16]. All the experiments
described in the current study were simulated, using measured indoor and outdoor con-
ditions as boundary condition inputs, to further validate the outputs of the calculation
model.

3. Results
3.1. Impact of Diffusion Channels to Work as Drainage Channels

Despite injecting equal amounts of water into the PCM mortar layer for each wall
section (Figure 4), it turned out to be impossible to increase the moisture content of PCM
mortar above 0.11 m®/m?3 in the example with diffusion channels (Figure 10). The reason
for this was that, after the second injection, water was starting to drip out from the PCM
mortar between two steel sheets that were installed below the PCM mortar (Figure 4c). The
first drops of water were visible below the PV panels after approximately 40 mL of water
had been injected in the EPS example and 60 mL in the mineral wool example.

250

0.2

PCM without diffusion gaps, corner
[SMS_1.2]

0.14
Water started to drip out
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[SMS_1.1] - T =="
0.1
v ]
s
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Hours from the start of the experiment

Figure 10. Moisture content of PCM mortar during water leakage simulation into the wall by injection.

In the case of the wall section without diffusion channels, all the water stayed inside
the wall, and it was possible to increase the moisture content of the PCM mortar, short-term
and locally, up to 0.195 m3/m3, but over the long term, it stabilised around the 0.16 m3/m?
level, as localised high moisture content spread around the leak source. However, even after
2 weeks, the moisture content registered by the soil moisture sensor in centre of the wall
without diffusion channels did not change significantly, signifying that most of the 220 mL
of water was absorbed locally into the PCM mortar and it takes time for the moisture levels
to stabilise.

In the case of the two specimens with diffusion channels, most of the water injected
into the wall found its way out via the channels. Therefore, they do act as a drainage
channels as well. However, based on just two leakage tube locations, it cannot be stated
that it is always 100% guaranteed that water will find its way to the diffusion channel after
penetrating into the wall.
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3.2. Drying out of PCM Mortar with Controlled Radiation Cycles in Climate Chamber

Twenty-four hours after the water injection experiment, a controlled solar radiation
experiment (Figure 5) was started in the climate chamber.

It can be seen from Figure 11 that the drying out of moisture in PCM mortar without the
diffusion channels was significantly slower. This is also backed up by the calculation model
results. The worst-case scenario (without diffusion channels, and high initial moisture
content from the water leakage) showed very small changes of dampness, and the high
moisture level even short-circuited the soil moisture sensor used. Overall, the modelled
results show that 10 cycles do not reduce the moisture level below 0.148 m3/m3.

Besides modelling the measured cases, one hypothetical and more extreme case was
modelled and analysed. This simulated the possibility that larger quantities of water could
be injected into the wall section with diffusion channels and that the water would not drain
out of the wall through the diffusion channels. Results (Figure 11, dashed black line) show
that diffusion channels help the excess moisture to dry out during the summer period faster
than without diffusion channels.
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Figure 11. Drying out process of PCM mortar with solar radiation cycles in climate chamber. Mea-
sured moisture content is compared to modelled moisture contents of the PCM mortar with and
without (w/0) diffusion channels behind vapour-tight PV panel.

Overall, diffusion channels with a cross section of 400 mm? spaced at every 130 mm
do add additional moisture safety against water accumulation, and if a certain amount of
water is still absorbed by the PCM mortar, it dries out much more easily during the summer
period than without diffusion channels. Therefore, it can be assured that the moisture
content will not build up over subsequent years.

Without diffusion channels, in cases where multiple PV panels are applied on the
facade side-by-side, the situation becomes worse as the ratio between PV perimeter length
and PV area becomes smaller. If diffusion channels are used, hygrothermal performance
does not deteriorate if multiple PV panels are applied side-by-side as long as the height of
the PV panel (and the height of the diffusion channel) does not change.

3.3. Initial Moisture Content and Drying out of PCM Mortar on Test Building Facade

Besides the climate chamber test, one test wall was built on the southern facade of the
test facility and tested under real outdoor climate conditions (see Figure 3). AAC masonry
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was built in late April and insulation was applied within early May 2022. PCM mortar was
applied in the middle of May and the facade was left to dry out under white scaffolding
coverings, protected from direct sunlight and rain. Two weeks of drying out time has been
proven to be enough, according to previous research [16]. During the dry-out period, the
real walls tended to dry out faster than model predicts (Figure 12). This could be related
to some inaccuracies in the liquid water conductivity function of the novel PCM mortar
material. However, in the hygroscopic region, which is more relevant during the service
life for the facade, the modelling accuracy is higher. After the dry-out period, a PV panel
was glued to the PCM mortar, and facade plaster was applied to the rest of the test facade.

It can be seen from Figure 12 that despite the warm and sunny summer months of
June and July, after covering the PCM mortar with the PV panel, the volumetric moisture
content decreases slowly for one month. It can be seen that the drying process of PCM
mortar, after covering with PV, is faster in the immediate region of the diffusion channel
(corner point), than between two channels (middle point).

There is an unexpected increase in moisture content after application of the PV panel
on the corner sensor (solid light blue line in Figure 12), which is significantly higher than
the modelled moisture content representing the same measuring spot (dashed blue line).
This could be explained by the non-homogeneous moisture load from the PV panel glue
and by the micro-convection processes inside the diffusion channels. As there was warm
weather after the application of the PV panel, moisture from glue mortar could have been
travelling upwards via the diffusion channel with warm air. Because of its complexity,
micro-convection inside the diffusion channels was not modelled.

PV APPLICATION

FACADE PLASTER APPLICATION

Corner|point (close to diffusion channel)

0.05
16/05 21/05 26/05 31/05 05/06 10/06 15/06 20/06 25/06 30/06 05/07 10/07 15/07  20/07
Date (dd/mm)
«==(enter point, measured —Corner point, measured = «Center point, modelled -+« Corner point, modelled

Figure 12. Drying out of PCM mortar under real conditions on southern facade in Tallinn, Estonia
during summer. Locations of soil moisture sensors are highlighted on the photos before and after
application of PCM mortar with diffusion channels. Comparison with calculation model results is
shown with dashed lines.

3.4. Solar Radiation Experiment in Climate Chamber and Test Building

Solar radiation cycles in the case of the real wall were imitated in the climate chamber,
but in a more controlled manner. In the climate chamber, there was constant irradiation for
7 h. Therefore, it made the hygrothermal performance of the wall easier to model. Overall,
the temperatures of the PV panel, PCM mortar and facade plaster in the climate chamber



Buildings 2023, 13, 1572

14 of 19

and under real conditions during some warmer days were relatively similar (Figure 13).
However, because of the controlled environment, the examples in the climate chamber are
much more stable and give a higher correlation when compared to modelled results. It
should be noted that peak temperatures are dependent on wind velocity—in the climate
chamber this was a constant 1.0 m/s, but under real-world conditions, it varied.
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Figure 13. Temperature dynamics of energy activated facade, measured under real conditions on 30
June 2022 (a) and in climate chamber under simulated conditions (b).

There are noticeable differences between the modelled and measured temperatures in
Figure 13. Although the maximum values are similar, there are differences in the heating up
and cooling down speeds, especially under real climate conditions, which had much more
unstable outside boundary conditions. However, if the results from the climate chamber
are compared with those from the calculation model, it is visible that the real PCM mortar is
heating up and cooling down slower than the modelled material. This could be most likely
because of some inaccuracies of modelling heat capacity of relatively wet PCM mortar, but
also because of some inhomogeneity in the mixture of PCM granules and mortar. Some
differences could also be due to limitation of the Delphin model, being able to only use one
average latent heat (u(T)) function for both the solidifying and melting processes, despite
these processes being slightly different in the case of real material.
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Differences in the facade plaster system temperatures are less significant, and, in the
case of real wall, they are probably caused by some inaccuracies in modelling the wind
effect and calculating the heat conduction of the surface. Differences in PV temperatures
are probably a combination of differences in PCM mortar temperatures and inaccurate
boundary conditions.

However, considering the prolonged nature of hygrothermal processes behind PV
panels, the moisture content outputs are not so dependent on short-term inaccuracies of
thermal modelling. Having a calculation model slightly underestimating the PCM effect
could compensate the potential PCM capacity decrease over time [10].

3.5. Extreme Wind-Driven Rain and Freeze-Thaw Cycles in Climate Chamber

As expected, the temperature of the facade plaster changed much faster during cooling
cycles than the temperature of the PCM mortar (Figure 14). It appeared that, during freezing
cycles, there was a difference whether the ‘Kirchhoff potential for liquid flux calculation” or
the ‘equilibrium ice model” was used in Delphin. The ice model does take into account the
phase change effect when liquid water content inside the PCM mortar and facade plaster
freezes. Using the ice model gives better correlation with measured results in the case of
PCM mortar. However, as there is very little liquid water inside facade plaster, plaster
temperatures are more accurate with the Kirchoff model.

It should be noted that the difference between measured facade plaster temperatures
and modelled ones during the WDR phase is caused by the fact that the tap water used in
the experiment was slightly warmer than the air temperature (5 °C) in the chamber.

10

Temperature (°C)

4

——Facade plaster, measured
¥/ - Facade plaster, Kirchoff model
- - Facade plaster, ice model
——PCM mortar, measured

~~~~~ PCM mortar, Kirchoff model
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25 ——Outside chamber air temperature
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Figure 14. Facade plaster and PCM mortar temperatures measured in experiments and modelled
with two different methods.

Besides temperature, the moisture content of the PCM mortar was measured with a
soil moisture sensor during the WDR-freeze experiment. Overall, the moisture content of
PCM mortar does not change significantly after 10 WDR-freezing cycles. At the beginning
of the experiment, it was 0.078 m3/m?3 for EPS and 0.075 m3/m?3 for MW. After 10 cycles,
volumetric moisture content was 0.076 m?®/m? for EPS and 0.080 m3/m3 for MW. Both test
walls had diffusion channels.

Near-constant volumetric moisture content of PCM mortar during WDR-freeze cycles
was also supported by modelled data. The main reason is that there were no cracks in
the test facade and rainwater did not leak inside. Indoor excess moisture was not able
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to increase the moisture content of the PCM mortar significantly because there were also
diffusion channels that decreased the moisture content of the PCM mortar at the same time.

After the experiment, the facade was observed for cracks visually from a distance
of 30 cm with light intensity of 13,000 lux perpendicular to the wall. No visible cracks
appeared after 10 extreme WDR and freezing cycles. Also, none of the PV panels were
damaged during the experiment and they were able to produce the same amount of
electricity.

4. Discussion

Overall, the facade system survived the series of tests without showing any signs
of deterioration. The method for measuring liquid moisture content with specifically
calibrated soil moisture sensors proved to be appropriate. Although, only one sensor
survived all the experiments in the harsh, humid environment, so the correlation with
modelled results could have deviations.

High WDR loads did not increase the moisture content behind the PV panel. This sig-
nifies that in the case of a relatively small surface area of the wall, under correct application
conditions, and with good workmanship, the probability of cracks appearing is relatively
low. Without cracks, the energy-activated ETICS is watertight even under extreme WDR
loads. There is much further work to be done to find out what would be the maximum
size of the PV ETICS facade elements before cracks start to appear under different climate
conditions.

Earlier studies [17-19] have proven that, sooner or later, cracks do appear and water
penetrates the facade surface. Therefore, liquid water was injected directly into the wall to
imitate leakages. It was the only way to significantly increase the PCM mortar’s moisture
content. This study showed that water injected into the wall with diffusion channels
managed to escape through the double sheet steel joint below the PV panel. However, this
might not be the case for every leakage location, as there were only two places where leaks
were simulated. This is another topic where further studies are needed.

The study showed relatively good correlation between the experimental results and
the calculated results from the Delphin 6 model. An accurate model makes it possible to
conduct calculations for different climate conditions and with various loads and to therefore
identify which climates are suitable for En-ActivETICS facades. Thorough hygrothermal
calculations should be conducted in the future to assess the performance of the fagade in
other climates with the calculation model. More test facades should be built to different
climate zones and to different buildings (for example, upper corners of the facades of high-
rise buildings) to compare the calculated performance with actual performance. Critical
climate zones for building the system could be selected via hygrothermal modelling.

Drainage channels with a cross section of 400 mm? spaced at every 130 mm are highly
recommended for every climate, as the risk of cracks appearing near the joints is high.
Regardless of location, craftmanship errors and misapplication of construction technology
can happen. If cracks have appeared, water leakage would increase the moisture content of
PCM mortar behind the vapour-tight PV as it was simulated in the experiments. Results
from drying-out experiments with solar radiation show that even if cracks do appear, the
diffusion channels work as a secondary layer of protection.

Moreover, if diffusion channels are used, it makes it possible to apply multiple PV
panels side-by-side, as excess moisture exits the wall through channels, not just through
the surrounding facade plaster. This will make it possible to apply more PV panels on the
facade and would lead to higher electricity production.

One limitation of the study was the relatively short time it took to perform the experi-
ments. The extreme climate experiments were conducted during tens of climate cycles, but
the results are not entirely extendable for the lifetime of the real facade system. The aging
effect of the materials did not have an influence on the results because of the relatively
short amount of time.
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Despite the relative success of the experiments described in this study, the technology
is still in development. Much more research should be conducted before manufacturing on
the industrial scale can be started. Long-term hygrothermal studies should be conducted
in real environments in different climate zones in the future. Possibilities to make the
construction process of the wall system more effective via pre-fabrication should also be
studied. Moreover, the economic aspects and carbon footprint of the system should be
analyzed.

5. Conclusions

Creating a facade solution having a vapour-tight barrier as the outermost layer of the
facade could result in high levels of moisture content inside the wall, especially if rainwater
leaks inside the wall. This study proved that adding an extra layer of safety to the wall
with diffusion channels helps the moisture to dry out much faster. Moreover, it was proven
with water injection tests that diffusion channels also work as drainage channels. It is also
significant that when vertical channels are used, applying PV panels side by side does
not inhibit moisture performance as the PCM does not need to dry out only through the
facade plaster. It makes the facade solution much more efficient, as there would be fewer
PV-facade plaster joints to build on site for each PV panel installed. Overall, the diffusion
channels are recommended to ensure the hygrothermal performance of the facade system.

This research resulted in a calibrated Delphin 6 model. Modelled results were calcu-
lated for each of the experiments to check the validation accuracy. A validated calculation
model makes it possible to conduct long-term hygrothermal performance analyses for
different climates in the future.

Overall, the En-ActivETICS facade system seems to be resistant to harsh wind-driven
rain and freeze-thaw cycles. No cracks or physical deterioration appeared after 10 acceler-
ated cycles. Facade plaster and PV panels were still fixed well on the thermal insulation
and PCM mortar, and there was no immediate sign of frost damage. However, the overall
durability still needs to be studied on the test wall under real climate conditions for several
years. Before industrial application, several test facades with real building dimensions
should also be tested in different climate zones.

It was found that in the case of test walls with diffusion channels, it was not possible
experimentally to increase the moisture content of the PCM mortar higher than 0.11 m3/m3.
Excess water drained out via the channels. Without diffusion channels, the moisture content
in PCM mortar increased slightly because of the combined effects of indoor moisture load as
well as injected water. Moisture content reached as high as 0.18 m3/m?. Both experiments
and hygrothermal modelling showed that high moisture content (caused by water leakage)
in walls with diffusion channels dried out to 0.08 m®/m3 in 10 days of high solar radiation,
while it would take at least twice as much without the channels. Therefore, this facade
system should be recommended to develop further only if diffusion channels are required.
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